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ABSTRACT

Purpose The in vitro inhibitory effect of Docetaxel (DTX) and
Everolimus (EVR) alone and together in poly(ethylene glycol)-
block -poly(D,L-lactic acid) (PEG-b-PLA) nanocarriers on angio-
genic processes and acute toxicity in mice was evaluated.
Methods PEG-b-PLA DTX and/or EVR nanocarriers were char-
acterized for size, drug loading, stability, and drug release. Cell
proliferation, tubule formation, and migration studies were
performed in Human Umbilical Vein Endothelial Cells (HUVEC)
and Maximum Tolerated Doses (MTD) studies were in mice.
Results DTX and EVR loading was 1.93 and 2.00 mg/mL re-
spectively with similar solubilities for dual-drug micelles. All mi-
celles were below 30 nm with diffusion controlled drug release.
The 1Csq for DTX, EVR micelles were, 6.80+0.67, 18.57 =
2.86and 0.65x0.1 | nM respectively with a synergistic inhibitory
effect for dual-drug nanocarriers. Significant inhibition of tube
formation occurred upon treatment with dual-drug nanocarriers
as compared to individual micelles. EVR presence in dual-drug
nanocarriers was able to significantly increase the inhibition of the
migration of HUVEC by DTX. The MTDs for EVR, DTX and
dual-drug micelles were 50, 30 and 20 mg/kg for each
respectively.

Conclusions DTX-EVR dual-drug nanocarriers have
antiangiogenic effects in vitro mediated through cellular angiogenic
process and possess clinically relevant MTD.
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INTRODUCTION

Angiogenesis 1s the process of forming new blood vessels from
a pre-existing vascular bed (1). In angiogenesis-dependent
diseases the body losses control over angiogenesis resulting in
excessive or insufficient growth of new blood vessels (2—4).
Excessive angiogenesis occurs in diseases such as cancer, dia-
betic blindness, age-related macular degeneration, rheuma-
toid arthritis, psoriasis and more than 70 other conditions (4).
In these conditions, new blood vessels feed diseased tissue,
destroy normal tissue and in the case of cancer, angiogenesis
allows tumor metastases. Excessive angiogenesis occurs when
diseased cells produce an abnormal amount of angiogenic
growth factors such as VEGF, PDGF, FGF and EGF resulting
in minimizing the effect of endogenous angiogenesis inhibitors
such as angiostatin, endostatin, thrombospondin-1, to name a
few (3). Antiangiogenic therapies are used to treat these con-
ditions by inhibiting or slowing down new blood vessel forma-
tion and growth. Currently the Food and Drug Administra-
tion has approved thirteen drugs in the United States for
cancer treatment with significant antiangiogenic activities.
These drugs affect tumor angiogenesis by interfering with cell
signaling pathways that are essential for angiogenic and pro-
liferation processes. The use of antiangiogenic drugs for can-
cer treatment was heralded as a new treatment modality due
to the lower anticipated tumor-acquired resistance over time
(5). Unfortunately, clinical experience has demonstrated that
acquired resistance to antiangiogenic therapeutic strategies is
possible since many patients whose tumors initially respond to
drugs such as bevacizumab, sorafenib, or sunitinib become
nonresponsive, often within months of therapy initiation (6).
The resistance to antiangiogenic drugs in cancer patients has
triggered the need to establish a new treatment scheme that
can actively target angiogenesis in the cancer without acquir-
ing resistance.

One approach to overcome this resistance is the implemen-
tation of co-targeting strategies, where multiple mechanisms
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of drug action can target neovascular angiogenic endothelial cells
within the cancer tissue. Some of the chemotherapeutic drugs
such as taxanes and mammalian target of rapamycin (mTOR)
mbhibitors have both cytotoxic and secondary antiangiogenic
effects in tumor tissues. However, their antiangiogenic capacities
are not fully manifested, due in large part to limitations in dosing
regimens and available drug formulations (7-10). Docetaxel
(DTX) and Everolimus (EVR) a microtubule-stabilizing agent
and an allosteric mTOR inhibitor respectively, are chemothera-
peutic agents that have been approved in the U.S. for the
treatment of multiple cancers. Both compounds individually
have shown strong antiangiogenic effect in w vitro and m vio
models as well as in the clinical setting. However, the combined
antiangiogenic response of DTX and EVR has neither been
examined . vitro nor i viwo models.

Taxanes including DTX are among the most potent
antiangiogenic chemotherapeutic agents, this effect is
manifested in the human endothelial cells which are extremely
sensitive to these compounds at ultra-low concentrations that
have no effect on other cell types such as tumor cells, fibroblasts,
epithelial cells or smooth muscle cells (11-13). At these non-
cytotoxic concentrations DTX appeared to inhibit VEGF in-
duced endothelial cell migration by the reduction of the cyto-
plasmic chaperone Heat-Shock protein 90 through the induction
of its proteasomal degradation (14). EVR has shown
antiangiogenic effect in i vitro and i vivo nonclinical models
(15,16). At the molecular levels EVR can block angiogenesis by
inhibiting of hypoxia-inducible transcription in factors-1-alfa
(H1Fo) translation as well as by intercepting vascular endothe-
lial growth factor (VEGF/VEGFR) and or platelet-derived
growth factor (PDGF/PDGFR) signaling cascade (17).

Polymeric micelles are colloidal particles with a size usually
within the range of 15-150 nm (18). Over the last 20 years
polymeric micelles have emerged as viable drug delivery
system for poorly water-soluble drugs especially for cancer
therapy (18,19). Currently there are five polymeric micellar
formulations for cancer therapy under clinical trials (19).
Recently new drug delivery systems based on PEG-5-PLA
polymeric micelles have been developed for the concurrent
delivery of multiple anticancer drugs. These multi-drug load-
ed micelles have shown a synergistic inhibition of different
cancers models i vitro and i vivo (20-22). Both DTX and
EVR are poorly water-soluble compounds with intrinsic water
solubilities at 1.9 and 9.6 pg/mL respectively (23,24). PEG--
PLA micelles can provide a unique platform as a nanocarrier
for DTX (20,25) and EVR individually and in combination.
These nanocarriers can solubilize D'TX and EVR and act as a
delivery system for these drugs individually and in combina-
tion for the treatment of excessive angiogenesis in cancer and
other diseases.

The goal of this work 1s to formulate PEG-5-PLA micellar
nanocarriers for the delivery of DTX and EVR individually
and in combination and evaluate their antiangiogenic activity

i vitro on three cellular processes that are essential for angio-
genests, which include proliferation, tube formation and mi-
gration (26,27). In addition, we aim to evaluate the acute
toxicity of these nanocarriers m vivo. We hypothesize that
DTX and EVR individual micellar nanocarriers will exert
antiangiogenic effect and a synergistic effect for the dual-
drug loaded nanocarriers. In addition, all micellar
nanocarriers will show no acute toxicity  viwo at therapeuti-
cally relevant concentrations.

MATERIALS AND METHODS
Materials

DTX and EVR were purchased from LC Laboratories (Wo-
burn, MA). HUVEC cells and endothelial growth medium 2
were purchased from PromoCell (Heidelberg, Germany). Cells
were cultured as per the manufacturer instructions and all
experiments were performed between passages 2 and 6.
Diblock copolymers PEGogg-b-PLA gy (Mn=3800, Mw=
4100 and PI=1.1) and PEG4ppp-6-PLAg900 (Mn=6100,
Mw=6500 and PI=1.06) were purchased from Advanced
Polymer Materials Inc. (Montreal, CAN). CellTiter-Blue®
Cell Viability Assay kit was obtained from Promega Inc.
(Madison, WI). All other reagents of analytical grade were
purchased from VWR International, LLC (Radnor, PA) and
Fisher Scientific Inc. (Fairlawn, NJ).

Preparation of Drug Loaded Micelles

DTX, EVR and DTX-EVR dual-drug loaded PEG-5-PLA
micelles (DDM) were prepared by solvent casting method as
reported previously (20,21,25,28). Briefly, for the preparation
of DTX or EVR individual micelles, 15 mg polymer
(PEGg000-0-PLA  300) and 2 mg of DTX or EVR was dissolved
in 0.5 ml of acetonitrile, which was evaporated under reduced
pressure to form a thin polymeric film. Micelles were obtained
by rehydration of polymeric film with 0.5 ml deionized water
and then micellar solution was filtered using a 0.45 um filter.
For the DDM, DTX (2 mg), EVR (2 mg), and PEGyq00-6-
PLA, 500 (15 mg) polymer were dissolved in 0.5 ml acetonitrile
and the micelles were prepared as mentioned above. A second
set of DTX or EVR or DDM were prepared using PEG4000-
b-PLAg90p polymer using the same procedure.

Reverse Phase High Performance Liquid
Chromatography (RP-HPLC) Analysis for Drug Loading

The drug loading was determined using Shimadzu HPLC
system consisting of LC-20 AT pump and SPD M20 a diode
array detector. The analysis was performed using Zorbax C8
Column (4.6X75 mm, 3.5 pm) in isocratic mode with

@ Springer



662

Mishra, Doddapaneni, Nguyen and Alani

acetonitrile/water (62/38) containing 0.1% phosphoric acid
and 1% methanol at a flow rate of 1 ml/min and injection
volume of 10 pL. Column temperature was kept at 40°C. The
DTX and EVR peaks were monitored at 227 and 279 nm
respectively. The retention times for D'TX and EVR were 1.7
and 5.7 min respectively. All measurements were performed
in triplicate and loading data is presented as Mean®SD.

Particle Size Analysis

Particle size of polymeric micelles was measured by dynamic
light scattering (DLS) using a Malvern Nano ZS (Malvern
Instruments Inc., U.K.). Samples were diluted 20 times with
deionized water to yield final polymer concentration of
1.5 mg/ml. The intensity of He-Ne laser (633 nm) was mea-
sured at 173°. All measurements were performed at 25°C
after pre-equilibration for 2 min. The particle size was mea-
sured in triplicates and Z-average size was reported as the
Mean®SD and polydispersity index (PDI).

In Vitro Drug Release Study from Individual Micelles
and Dual-Drug-Loaded Micelles

DTX and EVR individual and DDM were prepared as de-
scribed above (“Preparation of Drug-Loaded Micelles” section),
and a sample of 2.5 mL was loaded into a Slide-A-Lyzer®
(Thermo Scientific Inc.) dialysis 3.0 mL cassette with a MWCO
of 7,000 g/mol. This MWCO was chosen to enable the free
drug(s) along with the unassociated polymer molecules to diffuse
freely out of the cassette and thereby ensure sink conditions. Four
cassettes were used in each experiment (2 =4). The cassettes were
placed in 2.5 L of 10 mM phosphate buffer at pH 7.4, which was
changed every 3 h to ensure sink conditions and the temperature
was maintained at 37°C. The sampling time intervals were 0,
0.5,1,2,3,6,9, 12, 24, and 48 h. A sample of 150 pL at each
time point was withdrawn, and the cassette was replenished with
fresh 150 pL of buffer. Samples were analyzed by RP-HPLC for
drug content. To evaluate drug release kinetics in more detail,
the drug release data were curve-fitted assuming that the drug(s)
were released by simple diffusion using a one phase exponential
association equation. The time needed to reach 50% of drug
release, t; o of each drug in individual or DDM and the goodness
of fit were calculated. The curve fitting analysis was performed
with GraphPad Prism version 5.04 for Windows, GraphPad
Software, San Diego California USA, www.graphpad.com.

HUVEC Cell Proliferation Assay

HUVEC cells were seeded at the density of 5,000 cells/well in
96 well plates and allowed to attach for 48 h at 37°C. After
incubation, cells were treated with individual or DDM. D'TX
concentration range was 0.02-20 nM while EVR concentra-
tion range was 20-2000 nM in individual micelle treatments.

@ Springer

While for the DDM; DTX:EVR (1:1) molar ratio the concen-
tration range for each drug was from 0.02 to 20 nM. Cell
viability was determined after 48 h by treatment with 20 pL of
CellTiter-Blue® reagent followed by one hour of incubation
at 37°C and fluorescence (560g,/590k,,,) signal was measured,
all measurements were performed in quadruplicate. The drug
concentration at 50% growth inhibition (ICsp) was deter-
mined by the lnearized median-effect plot using Compusyn soft-
ware (Version 1.0, ComboSyn Inc., U.S.) (29). This software is
based on Chou and Talay median-effect method in which the
median-effect equation is a general equation for dose-effect
relationship derived from the mass-action law principle that
takes into account the potency and the shape of dose-effect
curve. The dose-effect relationship as shown by the mass
action law is mathematically described below:

Jo_ (D"
E‘(Dm)

Where; f, and f, represent the effect while D is the dose
causing the effect. The dose effect curve can be linearized by
the median effect plot where x=log(D) and y=log(f,,/f.)

b2 ) = mb(D) gD

u

where f, is the fraction of cells affected upon drug treatment, £,
is the fraction of cells unaffected upon drug treatment,
Ju=({1=f.), D is the dose of the drug, D,, is the dose that is
required to produce a median effect (e.g., IC5y, EDs5y, or
LD 54), and m 1s the slope of the line.

Combination Index (CI) Analysis

The combination effect of DTX and EVR loaded in DDM
on HUVEC cells proliferation (see “HUVEC Cell Prolif-
cration Assay” section) was evaluated with Compusyn soft-
ware using the Combination index (CI) analysis (29,30). CI
value obtained from the software represents the effect of
combination. CI value of 1 indicates additive effect, CI>1
indicates antagonism and CI<I indicates synergism. CI
value of DTX and EVR were computed using the follow-
ing formula:

where is (D,); and (D,)s are the inhibitory concentration of
drug 1 and drug 2 alone respectively. (D), and (D), are the
drug 1 and 2 concentration respectively. The data was
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represented as F,-CI Plot (Chou-Talalay Plot) a plot of CI on
y- axis as a function of effect level (F,) on the x- axis.

In Vitro Endothelial Tube Formation Assay

Matrigel was thawed overnight at 4°C in the ice bath and then
50 pL of solution was used to coat 96 well plates. The plates
were then incubated at 37°C: for 60 min to ensure complete
gelation of the matrix. HUVEC cells were then seeded into 96
well plates at a cell density of 20,000 cells/well and allowed to
incubate for 18 h at 37°C. The total tube length and area were
quantified using NIH Image] analysis software (31). Cells were
treated with different concentrations of DTX (0.01, 0.1 and
1 nM), EVR (10, 100 and 1000 nM) individual micelles and
DDM.

Migration Assay

HUVEC cell migration process was analyzed using
xCELLigence RTCA DP instruments (Roche Applied Sci-
ences, Germany). The system measures the electrical imped-
ance which indicates the number of cells that migrated from
the apical to the basolateral chamber in response to a
chemoattractant. A change in electrical impedance was
recorded in terms of cell index number. CIM-Plates 16 were
coated with 20 pg/ml of fibronectin for 1 h. HUVEC cells
were starved for 4 h with serum free medium and seeded on
pre-coated fibronectin plates at a density of 15,000 cells/well.
A change 1n electrical impedance was monitored every 10 min
for 48 h. In the basolateral chamber, HUVEC cells complete
medium was used as control and DTX, EVR and DDM in
complete medium as treatment groups were added in qua-
druplicates. The compiled data was presented as Mean®SD.
Significant differences between treatment group means was
evaluated using one way ANOVA with Bartlett’s test for equal
variances and Bonferroni’s multiple comparison test, using a

threshold value () of 0.05.
Acute Toxicity Study

The acute toxicity of DTX, EVR individual and DDM was
evaluated in 6 to 8-week-old FVB albino female mice (The
Jackson Laboratory (Bar Harbor, ME) and housed in venti-
lated cages with free access to water and food. DTX, EVR or
DDM were prepared freshly and reconstituted with saline and
sterilized with 0.22 pm filter prior to injection. Six groups of
mice (n =24; 4/group) were injected, 1.v. (tail vein) with saline,
DTX individual micelles, EVR individual micelle or
DTX:EVR (1:1) DDM. The total number of injections for
the treatment protocol was three and the injections were
performed on days 0, 4 and 8 with the volume of injection
between 80 and 180 pl.. DTX individual micelles were
injected at 40 or 30 mg/kg, EVR individual micelles were

injected at 60 or 50 mg/kg and DDM were injected at total
concentration of both drugs at 60 or 40 mg/kg (30 or 20 mg/
kg for each drug).

Acute toxicity (dose limiting toxicity, DLT) was defined as
the dose that causes a median body weight loss of >15% versus
negative control (saline) and causes either remarkable change
in general appearance or death. Mice with a weight loss >15%
were euthanized because changes of this magnitude often
indicate lethal toxicity. The maximum tolerated dose (M'TD)
was defined as dose level just below the DLT for a given
formulation. Compiled data was presented as Mean®SD.
The animal work was conducted in complhance with NIH
guideline and Institutional Animal Care and Use Committee
policy in Oregon State University for End-Stage Illness and
Pre-emptive Euthanasia based on Humane Endpoints
Guidelines.

RESULTS
Drug Loading and Retention in Micelles

Individual and dual-drug PEG-4-PLA micelles were formu-
lated for DTX, EVR and their combination (Fig. 1). PEG40-
b-PLAgogo micelles loaded with D'TX were able to solubilize
1.74+0.1 mg/mL , while EVR loaded micelles were able to
solubilize 2.00+0.09 mg/mL (Fig. 2). The DTX-EVR dual-
drug PEG 4000-0-PLAgsoo micelles were able to load DTX and
EVR at 1.91£0.1 mg/mL at 2.0£0.10 mg/ml respectively
(Fig. 2).

PEGy(00-b-PLA | goo micelles increased the water solubility
of DTX to 1.93%£0.1 mg/mL (Fig. 2). Initial loading of
PEGy000-0-PLA 500 with EVR or DDM were similar to
PEG4000-0-PLAgo00 but these micelles were not stable post
5 h at 25°C as demonstrated by drug(s) precipitation.

DTX in PEGoggo-b-PLAgoo and EVR in PEGygg0-0-
PLAg9g individual micelles demonstrated excellent stability
for more than 24 h at 25°C with more than 98% drug was
retained in solution. Drug retention studies also indicated that
the PEG4000-b-PLAgogo D'TX micelles were not stable due to
drug precipitation. PEG4ppp-0-PLAgogg DDM demonstrated

A
EVR

Fig. 1 Schematic representation of individual and DDM.

¥
PEG-b-PLA DTX

@ Springer



664

Mishra, Doddapaneni, Nguyen and Alani

(3]
)

Il DTX

4 4

w
1

Solubility(mg/mL)
[\ ]

—
'

o
L

Q_
Od- & <>°®

Fig. 2 Aqueous solubility of DTX in PEGypg-b-PLA gog individual micelles,
EVR in PEG4000-b-PLA 00 individual micelles and DTX-EVR DDM in
PEG4ooo-b-PLA2200 micelles (Mean +SD,n :4)

higher drug stability at 25°C for more than 24 h in compar-
1son to PEGogg-b-PLA| 300 DDM. Therefore, all subsequent
experiments were performed using PEGy000-0-PLAggg for
EVR or DDM and PEGyggo-b-PLA 500 DTX micelles.

Particle Size Analysis

PEGg00-b-PLA 500 DTX micelle sizes were 18.05+0.06 nm
(PDI=0.079£0.013), while PEG4000-6-PLAg200 EVR and
DDM had sizes of 33.80£0.05 nm (PDI=0.113+0.010)
and 34.0920.24 nm (PDI=0.137%0.004) respectively
(Fig. 3). All prepared micelles showed unimodal distribution
with a PDI value of less than 0.2.

In Vitro Drug Release Study from Individual Micelles
and DDM

The release profile of DTX and EVR from individual and
DDM were evaluated in pH 7.4 buffer at 37°C over 48 h by
a simple dialysis method. DTX release profile from PEGogg-b6-
PLA g0 individual micelles and PEG000-0-PLAgoo DDM is
depicted 1n (Fig. 4a) with about 90% DTX released from both
micelles over 48 h. EVR release profile from PEG4pgp-6-
PLAyygo individual and DDM is illustrated in (Fig. 4b). The

20 -
— DTX

3 151 — EVR
= — DDM
Q
£ 101
3
[=]
= K

0_

x| 0 1 2 3 4

log Size (nm)

Fig. 3 Particle size distributions (volume-weighted) for DTX in PEGyp0-b-
PLA g0 individual micelles, EVR in PEG4000-b-PLA;;00 individual micelles and
DTX-EVR DDM in PEG4000-b-PLA;00 micelles.
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release of EVR from individual micelle after 48 h was 60.0+
2.4% while the EVR release from DDM after 48 h was 49.2+
0.9%. The time needed to reach 50% of drug release (t;/9) of
cach drug in individual or DDM and the goodness of curve-
fitting (r”) were calculated. The t;5 for DTX in individual and
DDM were 10.00 and 8.86 h respectively with r* values of
0.986 for the individual micelle and 0.987 for the DDM
(Fig. 4a). The t;,o of EVR in individual micelles was 35 h
however with an 1 value of 0.820 indicating a poor fit to the
assumed model (Fig. 4b). On the other hand the t; /5 for EVR in
DDM was approximately 48 h with an r” value of 0.955 which
1s a good fit to the assumed model (Fig. 4b). The goodness of
curve-fitting (1) for all micelles except EVR individual micelles,
were above 0.950 which means that the assumption for 1st
order release was a good approximation to explain drug release
from individual micelles and DDM.

HUVEC Cell Proliferation Assay

The antiproliferative effect of DTX, EVR individual and
DDM were evaluated in HUVEC: cells. The cytotoxicity of
individual and DDM (1:1) micelles demonstrated a dose de-
pendent decrease in cell viability. For all micelles the drug
concentration at 50% growth inhibition (ICj5() was determined
by the linearized median-effect plot (Fig. 5). The 1C5( values of DTX
and EVR in individual micelles were 6.80+0.67 nM and 18.57
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0
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Fig.4 Invitro drug release profiles of (@) DTX loaded in individual micelles and
DDM (b) EVR loaded in individual micelles and DDM. (Mean = SD, n =4).



Anti-angiogenic Effect of DTX and EVR in DDM

665

+2.86 nM respectively (Fig. 6). The combination of DTX and
EVR in DDM demonstrated strong dose dependent inhibition
with ICs value at 0.6520.11 nM (Figs. 5 and 6).

Combination Index (CI) Analysis

To further analyze whether DTX and EVR combination are
synergistic, additive or antagonistic, against HUVEC prolif-
eration, the CI values for the various dosing ratios were
calculated using Compusyn software. The calculated CI
values of DTX and EVR in DDM at different concentrations
were well below 1.0 (Fig. 7) indicating significant synergistic
antiproliferative effect against the HUVEC across different
concentrations of the DTX and EVR combination.

In Vitro Endothelial Tube Formation Assay

HUVEC were treated and cell differentiation was monitored
in vitro by tube formation on matrigel matrix. HUVEC cells
without treatment resulted in formation of regular capillary
like tubular structures (Fig. 8a). DTX loaded PEGoygo-b-
PLA|goo micelles at 1 nM reduced tube formation area by
40.14+10.25% (Fig. 8b) while DTX micelles at 0.1 and
0.01 nM showed no significant reduction in the tube forma-
tion area compared to control. EVR loaded PEGgg0-0-
PLAg9gp micelles at 1,000 nM showed reduction in tube
formation areas by 53.87+14.80% (Fig. 8c) while EVR mi-
celles at 100 and 10 nM showed no significant reduction in the
tube formation area compared to control. The DTX and
EVR in DDM demonstrated significant reduction in tube
formation process in comparison to DTX or EVR individual
micelles. DTX and EVR combination in DDM at 0.5 nM and
500 nM respectively showed reduction in the tube formation
area by 67.25+7.60% (Fig. 8d).

log(f:/fu)

2 = DTX
- EVR
|, DDM
logD '
:(og:) : /;:/‘ .
-4 2 2 4
‘%.l
/_-1
[ |
-2

Fig. 5 Linearized median-effect plot to calculate the ICsq (Dm) for DTX,
EVR individual micelles and DDM. Linear regression was applied to the
experimental data in order to obtain the value for Dm, and m parameters.
The squared correlation coefficient r? is a measure of the overall predision of
the linear regression, r” for DTX, EVR, DDM are 0.931, 0.939 and 0.993
respectively.

Q.
& & 00*\

Fig. 6 1Cy values of DTX and EVR as individual micelles or DDM in
HUVEC (Mean =+ SD, n =4).

Migration Assay

To assess the effect of drug loaded polymeric micelles on
endothelial cell migration; real time migration using
xCELLigence RTCA DP Instrument was used. The cell index
value indicates the number of cells that migrate in response to
a chemoattractant. By plotting the cell index values over time, a
signature real-time cellular migration (RTCM) profile can be
generated to monitor HUVEC migration in real time. We
observed dose-dependent significant inhibition of HUVEC
migration with DTX loaded PEGygg-0-PLA g0 micelles at
different concentration below 1 nM and the lowest concen-
tration of DTX significant inhibition in migration was
0.005 nM (Fig. 9). In contrast, EVR PEG4000-0-PLAgs
micelles did not show any significant inhibitory effect at
0.005 nM (Fig. 9). However, the EVR individual micelles
showed strong inhibitory effect on migration on HUVEC at
different concentrations above 0.005 nM (data not shown).
Interestingly, in case of DTX:EVR (1:1) DDM at 0.005 nM
each (total of 0.01 nM) showed significant inhibition in cell
migration compared to control and DTX individual micelle
at 0.005 nM (F1ig. 9). These findings confirm the synergistic/
additive effect of DDM on HUVEC cell migration process.

2-_
_ Antagonistic
€0 ] e o e e e e e s s e s v
Synergestic
[ ]
0 + . L hd 2 |
0.0 0.5 1.0
Fa

Fig. 7 Fa-Cl plots of DTX and EVR combination in HUVEC cells. Cells were
treated with DTX-EVR DDM at different concentrations.
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Fig. 8 Tube formation assay

(@) control, (b) DTX micelles

(1 nM), (c) EVR micelles

(1,000 nM), (d) co-administration
of DTX (0.5 nM)and EVR (500 nM)
micelles.

Acute Toxicity Study

Mice were injected with EVR individual micelles at 60 and
50 mg/kg (n=8; 4/group). Mice injected with the 60 mg/kg
EVR showed acute toxicity represented by lower extremity
paralysis after the second injection (day 7). The second group
of mice injected 1.v., three times on day 0, 4, and 8 with EVR
micelle at 50 mg/kg showed no sign of acute toxicity
(Fig. 10a). DTX individual micelles were injected i.v., three
times on day 0, 4, and 8 into 2 groups of mice (total n=8; 4/
group) at 40 and 30 mg/kg. The first group injected with

0.60 -
—— Control
— DTX5pM
5 0404 — EVR5pM
= — DDM5 pM
—
& 0.201 I#
0.00 H———F———F——————
0 4 8 12 16
Time (hr)

Fig. 9 Real-time cellular migration profile (RTCM) for HUVEC cells treated
with: DTX individual micelles (0.005 nM), EVR individual micelles (0.005 nM),
and DDM with DTX 0.005 nM and EVR 0.005 nM. * Represents significant
difference from untreated control and # represents significant difference
between DTX individual micelle and DDM. (Mean + SD, n =4).
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40 mg/kg DTX showed acute toxicity after the third injection
(day 16) represented by lost in weight > 15%. The second
group injected with 30 mg/kg showed no sign of acute toxicity
(Fig. 10b). DDM loaded with DTX:EVR (1:1) were injected
1.v., three times on day 0, 4, and 8 into 2 groups of mice (total
n=8;4/group) at 30 mg/kg (for ecach drug, total of 60 mg/kg)
and 20 mg/kg (for each drug, total of 40 mg/kg) . The first
group injected with 30 mg/kg showed acute toxicity after the
third injection (day 13) represented by lower extremity paral-
ysis. The second group injected with 20 mg/kg showed no
signs of acute toxicity (Fig. 10c). Treatment groups for indi-
vidual and DDM showed no toxicity upon monitoring for an
additional 39 days and all animal showed no signs of acute
toxicity (data not shown) during this time. Thus, the MTD
doses for the EVR, DTX and DDM were 50 mg/kg, 30 mg/
kg and 20 mg/kg for each individual drug for a total of
40 mg/kg. For all the animals that showed acute toxicity,
the experiments were stopped immediately and the animals
were humanly euthanized in compliance with the guideline
stated above.

DISCUSSION

The main aim of our work is to develop a new treatment
modality to overcome the acquired resistance to antiangiogenic
therapy. This resistance can be potentially overcome by the
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implementation of co-treatment strategies, where multiple mech-
anisms of drug action can target neovascular angiogenic endo-
thelial cells within the cancer tissue (32). Based on this concept,
co-delivery of DTX and EVR, two drugs known to individually
mhibit angiogenesis through different pathways, might produce
additive/synergistic antiangiogenic effects (14,17,33-35). To
achieve this combination, we selected polymeric based
nanocarrier as a vehicle for the dual delivery of DTX and
EVR. It has been observed that PEG-6-PLA micelles can con-
siderably improve the water solubility of D'TX as well as other

drugs such as rapamycin, 17AAG and etoposide (20,21,25).
Therefore, and for the first tme, we adapted this platform to
formulate the combination of DTX and EVR into DDM along
with EVR individual micelles. Two different DTX individual
micelles were prepared as previously reported (20,25) PEGoggo-
b-PLA 5990 DTX individual micelles were more stable than
PEG4000-0-PLAg9g micelle as demonstrated by lower drug pre-
cipitation presumably due to better drug-polymer compatibility.
PEGopp0-0-PLA g individual micelles increased the solubility of
DTX to 1.93 mg/mL which is comparable to the published data
(25). PEGy4000-0-PLAg) was used for the formation of EVR
individual micelles and DDM due to higher micelles stability at
room temperature. We observed similar drug loading for DDM
as compared to the individual drug loaded micelles. The ability
of the block copolymers to load two drugs into the core of the
micelles at same concentrations as individual drugs is a behavior
that needs further study, but these findings are consistent with
earlier investigators (20,21). EVR micelles and DDM were larger
in size=34 nm in comparison to DTX loaded micelles=~18 nm.
This difference in size was observed due to differences in the
copolymer block lengths and molecular weights. Other investi-
gators using different block copolymer for the preparation of
micelles have reported similar behavior (36). It was reported that
block copolymers of high molecular weight result in micelles of
higher hydrodynamic radii. According to our findings, PEGyg00-
b-PLAg9( always formed micelles of larger diameter irrespective
of individual or multiple drug loaded micelles as compared to
PEGygpo-b-PLA goo. Therefore, the block copolymer chosen
plays a significant role in determining the size of polymeric
micelles formed.

The release of DTX and EVR form the individual and
DDM i vitro was well fitted with one phase exponential
association equation suggesting that the drug(s) release is a
diffusion control process and not driven by micelle dissocia-
tion process. The release profile of DTX from PEGgggo-0-
PLA]g()Q individual micelles and PEG4000-b-PLA2200 DDM
was almost identical with slight difference in the t;,o value
(Fig. 4a). Surprisingly these results clearly showed that differ-
ent polymer blocks as well as the presence of EVR have
minimal effect on DTX release kinetic. On the contrary the
release profile of EVR form PEG4g0-b-PLAgy individual
and DDM was influenced by the presence of DTX (Fig. 4b).
DDM released 49.24+0.9% of total amount of EVR in 48 h
with 1?=0.955. In contrast faster release was seen for EVR
from PEG 4000-0-PLAggoo individual micelle with about 50%
of the EVR released occurring in 35 h. Additionally more
EVR was released from the individual micelles at 60.0£2.4%
in 48 h. The difference in the release profile between EVR
micelles can be contributed to the burst effect in drug release
exhibited by the EVR individual micelles, in which about
20% of the drug was released within the first 30 min of the
release experiment (Iig. 4b). The burst effect also affected the
data goodness of fit as reflected by an r” value of 0.820. On the
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other hand EVR release from DDM exhibited a weaker burst
effect with less than 10% of the drug being released within the
first 30 min and with a goodness of fit r* value of 0.955.

This discrepancy in the release profile of the EVR from
both micelles can be clearly contributed to the presence of
DTX. It can be speculated that the presence DTX in the
DDM enhanced the compatibility between the EVR and the
polymer and thereby EVR release profile in the DDM
resulted in a smaller burst effect. A similar profile has been
seen in other multiple-drug loaded polymeric micelles, Shen
et al. showed that paclitaxel release profile was significantly
different between individual micelles and multiple-drug load-
ed micelles (22). In the same study paclitaxel release from
individual micelle could not be collected as the drug precipi-
tated from the micelles during the study. On the other hand,
when paclitaxel was co-loaded with 17AAG the paclitaxel was
retained in the micelle during the release study and the t; /o of
the paclitaxel was 5.01 h. Additionally, when paclitaxel was
loaded with 17AAG and rapamycin the release profile of
paclitaxel was different from paclitaxel/17AAG micelle with
t1,2=9.20 h (22). Shen et al. hypothesize that the difference in
micelle stability and drug release profile between individual
drug loaded micelles and multiple drug loaded micelles is due
to possible intermolecular interaction among drugs in the core
region of micelle (22).

DTX and EVR individual micelles exhibited dose depen-
dent antiproliferative response on HUVEC cells (Fig. 6). The
IC5 values for the individual micelles were slightly higher
than the published data for the free drug which are 0.5 nM for
DTX and 0.12 nM for EVR (13,16). The difference in IC5
values between the free drug and drug individual micelle is
possibly due to the high stability of the micelles  vitro which
results in lower free drug being available to exert its effect on
the cells. The combination of the DTX and EVR (1:1) molar
ratio in DDM exhibited strong synergistic inhibition on
HUVEC proliferation over wide range of doses (Figs. 6 and 7).

Endothelial tube formation involves multiple steps such as
attachment, proliferation and migration prior to tube forma-
tion process. Tube formation is mitiated with attachment of
endothelial cells on the basement matrix and then is followed
by migration of these cells towards each other to eventually
form tubes (37). Our data has shown this process can be
inhibited at various concentrations of DTX and EVR indi-
vidual and DDM (Fig. 8). In the tube formation experiment,
DTX at I nM showed significant reduction in the tube for-
mation arca compared to control, the result is in agreement
with earlier findings were taxanes exert antiangiogenic effects
at lower concentrations than their IC5q (11-13). EVR indi-
vidual micelle significantly reduced the tube formation area at
1,000 nM a higher concentration than its IC5. The discrep-
ancy in potency of EVR individual micelles in HUVEC
proliferation and tube formation might be contributed to the
micelle stability and to the short time frame for the tube
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formation experiment. Interestingly the treatment of the
HUVEC with a combination of DTX and EVR micelles at
0.5 and 500 nM respectively inhibited the tube formation
significantly compared to DTX micelle alone at 1 nM, the
data clearly shows that EVR can intensify the D'TX inhibitory
effect in HUVEC tube formation.

Real time migration assay with the DDM DTX:EVR, each
at 0.005 nM (total of 0.01 nM), demonstrated synergistic/
additive inhibition in HUVEC cell migration (Fig. 9). It was
observed that DTX individual PEGoggo-b-PLA g9 micelles at
0.005 nM concentrations inhibited HUVEC migration.
Meanwhile EVR loaded PEG4gg0-6-PLAgogo micelles at
0.005 nM did not inhibit HUVEC migration; however EVR
micelles at concentrations above 0.005 nM inhibited cell mi-
gration. We observed that EVR enhanced the antimigratory
activity of DTX at 0.005 nM a concentration at which indi-
vidual D'TX micelles has weaker inhibition on endothelial cell
migration. These results suggest that the combined treatment
of DTX and EVR inhibits HUVEC cell migration by
synergistic/additive response. Cell migration process is regu-
lated through reorientation of centrosome in the intended
direction of movement (38). It was also observed that change
in microtubule plasticity can alter the reorientation of the
centrosome (38). Based on this mechanism, in our study we
postulate that EVR potentiates the antimigratory effect of
DTX on endothelial cells (Fig. 9) by changing the microtubule
plasticity. Further studies are required to delineate the exact
molecular mechanism behind the enhanced migratory activity
in the case of DDM. Our study provides strong evidence that
combined treatment of DTX and EVR DDM is advantageous
in comparison to individual drugs for antiangiogenic treatment
due to its inhibition of three major cascade events in the
angiogenic process.

The acute toxicity of the individual and DDM was exam-
ined in mice. The MTD for EVR individual micelles was
50 mg/kg which much higher than any published data, for
example Iwase, et.al showed the MTD of liposomal EVR
formulation in mice treated by intravenous injection was
5 mg/kg (24). The MTD for DTX micelles in our work was
higher than Taxotere® at 20 mg/kg for similar dosing regi-
men (39). The DDM showed MTD at 20 mg/kg (for each
drug, total of 40 mg/kg). For all micelles the MTD values
were much higher than the required concentration to produce
the anticancer or the antiangiogenic ¢ viwo models as well as
for clinical setting (40). In conclusion, we were able to
formulate new micellar nanocarriers for EVR alone or in
combination with DTX as a DDM. Also were able to
show for the first time that the combination of DTX and
EVR in DDM inhibited angiogenesis by affecting different
cascade events in angiogenesis process with more potency
than individual DTX or EVR micelles. Finally all micellar
nanocarriers showed no acute toxicity at clinically relevant
concentrations in mice.
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