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Abstract

The poor solubility of paclitaxel (PTX), the commercially most successful anticancer drug, has
long been hampering the development of suitable formulations. Here, we present translational
evaluation of a nanoformulation of PTX, which is characterized by a facile preparation,
extraordinary high drug loading of 50 % wt. and PTX solubility of up to 45 g/L, excellent shelf
stability and controllable, sub-100 nm size. We observe favorable in vitro and in vivo safety
profiles and a higher maximum tolerated dose compared to clinically approved formulations.
Pharmacokinetic analysis reveals that the higher dose administered leads to a higher exposure of
the tumor to PTX. As a result, we observed improved therapeutic outcome in orthotopic tumor
models including particularly faithful and aggressive “T11” mouse claudin-low breast cancer
orthotopic, syngeneic transplants. The promising preclinical data on the presented PTX
nanoformulation showcase the need to investigate new excipients and is a robust basis to translate
into clinical trials.

Keywords

Polyoxazolines; Paclitaxel Nanoformulation; /n vitro; In vivo, Efficacy; Multi-Drug Resistant
Cancer

INTRODUCTION

Paclitaxel (PTX) [1] is a powerful antineoplastic agent against metastatic breast cancer, non-
small cell lung cancer, advanced ovarian cancer, head and neck cancer and other
malignancies [2]. By interfering with tubulin polymerization, thus perturbing microtubule
dynamics, PTX leads to chromosome missegregation on multipolar spindles [3]. Apart from
excellent potency, PTX is characterized by an extremely low solubility in aqueous media (<1
mg/L) [4], thereby demanding delivery vehicles for parenteral administration. Three
formulations are currently clinically approved, two of which by the FDA. Both are
blockbusters and make PTX the best selling chemotherapeutic in history [3].

The first clinical formulation of PTX was Taxol. It is characterized by very low drug loading
(1% wt.), thus, the amount of the excipient, Cremophor EL/ethanol, necessary to deliver
effective doses of PTX is substantial. Excipient plasma concentration can reach 0.4% (v/v)
and persist above 0.1% (v/v) for over 24 hours [5]. Cremophor EL causes severe allergic,
hypersensitivity, anaphylactic reactions and nephro- and neurotoxicity in animals and
humans, which significantly limits dosing and requires clinical intervention [6,7].
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The clinical demand for alternative formulations led to the development of Abraxane, a
nanoparticle formulation (hydrodynamic diameter ~ 130 nm) comprising human serum
albumin and ca. 10% wt. PTX. Evidenced advantages of Abraxane vs. Taxol such as
increased antitumor activity and tumor accumulation in several mice xenograft models,
significantly higher maximum tolerated doses (MTD) in human, as well as approximately
74% increase of response rates in metastatic breast cancer patients ultimately led to the
clinical approval of this new formulation [8]. However, its clinical trials also revealed an
increased peripheral neuropathy as compared to Taxol [9]. Moreover, a recent randomized
phase 111 clinical trial of weekly Taxol compared to weekly Abraxane in combination with
Bevacizumab as first-line therapy for locally recurrent or metastatic breast cancer indicates
that Abraxane offers no benefits to progression-free survival compared to Taxol, while
inducing greater hematologic toxicity and sensory neuropathy [10]. Thus, there clearly
remains a clinical demand for a formulation of PTX with improved safety profile and
therapeutic outcome.

Besides other approaches, polymeric micelles were investigated to formulate PTX [11-13].
For example, Genexol-PM [11], a formulation comprising a block copolymer of
poly(ethylene glycol) (PEG) and poly(DL-lactide) (PLA) with 16 wt.% PTX is clinically
approved in South Korea. NK105, a formulation comprising 23 wt.% PTX using a block
copolymer of PEG and modified poly(aspartate) undergoes a phase 111 clinical study [13].
However, even these most advanced formulations only in part overcome the common
limitations of PTX formulations. Although the relative PTX content is comparably high, the
absolute PTX concentration in the administered solutions is very low for both micellar
formulations (Figure 1). The MTD of Genexol-PM identified as 50 and 60 mg/kg in non-
tumor bearing female SPF C3H/HeNcrj mice and nude mice respectively is only 2-3x
higher compared to Taxol [11]. NK105 could be safely administered at 100 mg/kg in balb/c
female nude mice but only at a rather low concentration (0.12 mg/mL), requiring prolonged
intervals of administration [12]. A superior dosage form, which exhibits high drug loading,
desirable pharmacokinetics (PK) and tumor accumulation, and low toxicity while increasing
therapeutic efficacy, remains elusive.

Here we present preclinical evaluation data on polymeric micelle formulation based on
amphiphilic poly(2-oxazoline) (POX) block copolymers with unique polysoap structure
[14,15] that has a potential of fulfilling unmet needs in formulation of PTX. This self-
assembled nano-sized formulation of PTX is easy to prepare. It exhibits an unparalleled high
drug loading of 50 % wt., along with excellent shelf stability and controllable sub-100 nm
size. In addition, absolute drug concentrations of 45 g/L could be achieved in an injectable
formulation. Figure 1 compares the drug loading and PTX concentrations (maximal and ad
Iniectbilid) and the reported maximal tolerated dose in animal model for the various
discussed PTX formulations.

Favorable /n vitro and in vivo safety profiles and a much higher maximum tolerated dose
compared to clinically approved formulations were observed. Pharmacokinetic analysis
revealed higher exposure of the tumor to PTX as compared to Taxol. Subsequently, we
observed improved therapeutic outcome in orthotopic tumor models including particularly
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faithful and aggressive “T11” mouse claudin-low breast cancer orthotopic, syngeneic
transplants.

MATERIALS AND METHODS

Materials

Methods

Two batches of amphiphilic triblock copolymers P(MeOx33-b-BuOxyg-b-MeOxys), Mn =
10.0 kg/mol, B (Mw/Mn) = 1.14 and P(MeOx,47-b-BuOx»1-b-MeOx3g), Mn = 9.9 kg/mol, D
(Mw/Mn) = 1.19 were synthesized as described in the previous study [14,15]. PTX was
purchased from LC Laboratories (Woburn, MA). All other materials were from Fisher
Scientific Inc. (Fairlawn, NJ) and all reagents were HPLC grade. The A2780 cells were
originally obtained from Sigma-Aldrich. Cells were cultured in DMEM medium (Gibco
11965-092) supplemented with 10% FBS and 1% pen-strep.

Preparation of POx/PTX polymeric micelles—POx/PTX micelles were prepared by a
thin film method (Fig. S1 and S2). Briefly, pre-determined amounts of POx and PTX (stock
solution 10-20 g/L in ethanol) were dissolved in ethanol (5-10 mg/mL) and mixed, followed
by complete removal of volatiles. We tested and optimized small (1-5 mg scale, air flow at
40 °C) and large scale (200 mg scale, rotary evaporator) production methods to control the
thin film formation process (Fig. S1-S2). Appropriate amounts of deionized (DI) water or
normal saline were used to rehydrate the dried thin-film under heating at 50-60 °C for up to
20 min in order to obtain drug loaded polymeric micelles. The resulting micelle formulation
was stored as aqueous solution in refrigerator for up to 2 weeks or as lyophilized powder.

The drug concentrations in POx micelles were measured by reverse-phase HPLC method
with a Nucleosil C18 - 5u column (250 mm x 4.6 mm) in an Agilent 1200 HPLC equipment.
Each sample was diluted 20 times in mobile phase (ACN/water; 55/45, v/v) and 20 pL
diluted sample was injected into the HPLC. The retention times of PTX was approximately
5.0 min and detection wavelength was 227 nm while the flow rate was 1.0 mL/min and
column temperature was 30°C. A standard curve range from 5 pg/mL to 200 pg/mL was
used to calibrate the quantity of PTX.

The drug loading capacity (LC), loading efficiency (LE) and drug loading (DL) were
calculated using following equations (a) (b) (c): where Mgryg and Mexcipient are the weight
amounts of the loaded (solubilized) drug and polymer excipient in the dispersion, while
Mrug added IS the weight amount of the drug initially added to the dispersion.

LCZMdrug/(Mdr11g+Mexcipient) . 100%7 (a)

LE:Mdrug/Mdrug added * 100%, (b)
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DL:Mdrug/Mexcipient : 100%3 (C)

A Nano-ZS (Malvern Instruments Inc., UK) DLS equipment was used to measure size
distribution of POx micelles. Briefly, each sample was diluted 50 times with DI H20 or
10mM NaCl to yield 1 g/L final polymer concentration before the measurement. The
hydrodynamic diameters of POx/PTX micelles was determined by intensity-mean z-
averaged particle size (effective diameter) and the polydispersity index (PDI) from cumulant
analysis. Results were obtained from the average of three independent micelle samples.

The morphology of POX/PTX micelles was studied using a LEO EM910 TEM operating at
80KV (Carl Zeiss SMT Inc., Peabody, MA). Digital images were obtained using a Gatan
Orius SC1000 CCD Digital Camera in combination with Digital Micrograph 3.11.0 software
(Gatan Inc., Pleasanton, CA). One drop of each diluted POx/PTX micelle solution (dilute
500 or 1000 times using DI H20) was deposited on a copper grid/carbon film for 5 min and
excess solution was wicked off using fine filter paper. Then one drop of staining solution
(1% uranyl acetate) was added and allow to contact for 10 seconds contact prior to the TEM
imaging.

The drug release studies for POx/PTX micelles were performed using membrane dialysis
method against phosphate buffered saline (PBS, pH 7.4) at 37 °C. Briefly, POX/PTX
micelles were diluted in PBS to achieve approximately 100 pg/mL of PTX final
concentration. Subsequently, 100 pL of the diluted micelle solutions were added into
floatable Slide-A-Lyzer MINI dialysis devices (100 pL capacity, 3.5 kDa MWCO; Thermo
Scientific) and suspended in 20 ml PBS in compliance with the sink conditions. Three
devices were used for every time point. At each time point the samples were withdrawn from
dialysis device and quantified by HPLC to obtain remaining drug amount of sample. Drug
release profiles were constructed by plotting the amount of PTX drug released from
POx/PTX micelles over time.

In vitro complement activation, hemolysis, blood coagulation and cytotoxicity
—These studies were carried out following the protocols established and published by the
Nanotechnology Characterization laboratory (http://ncl.cancer.gov/working_assay-
cascade.asp).

Serum albumin quenching studies—Fluorescence emission spectra were obtained
using a PelkinElmer LS 55 Fluorescence spectrometer equipped with a thermostatted cell
holder, a Xenon Flash lamp, a Monk-Gillieson type monochromator, and a variable slit
system. Emission spectra were recorded in phosphate buffered saline (PBS: 140 mM NaCl,
1.9 mM NaH2POy, 8.1 mM NayHPOy, pH 7.4) from 300 to 440 nm (data shown up to 410
nm) after excitation at 295 nm. Both excitation and emission slits were set at 10 nm. BSA
stock solution of 2.5 uM was freshly prepared by dissolving bovine serum albumin in 150
mM PBS. To ensure proper mixing all samples were gently mixed by using a laboratory
vortex. The samples were then incubated for 30 min at 25 °C before measuring the
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fluorescence. Fluorescence emission spectra of tryptophan residues were measured at
different sample concentrations. Presented data represents average of triplicate samples.

Serum binding studies—Reverse-phase Thermo Scientific™ SOLA™ HRP solid phase
extraction (SPE) cartridges were used for separation and determination of micellar
(encapsulated) and non-micellar (free) paclitaxel (PTX) in serum based upon the selective
retention of micellar (encapsulated) PTX and non-micellar (protein bound) PTX on the
cartridge. The former exhibited no retention, while the latter was retained on the stationary
phase and eluted only with acidified methanol.

Sample preparation was performed as follows. The formulations and PTX solutions (100 pL
POx/PTX 50/40, 50/20, 50/10, Taxol and free PTX (dissolved in small amount of EtOH)
comprising 3H labeled PTX (2.5 uCi/mg PTX) were added to 2 mL of fetal bovine serum
(FBS), incubated at 37 °C, and 200 uL samples were collected from the mixture solution at
1hr and 4hr. Each 200 pL serum sample was added to 200 pL of POx solution (2 mg/ml) in
phosphate buffered saline, pH 7.4.

To separate micellar and non-micellar (free) paclitaxel the following procedure was used:
(A1)  Column conditioning: Add 0.5 mL methanol (to waste)
(A2)  Equilibrate: Add 0.5 mL water (to waste)

For the next steps, collect the effluent of A3 and A4 as this contains the
micellar paclitaxel fraction. This fraction requires further clean up, described
below.

(A3)  Application: load pre-treated sample (collect)

(A4)  Wash 1: 2 x 0.25 mL POx in phosphate buffered saline (2 mg/ml), pH 7.4
added sequentially (collect)

(A5)  Wash 2: 2 x 1 mL water / methanol (90:10 v/v) added sequentially (to waste)

(AB6) Elution: 0.5 mL methanol + 0.1% formic acid (collect)

In vivo studies—All animal procedures were performed in compliance with federal
animal welfare regulations, and protocols were approved by the Institutional Animal Care
and Use committee. All animals used in PK, biodistribution, MTD, toxicology and efficacy
studies were allowed to acclimate for at least 72 h in the animal facilities before
experiments. Animals were exposed to a 12 h light/dark cycle and received food and water
ad libitum throughout the studies. Dosages of POx/PTX micelle formulations or commercial
drugs Taxol and Abraxane are expressed as the quantity of PTX administered.

MTD studies—MTDs for Taxol, Abraxane and POx/PTX micelles were determined in a
dose escalation method in female nude mice (tumor-free 6-8 weeks of age). Animals (n=3
per group) received /. v. injections of POx/PTX micelles (20, 40, 60, 90, 120, 150, 175 and
200 mg/kg), Taxol (20, 25, and 30 mg/kg), Abraxane (30, 60, 90 and 120 mg/kg), and saline
as a control (g4d x 4). Mice survival and changes in body weight were observed daily over
two weeks in all groups. The highest dose that did not cause toxicity (as defined by a median
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body weight loss of 15 % of the control or abnormal behavior including hunched posture
and rough coat) was defined as MTD. Changes in histopathology such as inflammation, or
presence of necrotic cells were used to assess cytotoxicity occurring after treatment.

Toxicology studies—Healthy Balb/c mice received POx alone, POX/PTX and Taxol at
MTD dose. The following day mice were sacrificed and blood were withdrawn and a
comprehensive blood chemistry panel were performed. Major organs including heart, liver,
kidney, spleen, lung and brain were harvest, fixed in formalin, and subjected to pathological
analysis by H&E staining. In addition, tumor bearing animals were sacrificed two weeks
post fourth injection and organs were harvested according to the same procedures as healthy
mice.

PK and biodistribution studies

Tumor-free mice: Female Balb/c mice (6-8 weeks of age) were administered a single dose
of Taxol (20 mg/kg) or POX/PTX micelles (150 mg/kg) containing 3H-labelled PTX (5 uCi/
mouse) via tail vein. At various sampling times (0.083, 0.5, 1, 2, 6, 24, 72, and 168 h post) a
group of animals (n=3) were euthanized and blood collected from cardiac puncture were
analyzed for PTX plasma concentration by measuring radioactivity. The tissues (brain, lung,
kidney, spleen, liver, and heart) were also removed, washed in ice-cold saline, weighted and
homogenized in a glass tissue homogenizer (Tearor™, BioSpec Products, Inc.), followed by
radioactivity level determination using a Tricarb 4000 (Packard, Meriden) to quantify tissue
distribution.

Tumor-bearing mice: Female nude mice (6-8 weeks of age) were implanted with 8x108
A2780 ovarian cancer cells in 50% growth medium and 50% Matrigel (BD Biosciences) by
subcutaneous injection. When tumors were about 200 mm?2 volume, mice were randomized
(n=4 per group) such that the mean and medium tumor weights were similar between
groups. Mice were then administered a single dose of above-mentioned formulations. At
various time points, blood and tissue samples were obtained accordingly.

Efficacy and POX/PTX tumor accumulation studies

A2780 ovarian cancer xenograft model: Female athymic nude mice (6-8 weeks) were
subcutaneously inoculated in the right flank with 8 x 108 human A2780 ovarian cancer cells
(Sigma Aldrich) resuspended in 50% growth medium and 50% Matrigel. Two sets of
experiments were performed: early stage tumor treatment starting after tumor sizes reached
ca. 100-200 mm3; or late stage tumor treatment when tumor sizes reached ca. 400 mm?.
Animals were randomized into groups of seven mice such that the mean tumor volumes
were similar between groups and then administered with following formulations: 1) Normal
saline; 2) Taxol (20 mg/kg PTX at determined MTD dose); 3) Abraxane (45 and 90 mg/kg
PTX at determined ¥2MTD and MTD doses); 4) PTX loaded micelles (75 and 150 mg/kg at
determined ¥2MTD and MTD doses). The formulations were administered via tail vein
following g4d x 4 regimen (on the days 0, 4, 8, 12). Tumor growth was monitored twice
weekly for 15 weeks or earlier end-points defined by tumor volume (> 2000 mm3), animal
weight loss (> 15%), or animals becoming moribund. Tumor length (L), width (W) were
measured and tumor volume (TV) was calculated as TV =1/2 x L x W2, Survival and body
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weight were monitored daily. Tumors were removed at the end of the observation and
subjected to histopathological examination.

Orthotopic model of LCC6-MDR human TNBC: The LCC6-MDR cells (obtained from
Dr. R. Clarke, Georgetown University Medical School, Washington DC) expressing high
levels of P-glycoprotein (P-gp) were originated from LCC6-WT cells stably transfected with
a retrovirus vectored mdrl gene. The parent LCC6-WT cells were derived from estrogen
receptor (ER)-negative, aggressive and metastatic MDA-MB-435 cells. The orthotopic
model was obtained by directly transplanting LCC6-MDR cells into mice mammary fat pad
(5 million cells/mouse).

T11 orthotopic, syngeneic transplant (OST) cancer model: T11 model mice are assessed
using described practices of the Mouse Phase 1 Unit (MP1U) of UNC (e.g., tumor
regression, large cohort size, etc.). When tumors were noted to be approximately 10-50
mm?3 in size, animals were treated as described and tumor response was assessed by weekly
caliper measurements. Data in Fig. 5 are normalized to tumor size at the time of therapy
initiation, with volumes calculated using previously mentioned formula. Tumor-bearing
mice were euthanized at the indicated times for morbidity, tumor ulceration, or tumor
volume more than 3000 mm?,

PK and data analysis—PK parameters were assessed with Phoenix WinNonlin (version
6.0) using non-compartmental analysis. Statistical comparison of efficacy and tumor
accumulation data is one-way ANOVA with Holm-Sidak post-hoc test for multiple
comparisons at a significance level of p<0.01 (Graphpad Prism, version 5.1.). If groups fail
the normality or equal variance test, ANOVA on ranks with the Tukey post-hoc test were
used for multiple comparisons.

Characterization of PTX-loaded POx micelles

The POX/PTX formulation was prepared by a very simple, robust and highly reproducible
thin film hydration method [14-16] (Fig. 2A and B, Supplementary Fig. S1 and S2).
POx/PTX micelles (< 100 nm effective diameter) with drug loading of approx. 50 wt.%
spontaneously self-assemble during rehydration of the dry film (Fig. 2B, Table S1) [16]. In
this work, we concentrated on two formulations, comprising 50 g/L excipient and 40 or 20
g/L PTX, subsequently termed POX/PTX 50/40 and POx/PTX 50/20, respectively. As
opposed to Abraxane, the micelle formulations are almost clear solutions with micelles of
about 20-80 nm effective diameter and a narrow size distribution (Fig. 2C,D). These
solutions are directly lyophilizable and redispersed in desired aqueous buffer, exhibit a
neutral C-potential and excellent stability (Fig. S3-5; Table S2). In addition, these
formulations can be directly injected due to their low viscosity.

Serum binding studies

Micelles are dynamic structures that can exchange both the surfactant and the drug with the
surroundings. Partitioning of the PTX from the micelles to the aqueous media should be

Biomaterials. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Heetal.

Page 9

very low due to low drug solubility (approx. 1 mg/L). However, in the blood the drug can
bind with the serum proteins. Therefore, we studied interaction of POx/PTX with the bovine
serum albumin (BSA) by determining the quenching of the fluorescence of albumin
tryptophan [17]. While the polymer alone had little effect on the BSA tryptophan
fluorescence, the POx/PTX formulation produced a marked fluorescence quenching, which
was increased as the drug concentration increased (Fig. S6). Importantly, the fluorescence
quenching was more pronounced at a higher POx/PTX ratio.

Therefore, the distribution of the drug between the micelles and serum was assessed using a
solid phase extraction (SPE) column (SOLA™ HRP) that binds protein-bound and unbound
drug, but not the micelles. First, we demonstrated that in the absence of serum most of the
drug (~83-88 %) applied to the column in POx/PTX eluted in the micelle fraction (Table
S3). The size of the particles in this fraction was 50 nm by DLS, corroborating the presence
of intact drug loaded micelles. Only ~9 to 15 % PTX were retained in the column and
subsequently extracted by the acid-methanol wash. On the contrary, when plain PTX was
loaded onto the columns, the paclitaxel was almost exclusively found in the fraction
corresponding to the acid-methanol wash (Table S4). Next, various POx/PTX formulations
were mixed at different ratios with 2 ml of the fetal bovine serum (FBS) to mimic the
conditions that may realize upon injection of the drug in the blood and incubated for either
1h or 4h before the column separation (Table 1). In this case at the lower drug concentration
([PTX] = 0.27 mg/ml that correspond to 20 mg/kg PTX dose in the animal studies) only
~62% of PTX eluted with the micelles while the rest was bound to the column and was only
partially recovered. As the drug (and polymer) concentration increased ([PTX] = 2 mg/ml,
similar to 150 mg/kg PTX in the animal studies) the portion of the drug in the micellar
fraction (as well as the overall drug recovery) was also increased markedly to > 80%. In
contrast, only about 20% of PTX in Taxol formulation was eluted in the micellar fraction.
Free PTX, without excipient, was found to bind to serum proteins almost quantitatively.

MTD and toxicology profiles of POx/PTX in nude or healthy mice

We investigated MTD by dose escalation in NCI-Nu/Nu mice in a regimen of every fourth
day for a total of 4 injections (g4d x 4), which was also employed in subsequent antitumor
efficacy studies. For the clinically approved formulations our studies confirmed MTDs
reported in the literature (20 mg/kg for Taxol and 90 mg/kg for Abraxane).

It should be noted that we removed endotoxins by heating POx to 200 °C for 24 h (Fig. 3).
We also confirmed the low complement activation previously observed for POx/PTX [14]
using an alternative protocol (Nanotechnology Characterization Laboratory protocol NCL
ITA-5). Similar to the negative control, the POx polymer itself and POX/PTX do not activate
complement at < 1.5 mg/mL, being the 2-fold concentration of POx/PTX we would expect
in animal or patient’s serum after injection even considering an 7-fold increased PTX dose
administered compared to Taxol. In contrast, Taxol at 1.5 mg/mL (a clinically relevant
positive control) revealed strong complement activation (Fig. 3A) [14]. POx and POx/PTX
formulation are not hemolytic and do not induce platelet aggregation (Fig. 3B,C).
Interestingly, we found evidence that POx and POx/PTX formulations can result in
prolonged activated partial thromboplastin time (APTT) without affecting the thrombin or
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prothrombin time (PT) (Fig. 3D-F). Such retardation of coagulation could be beneficial to
breast cancer patients as it was demonstrated that haemostatic alterations and pro-coagulant
systems, especially the formation of venous thromboembolism (VTE), are frequently
observed complications following chemotherapy [18]. /n vitro cytotoxicity of PTX/POX in
hepatic and kidney cells was similar to that of Abraxane (Fig. S8-9 and Table S5).

POx/PTX treated mice barely showed weight loss and no noticeable changes in behavior up
to 150 mg/kg dose (Fig. 4A). In clinic, cumulative peripheral neuropathy represents a major
side effect affecting patient’s quality of life. Although a detailed study of this issue was
outside the scope of the present work, we would like to note that animals that received
POx/PTX showed less symptoms of peripheral neuropathy, such as a hunched back, both at
the same dose and at MTD as compared to animals treated with Abraxane or Taxol. We
found that mice administered four times with 175 mg/kg micelles lost over 15% body
weight. However, a single injection of 200 mg/kg of POx/PTX micelles was well tolerated
without obvious sign of toxicity. We also tested POx polymer alone at equivalent and higher
dose (187.5 mg/kg — 500 mg/kg), and no remarkable changes in general activity and body
weight were observed, showing that relatively high doses of the vehicle are well tolerated
after repeated injection /in vivo (Table S6).

Thus, the MTD for POx/PTX micelles determined under g4d x 4 regimen was 150 mg/kg,
i.e. more than seven fold as high as that of Taxol (20 mg PTX/kg) and significantly higher
than that of Abraxane (90 mg/kg) (Fig. 4B). Although it is not straightforward to compare
MTD in mice or other animals to that in human, the relative MTDs of Taxol, Genexol-PM,
Abraxane and NK105 correlated reasonably well with human MTD or recommended doses
for these formulations [19-21]. Therefore, it is reasonable to assume that the present
nanoformulation could increase MTD also in humans above current possibilities.

In vivo, safety of POX/PTX was also evaluated in Balb/c by examining clinical chemistry
parameters for kidney and liver function. There were no significant changes for blood urea
nitrogen (BUN), alanine amino transferase (ALT), albumin values and other blood chemistry
parameters with the exception of a slightly increased blood glucose levels for the POX/PTX
group. Histopathology of major organs of animals two week after four injections (g4d x 4) at
MTD dose (Fig. 4C and Table S7) was performed in nude mice.

Histology reported no toxicity to lung, spleen, brain, and heart for all formulations tested.
Mild toxic degenerative changes of centrilobular hepatocyte atrophy were evident in samples
from animals exposed to Abraxane and Taxol (Fig. 4C, solid arrow in liver samples). This
was also observed in POx and POx/PTX samples, albeit markedly attenuated despite the
higher PTX dose. In saline control, this change was absent. Also, Abraxane and Taxol
treated animals showed signs of mild toxicity in the kidney with few scattered atrophied
tubules with fluid to proteinaceous accumulations to occasional casts (Fig. 4C dashed arrow
in kidney samples). Only very little mild and scattered tubular damage was observed in
POx/PTX samples (see supplementary information for a more detailed analysis). Overall,
our results reinforce the excellent biocompatibility profile of POx reported previously [22—
33].
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Drug PK and biodistribution of POx/PTX compared to Taxol

The PK and biodistribution profiles of POx/PTX 50/40 and 50/20 micelles at MTD (150
mg/kg) dose in tumor bearing mice (A2780 subcutaneous xenografts) were compared to
Taxol 20 mg/kg. PK and biodistribution in tumor-free nude mice are discussed in
supplementary information (Fig. S10 and Table S8). It is apparent that when administering
Taxol, the PTX concentration in the blood decreases more rapidly [ty, ,=2.5hvs. 3.1 h
(50/20) and 3.5 h (50/40), Table S9]. Also Cyax Of Taxol is approx. one-third of Cp,ax Of
POX/PTX 50/40 and 50/20. The plasma PTX concentration is approx. one order of
magnitude higher for the POx/PTX formulations as compared to Taxol formulation (Fig. 5A,
Fig. S11A), resulting in much higher tumor drug concentrations (Fig. 5B). Please note, since
we injected at MTD, a similar relative dose %ID/g between POx/PTX and Taxol
corresponds to approx. 7 times higher values in the absolute values dose (Fig. 5A,B). The
peak concentrations in the tumors are reached 1 h p.i. for all investigated formulations, but
Cmax and AUC is considerably higher for both POX/PTX formulations. Similar to plasma
concentrations, the intratumoral drug concentration is initially 4-6 fold higher for POx
formulations, the difference reaches two orders of magnitudes after 7 days. Overall, the total
dose delivered to the tumor (AUC11_168n) is 6 to 6.5 times higher compared to Taxol control
(Table S9). The biodistribution of PTX is very similar for both POx formulations. At early
time points, we observed a moderate uptake in spleen, liver, kidney and heart besides tumor
uptake. Of all organs, liver exhibited the highest uptake (%ID/qg) after one hour (Fig. 5C). It
must be noted that not only in tumor we found a higher %ID/g as compared to Taxol but also
in sensitive tissue, such as the brain. We do not know what the long term effects of this may
be, but our results warrant close examination of potential side effects in future preclinical
studies.

However, after 24 hours and in contrast to Taxol, the tumor-to-organ ratio exceeds unity for
all organs examined (Fig. 5D). Injection of the MTD of Taxol slowed down tumor growth
and prolonged survival only for approx. 5 days. A single injection of MTD of POx/PTX
formulations apparently eradicated the tumors in 4 out of 7 animals, no re-growth was
observed up to 28 days after injection (Fig. 5E,F). Although the remaining animals in both
groups relapsed starting 7 to 19 days after administration, survival was significantly
prolonged in both cases.

The biodistribution of the polymeric carrier was followed independently by /7 vivo positron
emission tomography (PET, Fig. 6 and supplementary videos S1-S8) and tissue sampling
after necropsy (Fig. S12) using Cu-64 labeled polymers (see supplementary information for
a more detailed discussion). As expected, the polymer with a molar mass well below the
excretion limit of the kidney (Mp = 10 kg/mol) was readily cleared by the kidney and
showed minimal liver uptake, similar to previous observation on small (5 kg/mol)
hydrophilic POx [34].

Antitumor efficacy and tumor accumulation of POx/PTX

After the preliminary experiment using only a single injection, we evaluated antitumor
efficacy of POx/PTX in tumor models including A2780 human ovarian cancer xenografts,
LCC6-MDR multidrug resistant human triple negative breast cancer (TNBC) orthotopic
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model and “T11“ mouse claudin-low breast cancer model, an orthotopic syngeneic
transplants (OST), using a q4d x 4 regimen.

A2780 human ovarian cancer xenografts—We compared treatment at MTD and
%MTD (for POX/PTX and Abraxane) of small (ca. 100-200 mm3) and larger tumors (ca.
400 mm3) to mimic early and late stage disease, respectively. In small tumors, Taxol delayed
tumor growth until the fourth injection after which the lesions started to rapidly grow back
(Fig. 7A,C). In contrast, POx/PTX 50/40 exhibited very significant tumor inhibition
(p<0.001). After the third dose, all tumors achieved a complete response. In the Abraxane
MTD group, 3 out of 7 mice in Abraxane group experienced severe peripheral neuropathy as
evidenced by paralysis and over 15% weight loss that required sacrificing the animals (Fig.
7B,D,E). At 2aMTD dose of Abraxane, 40% of mice relapsed after initial tumor shrinkage
(Fig. 7B). As a result, survival in the Abraxane regimen was the same for MTD and ¥2MTD
group (Fig. 7D).

For later stage tumors, Taxol did not control tumor (Fig. 8A), while POX/PTX formulations
resulted in complete remission of tumors in all animals at MTD and ¥2MTD even 120 days
post treatment (Fig. 8A,B). This remarkable and complete remission was achieved only after
four injections of our formulation and in a very aggressive tumor model. The best previous
report of complete regression using micellar PTX was done on less aggressive models and
required much greater number of injections (from 9 to 11) [35]. Abraxane at MTD also led
to complete remission of tumors and survival of all animals, at ¥2aMTD tumors shrunk
initially significantly but grew back and survival was significantly lower than in POX/PTX
and Abraxane MTD group (Fig. 8B).

Orthotopic model of LCC6-MDR human TNBC [36]—In this model, the previously
established MTDs for POx/PTX 50/40 and Abraxane proved to be slightly too high. Thus,
experiments were conducted at doses of 80 mg/kg (Abraxane) and 120 mg/kg (POx/PTX).
These two treatment groups successfully reduced tumor growth, POx/PTX more so than
Abraxane (Fig. 8C). However, Abraxane did not lead to increased survival, while POx/PTX
extended survival significantly (Fig. 8D).

T11 OST breast cancer model—This very aggressive tumor model represents a recently
identified claudin-low subtype of TNBC with very poor prognosis [37]. This syngeneic
transplant model recapitulates clinical tumor types [38], with this particular line being a
good mimic of human claudin-low tumors, and which has been extensively used for
treatment studies [39-41].

Several chemotherapeutic agents including carboplatin, PTX, erlotinib and lapatinib were
tested in this model as single or two drug combinations but showed no efficacy [39]. The
results using the POx/PTX 50/40 formulation in A2780 and LCC6-MDR prompted us to test
the POx nanoformulations in the T11 model. We observed clear trend of tumor inhibition in
POX/PTX 50/40 ¥2MTD group and significant suppression at MTD dose (p<0.01) (Fig. 8E).
Furthermore, POX/PTX 50/40 at 2MTD dose also exhibited significant trend (p=0.016)
regarding survival benefit over control groups (Fig. 8F).
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DISCUSSION

A very simple formulation approach for a clinically established drug results in greatly
improved therapeutic outcomes in several of tumor models compared to clinically applied
formulations. This shows promise for further development of novel excipients employing
amphiphilic polymers. The POx/PTX nanoformulations feature a controllable and defined
size (20 — 80 nm, PDI ~ 0.1), which is particularly desirable for systemic drug delivery.
Small angle neutron scattering data suggest formation of amorphous nanoparticles with
hydrodynamic radii < 50 nm [16]. Nanoparticles in this size range are believed to be
particularly useful in cancer chemotherapy because such small sized entities exhibit superior
penetration in poorly permeable tumors [42]. However, considering our results on serum
stability and relatively short circulation time of our formulation, in this particular case we
would not expect a major contribution of the “enhanced permeability and retention” (EPR)
effect.

Notably, the polymer design proved to be of major importance in our studies. The
hydrophilic block is poly(2-methyl-2-oxazoline) (PMeOx), which imposes stealth properties
similar if not superior to PEG [43,44]. The hydrophobic block, poly(2-butyl-2-oxazoline)
(PBuOXx) was screened as an ideal environment for solubilizing unprecedentedly high
amount of PTX with outstanding formulation stability [14,15,45]. Moreover, triblock
structure proved superior as compared to diblock structure [11]. In this environment even at
very high loading the drug remains molecularly dispersed in the micelle having a raspberry-
like morphology [16]. We have followed some batches of nanoformulations for months and
observed no changes at ambient conditions [16]. Due to their low viscosity, they can be
readily injected as prepared at high concentration. Such formulation properties compare very
favorably to other PTX formulations in clinics and in late stage clinical trials. At maximum
loading (POx/PTX 50/45 g/L), the drug release /n vitro appears to be slightly faster as
compared to lower loading (POX/PTX 50/40 g/L) (Fig. S3). The basic characteristics such as
relative and absolute PTX concentration of the POx/PTX formulation compares very
favorably to the only currently FDA approved PTX formulations Taxol and Abraxane as
well as other PTX formulations currently in advanced clinical trials such as NK105 and
Genexol-PM. Especially striking is the difference of PTX concentration in the injected form,
in which both these polymer amphiphile formulations comprise less then 1 g/L paclitaxel
concentration (0.12 g/L and 0.6 g/L for NK105 and Genexol-PM, respectively), while
POx/PTX can be injected at 40 g/L.

The unparalleled high drug loading and drug concentration achieved with the POx micelle
formulation enable a significant decrease of the excipient dose and injection volume (> 60
and >300 fold lower volume for same PTX dose compared to Genexol-PM and NK105,
respectively). This may be a factor for the extraordinary high MTD as compared to Taxol
and Abraxane. Due to the favorable safety profile, we hypothesize that the POX/PTX
formulations may result in clinically relevant advantages over current approved
formulations, allowing a high dose of PTX to be given to maximize the therapeutic effect.

Although the POx/PTX formulations are stable for months in solution [16], we cannot
assume a priorithat they are also stable in the presence of high protein concentrations and
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other potential “sinks” as the blood. We chose a label-free approach, and investigated the
quenching of albumin tryptophan fluorescence in the presence of polymer and POX/PTX
formulations. In brief, two important results were obtained. First, the polymer alone leads to
minor but noticeable concentration dependent fluorescence quenching, indicative of weak
polymer-protein interactions. Second, drug formulations produced a more pronounced
concentration dependent fluorescence quenching. The quenching was dependent on the
polymer content in the formulation — the higher polymer content decreased the fluorescence
quenching, which we attribute to competition of the micelles with the serum protein for the
drug binding. More detailed studies, including fluorescence lifetime measurements are
warranted, but we conclude from these results that serum albumin represents a sink for PTX
from POx/PTX formulations and that there is a rapid exchange between the two PTX loci.
For the /in vivo situation, we envision that the PTX can be released from the micelles to
serum albumin to reach a highly dynamic equilibrium as the polymer unimers are excreted
via the kidneys. However, it should be noted that compared Taxol that is known to rapidly
exchange PTX to the serum [5], the POx/PTX formulations are more stable in the presence
of serum as follows from our SPE column experiment. Moreover, as the POx/PTX dose
increases to 150 mg/kg the amount of the drug associated with the micellar fraction also
increases to over 80% possibly due to the saturation of the PTX binding sites in the serum
proteins. Therefore, at least in the initial moment when concentration of the POx/PTX in the
blood is very high (estimated 2.5 mM PTX compared to ~0.5 mM serum protein [5]) a
significant portion of the administered drug may still remain in the micelles. This may help
explaining the fact that the MTD in the case of our formulation is much higher than that of
Abraxane. The high value we found for protein bound paclitaxel in the case of Taxol is in
line with well-known high protein bound fraction of approx. 92%-97% in humans [5].
Therefore, it is reasonable to assume that compared to in Taxol formulation POx micelles
have much better retention of PTX and are more stable in the presence of the serum.
Moreover, as the ratio of the drug in POx/PTX formulation increases the fraction of the drug
associated with the POx micelles also increases.

The biodistribution of radiolabeled polymer indicates that the amphiphilic POx has a
similarly favorable biodistribution as the purely hydrophilic POx does. The very low liver
uptake of the polymer observed may prove to be beneficial in repeated treatment regimens.
The PK data of drug-loaded polymeric micelles show a strongly elevated drug exposure to
tumor tissues and consequently an enhanced antitumor activity with significantly prolonged
survival.

The benefit in survival in A2780 and LCC6-MDR models over both Taxol and Abraxane is
remarkable and is very promising for further development. In the case of A2780 we
investigated tumor growth inhibition and survival for small and large tumor models. In both
cases, we found that in contrast to Taxol and Abraxane, the tumors were apparently
completely eradicated in all animals at MTD and % MTD (no regrowth after treatment
regimen up to day 80 after treatment initiation) (Fig. 7A,B and 8A,B). This lead to a drastic
increase in the animal survival (Fig.7D and 8B insert). In the multidrug resistant LCC6-
MDR model, tumors were not eradicated but shrank initially during treatment, which was
not observed in the Taxol and Abraxane groups. While Taxol led to no appreciable delay in
the tumor growth, Abraxane slowed it down significantly (Fig. 8C). However, no survival
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benefit was observed for both clinically approved formulations, in contrast to the group
treated with POx/PTX formulation (Fig. 8D). It appears that the increased MTD observed
for the POx/PTX formulation correlates with increased antitumor efficacy. The PK studies
showed that over the course of 7 days, approx. 6 times more drug reached the tumor (Table
S9). Obviously, one can expect a higher antitumor efficacy if more drug is administered and
delivered to the tumor. In this regard POx/PTX micelle formulation may have a clear
advantage over both Taxol and Abraxane. However, possible long-term effects of high drug
doses on other organs will have to be assessed further in more detailed toxicity studies that
are outside the scope of this work. A direct comparison to the two polymeric formulations
NK105 and Genexol-PM currently in clinical trials was not possible at this point. However,
one can compare some key features of the PK studies in mice available for both
formulations. Kim et al. compared PK of PTX after administration of Taxol (20 mg/kg) and
Genexol-PM (50 mg/kg) in mice bearing B16 melanoma.[11] Maximal concentration of the
drug in the tumor was early after administration for both formulations (1 h for Genexol-PM
and 2h for Taxol, respectively). Therefore, Genexol-PM apparently does not exhibit the
prolonged circulation one might expect from a PEGylated nanoparticle. Interestingly,
AUC)_w and Cpax Was reportedly higher for Taxol than for Genexol-PM despite the higher
injected dose. In contrast, in the present case of POx/PTX, the AUC and Cax correlate well
with the injected dose. Despite the seemingly unfavorable PK parameters, Genexol-PM
performed well with respect to antitumor efficacy, where it outperformed Taxol in a SKOV-3
human ovarian tumor xenograft and a MX-1 human breast cancer xenograft. In contrast to
the situation for Genexol-PM and POx/PTX, there is clear experimental evidence of
prolonged circulation of PTX in the case of NK105.[12] Times of maximal drug
concentration in the tumor was up to 24 h. Also, AUCy-co Was more than 20 times higher
for NK105 as compared to PTX alone. Accordingly, also NK105 clearly outperformed Taxol
with respect to antitumor efficacy in the chosen model (HT-29) with tumors apparently
eradicated in all animals at MTD. However, it should be noted that at %2 MTD, some tumors
clearly grew back and follow-up time was rather short (< 35 days). It should be also noted
that it remains somewhat unclear in what form the control PTX was injected in this work.

Also in the T11 model a significant trend of extension in survival was observed. However,
there was no therapeutic outcome in this very challenging model. Although our results
comparing the performance of PTX/POx micelle formulations with Taxol and Abraxane are
striking, we would like to point out that the latter two formulations of the PTX were
evaluated in numerous clinical trials and have been commercially available. Therefore, the
true potential of PTX/POx micelle could be revealed only based of the extensive further pre-
clinical and clinical evaluation. It should be noted that the amphiphilic POx was previously
implemented in the formulation of various multiple drugs, some of which have shown
synergy with PTX /n vitro [15]. Therefore, we hypothesize that treatment with multiple
drugs co-loaded in POx micelles may be beneficial in this very challenging model.

Overall, we present here promising preclinical data on POx/PTX nanoformulation that
provide a robust rationale for further development. Increased safety along with a high drug
dose treatment may ultimately benefit patient survival and quality-of-life, which is not
provided by Abraxane in comparison to Taxol.
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Figure 1. Comparison of various clinically approved paclitaxel (PTX) formulations
PTX formulations in clinical trials and the POx/PTX formulation discussed in the present

contribution. While Abraxane and Taxol are clinically approved by FDA, NK105 and
Genexol-PM are currently being investigated in clinical trials. Taxol contains only about
1%wit. of active ingredient (m(PTX)max/m(total)), while Genexol-PM and NK105 have a
much higher loading capacity. The maximal paclitaxel concentration in solution (PTXmax)
achieved with all four formulations is below 10 g/L, while POx/PTX can reach almost 50
g/L. Compared to Abraxane and POx-PTX, NK105 and Genexol-PM formulations are
significantly diluted down for injection, so that final PTX concentrations ([PTX]jn;) are well
below 1 g/L.[11][12] Of all compared PTX formulations, the novel POx/PTX formulation
exhibits the highest maximum tolerated dose (MTD) in mice.
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Figure 2. Construction and physicochemical properties of PTX nanoformulations
(A) Schematic and chemical structures of poly(2-oxazoline) triblock copolymer and PTX.

(B) The nanoformulation is easily prepared employing the thin-film approach. (C)
Transmission electron microscopy (TEM) shows the spherical morphology of the
nanoformulation. (Scale bar = 100 nm) (D) Small size and narrow size distribution is
corroborated by dynamic light scattering (DLS) (blue: POX/PTX 50/40 g/L, red: POX/PTX
50/20 g/L).
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Figure 3. In vitro toxicity evaluation
(A) Complement activation, (B) hemolysis, (C) platelet aggregation, (D) prothrombin time

(PT), (E) thrombin time and (F) Activated partial thromboplastin time (APTT) of POx
polymer or POx/PTX micelles (concentration range from 0.006-1.52 mg/mL, 1.52 mg/mL
corresponds to approx. 2 fold the maximum value we would expect to observe in humans
after injection and distribution) as compared to Taxol. Negative control (NC) was PBS
(complement activation, hemolysis) and normal plasma standard (PT, thrombin and APTT)
were used, respectively. As positive control, cobra venom factor (CVF, complement
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activation), Triton X-100 (hemolysis), collagen (platelet aggregation) and abnormal plasma
standard (PT, thrombin and APTT) were used, respectively. Data are shown as means + SD
(n=3 or n=2 for C).
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Figure 4. MTD in tumor bearing nude mice and toxicology profiles
(A) Mice body weight (% of initial) after repeated administration of various PTX

formulations. (B) Maximum tolerated dose of the POx/PTX 50/40 formulation (150 mg/kg)
is considerably higher as compared to two clinically approved formulations Taxol (20
mg/kg) and Abraxane (90 mg/kg) in a g4d x 4 regimen. (C) Histological examination of
liver, kidney, spleen, and lung tissues by hemotoxylin & eosin (H&E) staining from animals
treated with Abraxane (90 mg PTX/kg), Taxol (20 mg PTX/kg), POx/PTX (50/40, 150 mg/
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kg), POx (150 mg/kg) or saline. Tissues were harvested two weeks after the last dose of g4d
x 4 regimen. Scale bar 200 um, 100 um for kidney.
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Figure 5. Pharmacokinetics, biodistribution and tumor inhibition in A2780 human ovarian
tumor bearing mice

(A,B) Plots of PTX concentration in plasma (A) and tumor (B) over 168 h following single
intravenous (/.v.) injection of POx/PTX 50/40 or 50/20 and Taxol formulations at MTD
dose. (C,D) Biodistribution after single /.v. injection of PTX administered as POx/PTX
50/40, POx/PTX 50/20 and Taxol formulation at 1 h p.i. (C) and 24 h p.i. (D). Tumor growth
inhibition (E) and Kaplan-Meier survival plots (F) of tumor bearing mice after single /.v.
injection of POX/PTX 50/40, POx/PTX 50/20 and Taxol formulation at MTD. For A-D, data
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are expressed as means + SD, n = 3 for all groups. For E, data for Taxol and saline control
are expressed as means + s.e.m., n = 7, while for POx/PTX 50/40, POx/PTX 50/20
nanoformulations, the data of individual animals are presented.
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Figure 6. Tissue biodistribution and PET/CT images of tumor bearing (A2780 xenograft) nude
mice obtained after i.v. injection of formulations containing 0.2 mCi 4Cu-POX

Mouse injected with (A) 84Cu-POx polymer alone below cmc concentration, (B) 84Cu-POx
50 micelles without drug loading (at equivalent dose as 50/20), (C) 4Cu-POx/PTX 50/20
and (D) 84Cu-POx/PTX 50/40 micelle formulation at dose of 150 mg/kg. PET/CT images
were taken dynamically for the first hour and then at 4 h and 24 h post /.v. injection.
Biodistribution data were obtained from quantification of PET images. Strong $4Cu signals
were mainly observed in the kidney. Representative PET/CT images were taken at 4 h post
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injection (n = 1 for each group). Abbreviations: suv-standardized uptake value; T/M-tumor/
muscle ratio. Tumor region is circled white.
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Figure 7. Antitumor efficacy of PTX formulations in A2780 tumors of small size
a,b, Comparison of tumor growth inhibition of (A) POx/PTX 50/40 formulation (@MTD =

150 mg/kg) and Taxol (@MTD = 20 mg/kg), and (B) POx/PTX 50/40 formulation (@MTD
and ¥2MTD dose = 150 and 75 mg/kg, respectively) and Abraxane (@MTD and 2MTD =
90 and 45 mg/kg, respectively). Each formulation was injected on days 0, 4, 8, 12. Data is
expressed as mean £ s.e.m., n=7. ***p<0.001. (C) A representative image of mice (day 6)
treated with saline (left), Taxol (middle) and POx/PTX 50/40 (right), respectively. (D)
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Kaplan-Meier survival plot for all groups in (A) and (B) ****p<0.0001. (E) Changes of
body weight of animals in each group (mean £ s.e.m., n =7).
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Figure 8. Antitumor efficacy of various PTX formulations in different tumors
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(A,B) Comparison of tumor growth inhibition of (A) POx/PTX 50/40 formulation (@MTD
dose = 150 mg/kg) and Taxol (@MTD dose = 20 mg/kg), and (B) POx/PTX 50/40
formulation (@MTD and 2aMTD dose = 150 and 75 mg/kg, respectively) compared to
Abraxane (@MTD and %2MTD dose = 90 and 45 mg/kg). Growth inhibition in triple
negative breast cancer (C) and survival (D) of mice bearing LCC6-MDR tumors. Treatment
was performed at respective MTDs or dose of polymer corresponding to MTD (POx
control). (E,F) Tumor growth inhibition (E) and survival (F) of mice bearing T11 tumors.
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Treatment was performed at respective MTD and “2aMTD dose or dose of polymer
corresponding to MTD (POx control). The formulation was injected on days (A-D) 0, 4, 8,
and 12, or (E,F) 2, 6, 10, 14, and 18, respectively. Data is expressed as mean + s.e.m., n=7.
*p<0.05, **p<0.01, ***p<0.001.
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