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Abstract

The synthesis, characterization, and /n vitro evaluation of a combination delivery of multiblock
poly(N-2-hydroxypropyl)methacrylamide (HPMA), gemcitabine (GEM) and paclitaxel (PTX)
conjugates is described in this study. Multiblock copolymer conjugates of a large molecular
weight (M, > 200 kDa) were studied and compared to traditional, small molecular weight (M,, <
45 kDa) conjugates. Stability of the conjugates in different pH was assessed, and their cytotoxicity
in combination toward A2780 human ovarian cancer cells was evaluated by combination index
analysis. Treatment duration (4 and 72 h) and sequence of addition were explored. In addition, an
HPMA copolymer conjugate with both GEM and PTX in the side chains was evaluated in a
similar manner and compared to a physical mixture of individual conjugates. Conjugates with
narrow molecular weight distribution (M,/M, < 1.1) were obtained via RAFT polymerization, and
drug loadings of between 5.5 and 9.2 wt% were achieved. Conjugates demonstrated moderate
stability with less than 65% release over 24 h at pH 7.4, and near complete drug release in the
presence of the lysosomal enzyme cathepsin B in 3 h. In combination, the cytotoxic effects of a
mixture of the conjugates were primarily additive. Synergistic effects were observed when A2780
human ovarian cancer cells were treated simultaneously for 4 h with multiblock conjugates (Cl <
0.7). When both GEM and PTX were conjugated to the same copolymer backbone, moderate
antagonism (Cl 1.3-1.6) was observed. These results demonstrate that multiblock HPMA
copolymer-GEM and —PTX conjugates, when delivered as a mixture of individual agents, are
promising for the treatment of ovarian cancer.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Ovarian cancer was responsible for approximately 16,000 deaths in the United States during
2012 and an estimated 22,000 new cases were diagnosed during the same period. It is the
most deadly cancer of the female reproductive system. When the disease is found at an early
stage and is localized, greater than 90% of patients live longer than 5 years. This, however,
is only the case in about 15% of patients. The majority of cases are diagnosed during stage
I11, where the 5 year survival rate is only 34% (Mould, 2012). Standard treatments for such
patients often involve a combination of surgery and chemotherapy. A major goal of surgery
is to remove as much tumor tissue as possible in a process called debulking (Wakabayashi et
al., 2008). Chemotherapy often yields positive results in terms of tumor size reduction and
even apparent disappearance. However, the vast majority of patients relapse. For these
patients, tumor resistance is often encountered, with subsequent chemotherapy treatments
yielding fewer and fewer positive results (Kim et al., 2012; Herzog and Pothuri, 2006).
There is therefore a critical need for new treatment options for patients with drug resistant
late stage ovarian cancer.

The standard chemotherapy approach involves treatment with a platinate (/.e., carboplatin)
and a taxane (/.e., paclitaxel). A number of other chemotherapeutic agents are also helpful in
combatting ovarian cancer. These include (in no particular order): topote-can, liposomal
doxorubicin, GEM, cyclophosphamide, vinorelbine, ifosfamide, etoposide, altretamine,
capecitabine, irinotecan, melphalan, pemetrexed, and albumin bound PTX (Herzog, 2006).
While the goal of chemotherapy treatment is to inhibit the growth and kill cancer cells,
significant toxicity also occurs in normal cells. This unintended toxicity can result in an
array of side effects including nausea, mouth sores, gastrointestinal complications, fatigue,
neutropenia, risk of infection, and hair loss. Strategies that can possibly enhance the efficacy
and reduce the toxicity of existing chemotherapeutics are therefore needed.

One approach that can potentially increase the clinical utility of anticancer drugs is
conjugation of these agents to water-soluble polymers (Kopecek, 1977; Vicent et al., 2009;
Larson and Ghandehari, 2012; Kopecek and Kopeckova, 2012). This affords several
advantages. First, a number of chemotherapeutic agents are poorly water soluble, resulting
in challenges during formulation and administration. Via conjugation to water-soluble
polymers, aqueous solubility can be substantially improved without the use of organic
solvents or surfactants. Second, conjugation to a carrier allows for opportunities to modify
the biodistribution and pharmacokinetics of the conjugated system. In particular, it has been
previously demonstrated that nanoscale sized conjugates can preferentially accumulate in
tumor tissues via the enhanced permeability and retention (EPR) effect, where a
combination of increased vascular permeability and decreased lymphatic drainage in the
tumor microenvironment can drive tumor delivery (Matsumura and Maeda, 1986; Maeda,
2012). This is especially advantageous in anticancer applications, where these improvements
can translate into a higher therapeutic index for a chemotherapy drug, thereby giving a
clinician the option for more aggressive treatment, in hopes of achieving a better clinical
response.

Copolymers of N-(2-hydroxypropyl)methacrylamide (HPMA) have been widely
investigated as carriers for chemotherapy drugs (Kopecek, 1990, 2013; Duncan and Vicent,
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2010; Kopecek and Kopeckova, 2010; Lammers and Ulbrich, 2010). They are advantageous
due to their chemical simplicity and ability to incorporate drug molecules and other
functionalities (7.e., imaging agents, targeting moieties, efc.) with relative ease (Liu et al.,
2009; Hongrapipat et al., 2008; Lammers et al., 2008). However, a major limitation in the
past has been their non-biodegradability (Duncan and Vicent, 2010). To take full advantage
of increased systemic circulation time and increased tumor accumulation v7athe EPR effect,
HPMA copolymers must be sufficiently large to evade renal filtration (7.e., greater than 45
kDa). However, an eventual route of elimination is also required due to safety concerns over
cumulative polymer accumulation throughout the body. For example, PK-1 (Duncan et al.,
1998; Thomson et al., 1999), an early HPMA copolymer-doxorubicin conjugate evaluated in
clinical trials was synthesized with a size of 28 kDa to ensure eventual renal elimination.
However, this conjugate demonstrated only marginal efficacy during phase Il studies
(Seymour et al., 2009). This lack of efficacy can partially be explained by the conjugate's
rapid elimination and lack of ability to take full advantage of the EPR effect. Recently, we
have described a new generation of backbone biodegradable HPMA copolymers synthesized
via reversible addition-fragmentation chain transfer (RAFT) polymerization and subsequent
polymer coupling (Pan et al., 2011a,b; Yang et al., 2011; Luo et al., 2011). These polymers
are based on the same biocompatible HPMA chemistry, but contain enzymatically
degradable sequences within the backbone to impart biodegradability. Such conjugates will
be able to circulate systemically in the blood for long periods of time and take full advantage
of the EPR effect while maintaining the ability to be eliminated v7a renal filtration following
enzymatic degradation. Backbone degradable HPMA copolymer conjugates with
doxorubicin (Pan et al., 2013) or PTX (Zhang et al., 2013) have demonstrated enhanced
antitumor efficacy in human ovarian carcinoma xenografts when compared to first
generation (low molecular weight) conjugates.

GEM (trade name Gemzar®) is a synthetic nucleoside analog of cytidine. Its triphosphate
analog is incorporated into DNA, thereby halting cell division. GEM has demonstrated
activity both /n vitro and /n vivoin ovarian cancer models (Touma et al., 2006; Gallo et al.,
2006; Peters et al., 1996) and is currently approved by the US FDA in combination with
carboplatin for patients with advanced ovarian cancer who have experienced relapse after
completion of platinum-based therapy. It is also currently under clinical investigation in
combination with a number of other anticancer agents (Garcia et al., 2012; Hendrickson et
al., 2012). Following intravenous administration, GEM can be converted to an inactive
uracil metabolite (2'-deoxy-2'-2'-difluorouridine (dFdU)) (Heinemann et al., 1992). It is
anticipated that conjugation of GEM to HPMA copolymers can possibly act to prevent this
metabolism, thereby allowing more of the active form to be delivered to the tumor
environment, where it can subsequently be enzymatically cleaved and provide its intended
effect.

PTX (trade name Taxol®), is a mitotic inhibitor which acts by stabilizing microtubules,
thereby inhibiting their breakdown during cellular division (Dumontet and Sikic, 1999). It is
currently indicated as first-line and subsequent therapy for the treatment of advanced stage
ovarian cancer. When used as a first-line therapy, it is indicated in combination with
cisplatin. Due to its poor water solubility, the current formulation of Taxol® utilizes
Cremophor® EL, which has been shown to cause severe hypersensitivity reactions in some
patients (Rowinsky et al., 1993; Weiss et al., 1990). It is, therefore, anticipated that
conjugation of PTX to HPMA copolymers will allow administration without the need of
such surfactants, thereby reducing these side effects.

As previously discussed, a primary challenge in ovarian cancer chemotherapy is the
development of drug resistance (Naumann and Coleman, 2011; Bookman, 2010). A great
amount of research has, therefore, focused on the development of combination strategies,
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wherein administration of anticancer agents with different mechanisms of action can be
utilized as a multi-pronged approach to provide a more universal cytotoxic effect, thereby
reducing the chance for cancer cells to adapt and develop resistance. In particular, a
combination approach utilizing GEM and taxanes has shown clinical promise in this regard
(Garcia et al., 2012; Friedlander et al., 2007). From a mechanistic standpoint, one study
(Zupi et al., 2005) demonstrated, v7a cell cycle analysis, that GEM alone halts cells in the S-
phase while PTX arrested cells in the Go-phase. This resulted in a more robust and complete
disruption of the cell cycle, due to the action of two agents v7a independent mechanisms of
action. The enhanced cytotoxic effect of the combination was attributed to this irreversible
perturbation of the cell cycle, resulting in the induction of apoptosis in a synergistic manner.
This particular drug combination, therefore, may be useful in the treatment of advanced
ovarian cancer.

The current study describes the synthesis and characterization of biodegradable HPMA
copolymer—-GEM and —PTX conjugates and their evaluation in combination. Conjugates
with GEM and PTX on separate, as well as on the same, backbone were prepared to
determine if there was any observed advantage to having both agents present on the same
backbone. Their hydrolytic stability and enzymatic drug release were evaluated /n vitro. The
ability of the conjugates to induce cytotoxicity in A2780 human ovarian cancer cells was
evaluated when used as single agents and in combination. Combination index analysis was
then performed to determine if their combined effects were antagonistic, additive, or
synergistic.

2. Materials and methods

2.1. Materials

Common reagents were purchased from Sigma—Aldrich (St. Louis, MO) and used as
received unless otherwise specified. A-a-Fmoc protected amino acids, 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and 2-Cl-trityl
chloride resin (100-200 mesh, 1.27 mmol/g) were purchased from AAPPTec Biosciences
(Louisville, KY). Paclitaxel (>99.5%) was purchased from LC Laboratories (Woburn, MA).
Gemcitabine hydrochloride (=99.0%) was purchased from NetQem LLC (Research Triangle
Park, NC). Papain, cathepsin B (from bovine spleen) and cathepsin B substrate (Z-Arg-Arg-
p-nitroanalide) were obtained from Sigma—Aldrich. HPMA (Kopecek and Bazilova, 1973),
N-methacryloylglycylphenylalanylleucylglycyl GEM/PTX (MA-GFLG-GEM and MA-
GFLG-PTX) (Yang et al., 2011; Zhang et al., 2013), 4-cyanopentanoic acid dithiobenzoate
(Mitsukami et al., 2001), and peptide2CTA (Pan et al., 2011b) were synthesized as
previously described. 4,4’-Azobis(/N, NV -propargyl-4-cyanopentanamide) (dialkyne-V-501)
and A, AP-(bis(azidobenzoylglycylphenylalanylleucylglycylalanyl)lysine (diazide-GFLGK)
were prepared according to described procedures (Pan et al., 2011a).

2.2. Synthesis and characterization of HPMA copolymer drug conjugates

2.2.1. Synthesis of multiblock HPMA copolymer drug conjugates—Long
circulating multiblock HPMA copolymer-GEM conjugate (mP-GEM) was prepared by
RAFT copolymerization of HPMA with a polymerizable derivative of GEM followed by Cu
() catalyzed alkyne-azide click reaction as previously reported (Yang et al., 2011) with
modifications. A typical synthesis is briefly described below.

2.2.1.1. Synthesis of clickable telechelic HPM A copolymer-gemcitabine conjugate: An
ampoule containing MA-GFLG-GEM (127 mg, 0.18 mmol) was attached to the Schlenk-
line. After three vacuum-nitrogen cycles to remove oxygen, 1 mL degassed DMSO acidified
with 5 L acetic acid was added and a clear colorless solution was obtained. A degassed
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HPMA aqueous solution (260 mg, 1.82 mmol in 0.8 mL DI H,0) was added into the
ampoule via syringe under vigorous stirring. Following addition of RAFT agent
peptide2CTA and initiator V-501, the ampoule was sealed, and copolymerization was
performed at 70°C for 16 h. The polymer was obtained by precipitation into acetone and
purified by re-dissolving in methanol and precipitation in acetone two more times. The
copolymer was isolated as a light pink powder and dried under vacuum (yield: 230 mg,
60%). The average molecular weight and the polydispersity of the conjugates were
determined by size exclusion chromatography (SEC) on an AKTA FPLC system equipped
with a UV detector (GE Healthcare), miniDAWN TREOS and OptilabrEX (refractive index,
RI1) detector (Wyatt Technology, Santa Barbara, CA) using a Superose 6 HR10/30 column
with sodium acetate buffer containing 30% acetonitrile (pH 6.5) as mobile phase. HPMA
homopolymer fractions were used as molecular weight standards.

The copolymer was post-polymerization modified to replace dithiobenzoate groups at chain
termini by alkyne groups (Yang et al., 2011). Thus, the product (220 mg) was reacted with
dialkyne-V-501 (28 mg, 0.08 mmol, over 40 times excess with respect to dithiobenzoate end
groups) in 1 mL DMSO at 70°C for 3 h, puri-fied by precipitation into acetone twice,
resulting in a,w-dialkyne telechelic HPMA copolymer—-GEM conjugate (tP-GEM).

2.2.1.2. Chain extension via Cu (1) assisted alkyne-azide click reaction and
fractionation: Diazide-GFLGK (2.1 mg, 1.8 umol) and tP-GEM (200 mg, 1.8 ymol) were
weighed into an ampoule. The ampoule was evacuated and refilled with nitrogen three times
before adding 1 mL of deoxygenated DMSO. Sodium ascorbate solution (3.6 mg, 10x) was
put in a vial. Deoxygenated solution of CuSOy4 (1.5 mg, 5x) was added and the click
reaction was initiated. The solution was stirred at room temperature for 20 h. The polymer
was precipitated into acetone and dried under vacuum, and further fractionated/purified by
size exclusion chromatography using an XK50 column. After dialysis against water and
freeze-drying, the conjugates (mP-GEM) with varied M, were obtained. Fraction G2 (M,
213 kDa, M,/ M, 1.06) was used in this study. GEM content in the conjugate was estimated
by UV in methanol (&0 = 5710 Lmol~1 cm™1). Synthesis of biodegradable multiblock
HPMA copolymer-paclitaxel conjugate (mP-PTX) was carried out as previously reported
(Zhang et al., 2013).

2.2.2. Synthesis of traditional (first generation) HPMA copolymer drug
conjugates—To enable comparison of the activity of biodegradable multiblock HPMA
copolymer—drug conjugates (mP-GEM and mP-PTX) to that of traditional HPMA
copolymer—drug conjugates (P-GEM and P-PTX with M,, < 50 kDa), the copolymerization
of HPMA with MA-GFLG-GEM or MA-GFLG-PTX was conducted as described above but
using 4-cyanopentanoic acid dithiobenzoate (CPA) as the chain transfer agent. In a typical
copolymerization for preparing P-GEM, monomers (HPMA: 395 mg, 2.76 mmol and MA-
GFLG-GEM: 169 mg, 0.24 mmol) were dissolved in DMSO/H,0 under N, atmosphere.
CPA and V-501 at a molar ratio of 4:1 were added through syringe. The ampoule was sealed
and the polymerization was carried out at 70°C for 16 h. The copolymer was precipitated in
acetone, washed with acetone three times and dried under reduced pressure at room
temperature. The dithiobenzoate end group was removed by radical-induced modification
with excess 2,2"-azobis(2,4-dimethyl valeronitrile) (V-65). Yield was 330 mg white powder
(60%) with M, 32 kDa and M,/ M, 1.05. P-PTX was synthesized as previously reported
(Zhang et al., 2013).

2.2.3. Synthesis of HPMA copolymer conjugate containing gemcitabine and
paclitaxel—HPMA copolymer conjugate containing both GEM and PTX (P-GEM-PTX)
was synthesized by RAFT copolymerization of HPMA with MA-GFLG-GEM and MA-
GFLG-PTX using CPA as the RAFT chain transfer agent and V-65 as the initiator. The
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polymerization was conducted in the mixture of DMSO and DI H,0 at 50 °C for 24 h. The
feed molar ratio was [HPMA]: [GEM]: [PTX] = 90:7:3. The copolymer was precipitated in
acetone, washed with acetone three times and dried under reduced pressure at room
temperature. The dithiobenzoate end group was removed by radical-induced modification
with excess V-65.

2.3. Hydrolytic stability and enzymatic release of gemcitabine and paclitaxel from HPMA

copolymers

Hydrolytic stability in terms of drug release from HPMA copolymer conjugates was
evaluated in phosphate buffered saline (PBS) at pH 7.4. GEM and PTX equivalent
concentrations were maintained at low concentrations to prevent saturation. In particular, 3
mg/mL solutions of P-GEM, P-PTX and mP-GEM were prepared and divided into 100 pL
aliquots. Samples were incubated in a shaking water bath at 37 °C. At predetermined time
points, one aliquot sample was taken. For GEM conjugates, the samples were directly
filtered, and 10 pL of filtrate loaded onto a HPLC system for analysis. For PTX conjugates,
200 pL of methanol/H,0 (8:1, v/v) was added before filtration. Then, 20 yL of solution was
loaded vig autosampler for analysis.

2.3.1. HPLC analysis—An HPLC apparatus (Agilent 1100 LC System, Agilent
Technologies, Santa Clara, CA) equipped with C18 column (Zorbax 300SB, 5 ym, 4.6 mm
x 250 mm) and a diode array detector was used for determination of free GEM and PTX.
For GEM, a gradient method of 2-90% buffer B in 30 min with flow rate 1.0 mL/min was
used (buffer A: H,O + 0.1% TFA; buffer B: acetonitrile + 0.1% TFA). The signal at 268 nm
was monitored and the peak with elution time at 6.1 min was attributed to free GEM. For
PTX, a gradient method of 30-90% buffer B in 30 min with flow rate 1.0 mL/min was used,
and the signal at 250 nm was monitored. A series of standard solutions of GEM/PTX were
prepared, and calibration curves were made for quantification of GEM and PTX
respectively.

For drug release studies, HPMA copolymer conjugates were incubated with a 2.0 x 10~/ M
cathepsin B buffer solution at pH 6.0 containing 0.1 M citrate phosphate, 2 mM EDTA, and
10 mM glu-tathione. The enzymatic activity of cathepsin B was verified using a standard
cathepsin B substrate (Z-Arg-Arg-p-nitroanilide) (data not shown). Samples were incubated
at 37 °C with periodic agitation and 100 pL aliquots sampled at each time point. Methanol
(400 pL) was added to each sample to prevent further enzymatic release, followed by
analysis by HPLC. Conjugates dissolved in mobile phase alone were analyzed by HPLC and
used to determine concentrations of free drugs present at time zero.

2.4. Cell culture

The A2780 human ovarian cancer cell line was obtained from ATCC (Manassas, VA) and
cultured at 37 °C in a humidified atmosphere of 5% CO, in RPMI-1640 cell culture medium
(ATCC) supplemented with 10% fetal bovine serum (FBS) (Thermo Scientific HyClone,
Logan, UT). Cells were maintained in a logarithmic growth phase during all studies.

2.5. Single agent in vitro cytotoxicity against A2780 human ovarian cancer cells

The ability of the conjugates to inhibit the growth of A2780 human ovarian cancer cells was
evaluated /n vitro using a 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium monosodium salt (WST-8) cell viability assay (Dojindo
Molecular Technologies, Inc., Rockville, MD). To ensure water solubility of the free drugs
GEM and PTX, cell culture medium containing 0.5% (v/v) DMSO was used to prevent
precipitation. A2780 cells (4000 cells per well) were plated in 96-well plates for 24 h
followed by drug treatment. Both short (4 h) and long (72 h) treatment times were evaluated.
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For short treatment cases, cells were washed with PBS following treatment, followed by
further incubation (68 h) in growth media prior to assessment of viability (pulse-chase style
experiment). Medium was then removed and cell viability quantified by WST-8 assay
(modified MTT assay) using a SpectraMax M2 microplate UV spectrophotometer
(Molecular Devices, Sunnyvale, CA). Relative viability was calculated by normalization of
UV absorbance against untreated cells in each plate. Relative viability as a function of log
drug concentration was plotted and non-linear least-squares regression analysis and
calculation of the concentrations necessary to result in 50% cell viability as compared to
controls (ICsq values) was performed using GraphPad Prism. A minimum of 3 samples was
evaluated in each experiment, and a minimum of 3 independent experiments was performed
for each treatment case.

2.6. In vitro combination treatment and combination index analysis

The combination treatments of GEM + PTX (free drug combination), P-GEM + P-PTX
(traditional conjugates combination), and mP-GEM + mP-PTX (multiblock, biodegradable
conjugate combination) were evaluated for cytotoxicity against A2780 cells /n vitro. The
ratio of GEM to PTX was maintained at 1:1 for all experiments. The effect of treatment
sequence and treatment duration was also investigated. Treatment duration was tested via
simultaneous incubation with GEM and PTX treatments for either 4 or 72 h. When treatment
occurred for only 4 h, experiments were performed in a “pulse-chase” style as previously
described. Treatment sequence was investigated by incubation for 4 h with drug A (GEM or
PTX), followed by 68 h incubation with drug B (PTX or GEM). Following treatment, cells
were assessed for viability by WST-8 assay as previously described. Drug effect was
defined as (1 — [% relative viability/100]). Combination index analysis was performed and
combination index values at 50% relative viability (CI at EC5p) were calculated using
CalcuSyn combination index software (Biosoft, Inc.) based on the Chou-Talalay method
(Chou and Talalay, 1984). A minimum of 3 samples was evaluated in each experiment, and
a minimum of 3 independent experiments was performed for each combination treatment
case.

2.7. Evaluation of gemcitabine/paclitaxel dual agent copolymer

The combination polymer bearing both GEM and PTX on the same backbone was analyzed
in a similar manner for its cytotoxicity against A2780 cells. In this evaluation, only
treatment duration (4 and 72 h) was varied. Copolymers containing GEM and PTX
separately (P-GEM and P-PTX) served as controls, and were mixed at a ratio that
corresponded to that obtained for the combination polymer (P-GEM-PTX). Following either
4 or 72 h incubation, cell viability, drug effects, and combination index values were
calculated as previously described. A minimum of 3 samples was evaluated in each
experiment, and a minimum of 3 independent experiments was performed for each
combination treatment case.

2.8. Statistical analysis

Differences in /n vitro growth inhibition (ICsg) and combination index (CI) values were
determined by one-way ANOVA. Where differences were detected, Tukey's post-test was
used to test for significance between groups. The default significance level was set at a=
0.05 for all statistical tests.

3. Results and discussion

3.1. Synthesis and characterization of HPMA copolymer conjugates

Both PTX and GEM have been conjugated to hydrophilic polymers for enhancing their
bioavailability. For example, poly(.-glutamic acid)-PTX conjugates (Chipman et al., 2006)
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and HPMA copolymer-PTX conjugates (Meerum Terwogt et al., 2001) have been evaluated
in clinical trials. In those conjugates PTX was covalently bound to polymer precursors
through an ester bond at its 2'-OH position v7a variable linkers. GEM was also bound to
poly(.-glutamic acid) v7a either 5 ester bond in the presence of dicyclohexylcarbodiimide
(DCC) and dimethylaminopyridine (DMAP) (Kiew et al., 2010), or v/iaamide bond by the
reaction of GEM with active ester on HPMA copolymer side chains (Lammers et al., 2009).
The significant synthetic feature in this study is the utilization of a polymerizable drug
derivative and controlled polymerization chemistry (Fig. 1). Copolymerization of HPMA
with MA-GFLG-gemcitabine and/or paclitaxel was advantageous (reproducibility, yield)
when compared to polymer analogous attachment. It provides a facile way to adjust drug
content in a given conjugate by changing the feed ratio. The resulting HPMA copolymer
conjugates possess molecular weights close to the theoretical value and very narrow
molecular weight distribution as shown in Table 1. Moreover, a new architecture of HPMA
copolymer—drug conjugates, biodegradable, long-circulating multiblock conjugates has been
designed and prepared. Recent studies showed that this new generation of conjugates
containing PTX (mP-PTX) or doxorubicin (mP-DOX) significantly enhanced therapeutic
effect against human ovarian xenografts in nude mice when compared to low molecular
weight conjugates.

3.2. Hydrolytic stability and enzymatic release of gemcitabine and paclitaxel from HPMA

copolymers

Stability during systemic circulation and drug release following accumulation in tumor
tissues are critical parameters for polymeric drug conjugates. If drug release occurs
prematurely, the chemotherapeutic has the opportunity to elicit cytotoxicity in non-specific
organs resulting in adverse effects. If drug release occurs too slowly following accumulation
in tumor tissues, the concentration of the chemotherapeutic may never reach the levels
necessary to effectively elicit its pharmacological effect, and efficacy may be compromised.
Therefore, both stability and drug release were assessed.

Drug susceptibility to hydrolysis was assessed in PBS at pH 7.4. GEM and PTX conjugates
demonstrated moderate stability. For PTX conjugates, 46% release occurs over 24 h at 37 °
C from the traditional (P-PTX) conjugates as compared to 65% release over the same period
for the multiblock (mP-PTX) conjugates (Fig. 2b). This minor difference is most likely due
to slightly higher drug loading for the traditional conjugate (9.1 wt%) compared to the
multiblock conjugate (7.1 wt%). This can possibly be explained by intermolecular
interactions between highly hydrophobic PTX molecules (¢ Log P = 3.06), resulting in a
more compact copolymer conformation, which has less opportunity for drug hydrolysis. For
GEM conjugates, approximately 50% release was observed over 24 h, and no differences
were observed in release from traditional (P-GEM) or multiblock (mP-GEM) conjugates
(Fig. 2a), even though traditional (P-GEM) conjugates also have slightly higher drug loading
(7.7 wt%) as compared to multiblock (mP-GEM) conjugates (5.5 wt%). GEM is relatively
hydrophilic (¢ Log P= -1.39), therefore, polymer conformation is less likely to be as
dependent on drug load for GEM conjugates as compared to PTX conjugates.

Enzymatic release of GEM and PTX was evaluated in the presence of the enzyme cathepsin
B at pH 6.0, in an attempt to mimic lysosomal conditions following cellular uptake. Under
these conditions, rapid drug release occurred. For GEM conjugates, approximately 50%
drug release occurred in 0.5 h (Fig. 2a). Drug release was slightly slower for PTX
conjugates, with 50% drug release achieved in approximately 0.75 h (Fig. 2b). Again, this is
possible due to interactions between hydrophobic PTX molecules, resulting in less
accessibility of GFLG spacer and reduced enzymatic cleavage. However, these results,
combined with the results from the stability studies, demonstrate that these conjugates are
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moderately stable at systemic pH (7.4), and demonstrate favorable drug release in simulated
lysosomal conditions.

Overall, these data demonstrate that drug release is mostly independent of architecture
(multiblock or traditional). Intuitively, it might be expected that a higher molecular weight
conjugate would exhibit slower drug release, due to reduced enzymatic access to cleavage
sites via a decreased surface area to volume ratio. The situation is slightly more complicated,
however, as the larger multiblock conjugates contain additional backbone degradable
sequences, which may facilitate faster degradation and act to compensate for their large size.
However, further detailed studies are required to investigate these phenomena.

3.3. Single agent in vitro cytotoxicity against A2780 human ovarian cancer cells

The ability of the conjugates to inhibit the growth of A2780 human ovarian cancer cells was
evaluated /n vitro using a WST-8 cell viability assay. Multiblock, biodegradable HPMA
copolymer conjugates, traditional HPMA copolymers conjugates, and free drugs were
evaluated for each agent (GEM and PTX). The effect of treatment duration was also
evaluated by incubation for either 4 or 72 h (Fig. 3). For polymer—drug conjugates,
assessment of cell viability after a short period of incubation, followed by a longer growth
phase (/.¢e., pulse-chase style cytotoxicity) is important in that it allows parameters such as
the kinetics of cellular uptake and drug release to make a larger impact of cell viability.
These assays are therefore generally better at discriminating these differences.

When treatments were applied continuously for 72 h, mP-GEM and mP-PTX conjugates
were very potent with growth inhibition 1Csq values of 10 and 7 nM respectively (Fig. 3A).
These values were similar to those for the traditional conjugates (P-GEM and P-PTX),
which were 9 and 3 nM respectively. Free GEM and PTX exhibited toxicity in a similar
range with 1Csq values of 4 and 5 nM respectively. In these 72 h treatment studies, the
cytotoxicity values for each agent (conjugates or free drug controls) were similar, as the
kinetics of drug release occurs quite quickly in comparison to the long incubation time.
However, these results do demonstrate that the potency of GEM and PTX is maintained
following conjugation to either multiblock or traditional HPMA copolymers.

When treatments were applied for only 4 h, some additional observations were made. First,
as anticipated, significantly higher concentrations were required to induce cytotoxicity due
to the short incubation time. Free GEM and PTX exhibited 1C5q values of 33 and 47 nM
respectively (Fig. 3B), while all of the conjugates exhibited 1Csq value above 100 nM.
During incubation, the conjugates must first enter the cell via endocytosis, and a fixed
amount of time is also required for drug release to occur in lysosomal compartments. The
free drugs, on the other hand, can freely diffuse through the cell membrane and immediately
act on their intended target. For both GEM and PTX multiblock conjugates, activity was
somewhat reduced as compared to the traditional conjugates. It is possible that differences in
size and molecular weight may play a role in the kinetics of cellular uptake. However,
further detailed investigation is necessary to fully elucidate which parameters are most
significant.

3.4. In vitro combination treatment and combination index analysis

The administration of multiple chemotherapeutics in combination strategies has proven very
successful in an array of various cancers, including ovarian cancer. First-line treatment for
ovarian cancer currently consists of platinum and taxane combination therapy. When
multiple drugs are used in combination, their overall effects can be antagonistic, additive, or
synergistic. Synergistic effects most often occur when chemotherapeutic agents act via
different mechanisms of action, or when the effects of one agent sensitizes cells to the
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effects of another. A common approach used to determine if a combination treatment is
antagonistic, additive, or synergistic is that described by Chou and Talalay (1984).
Following evaluation of drug effect alone and in combination, a combination index (CI)
parameter is calculated. When Cl is greater than 1, the combination treatment is
antagonistic. When ClI equals 1, the combination treatment is additive, and when Cl is less
than 1, the treatment is synergistic. Throughout this study, combination index values were
calculated and compared at 50% effect (ECsg), or where the combination resulted in 50%
cell viability.

In this study, three different combination treatments were evaluated. They were: GEM +
PTX (free drug combination), P-GEM + P-PTX (traditional conjugates combination), and
mP-GEM + mP-PTX (multiblock conjugates combination). In each combination treatment,
the molar ratio of GEM to PTX was maintained at 1:1, based on previous preliminary data
with free GEM and PTX (data not shown), and due to the observation during single agent
cytotoxicity studies wherein the activities of the conjugates (GEM vs. PTX) were similar.
Where cells were exposed to both treatments simultaneously, both long (72 h) and short (4
h) incubation times were evaluated to help discriminate conjugates which may vary in
cellular uptake and drug release kinetics.

During long incubation time (72 h) experiments, all combination treatments demonstrated
slight antagonistic to additive combined effects, with CI values of 1.3, 1.1, and 1.0 for free
drugs, traditional conjugates, and multiblock conjugates respectively (Fig. 4). Due to the
long incubation time, the concentration of the treatment groups in various compartments of
the biological system (/.e., outside the cellular space, within the lysosome, within the
cytosol, efc.) have an opportunity to reach a state of equilibrium, causing the combined
effects to approach additive effects. During the short incubation time (4 h) experiments, the
combination treatment demonstrated additive to synergistic combined effects, with CI values
of 1.0, 0.9, and 0.7 for free drugs, traditional conjugates, and multiblock conjugates,
respectively (Fig. 4). At this stage, the exact mechanism or underlying phenomenon which
causes this level of synergism for the multiblock conjugates is unclear. However, based on
the fact that this level of synergism was only observed in the short incubation experiments,
kinetic phenomena are most likely involved. A major difference between the multiblock
conjugates and their traditional counterparts is their size and molecular weight, which may
impact their cellular uptake. Also, as previously discussed, additional degradable segments
present in the backbone of the multiblock conjugates may increase their hydrophobicity,
thereby enhancing the ability to interact with lipid membranes or altering their rate of
internalization and/or sub-cellular distribution. However, additional studies are required to
justify these hypothetical explanations. The results do, nonetheless, demonstrate an
additional advantage at the pharmacological level for the use of these multiblock,
biodegradable systems as compared to traditional HPMA copolymer conjugates.

Additional combination experiments were performed where A2780 cells were first exposed
to drug A (GEM or PTX) for 4 h, followed by a prolonged treatment with drug B (PTX or
GEM) for the remaining 68 h. The primary purpose of these studies was to determine if a
discrete sequence of treatment was advantageous. Theoretically, it is possible that exposure
to drug A may sensitize or “prime” the cells for subsequent treatment with drug B. In this
study, no major changes in the combination index were observed during these studies, as the
combined effects were primarily additive, with CI values ranging from approximately 0.9 to
1.1. However, minor synergism was observed for the multiblock conjugates when cells were
exposed to PTX, followed by exposure to GEM (Cl = 0.88, Fig. 4). This observation is
consistent with other reports, which have suggested that this sequence of treatment is
synergistic, due to a block of cells in the G¢/G, cell cycle phase and an increase in the
number of apoptotic cells (Zupi et al., 2005; Oliveras-Ferraros et al., 2008). Another report

Int J Pharm. Author manuscript; available in PMC 2014 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 11

has suggested that the combined effects PTX and GEM are highly sequence dependent and
demonstrated antagonism for the reverse sequence (GEM - PTX) in breast cancer cells
(Sui et al., 2006).

3.5. Evaluation of gemcitabine/paclitaxel dual agent copolymer

An HPMA copolymer bearing both GEM and PTX on the same backbone (P-GEM-PTX,
dual agent conjugate) was synthesized and evaluated for its cytotoxic effect against A2780
cells in comparison with a physical mixture of individual HPMA copolymer conjugates (P-
GEM + P-PTX). The molar ratio of GEM to PTX in the dual agent conjugate was 4.87:1,
due to some loss of PTX during purification. The physical mixture, was, therefore, mixed in
the same molar ratio (4.87:1, GEM:PTX) for direct comparison. Treatment duration was
evaluated by incubation for 72 or 4 h as previously described. During long incubation time
(72 h) experiments, no significant differences were observed in the activity on the
conjugates, with 1Csq values ranging from 4 to 10 nM (Fig. 5A). However, during short
incubation time (4 h) experiments (Fig. 5B), a significant decrease in potency for the dual
agent conjugate was observed as compared to the equivalent physical mixture. The 1Csq
value of the dual agent conjugate was 348 nM as compared to 211 nM for the physical
mixture. When this data was analyzed by combination index analysis, the combined effects
of each drug for the dual agent conjugate were antagonistic with a Cl value of 1.6 as
compared to 0.9 for the physical mixture (Fig. 5C). This could possibly be due to
intramolecular interactions between drug molecules in the side chains of the dual agent
conjugate, thereby altering parameters such as stability and drug release. The conclusions
from this study, however, should not be overstated. This evaluation was conducted /n vitro
at the cellular level, where pharmacokinetics and biodistribution are not relevant. The
possibility remains that a conjugate bearing two agents on the same backbone may benefit /n
vivo by sharing the same pharmacokinetics or biodistribution, as compared to a physical
mixture, where each agent will exhibit its own pattern of distribution. This may be
especially significant in conditions where pharmacological synergism for the two agents
exists. However, the results do indicate that at the cellular level, conjugation of GEM and
PTX to the same HPMA copolymer backbone resulted in an overall decrease in potency
against A2780 cells.

Other clinical considerations should be made when developing such combination polymers,
where the ratio of two or more agents is fixed in the final drug product. A major
disadvantage of such systems is the loss of flexibility in adjusting each drug dose
independently. A particular patient may not tolerate one of the drugs in the combination
product, thereby reducing the amount of the combination product that can be administered.
This inflexibility can be of particular concern in anticancer applications, where the goal of
the clinician is often to administer doses close to the threshold of tolerance in an attempt to
achieve maximal efficacy.

4. Conclusion

Multiblock, backbone degradable HPMA copolymer-GEM and HPMA copolymer-PTX
conjugates were synthesized and characterized. Conjugates with narrow polydispersity (M,/
M, < 1.1) were obtained and drug loadings between 5.5 and 9.2 wt% were achieved.
Conjugates demonstrated moderate stability with drug release less than 65% observed over
24 h at pH 7.4 and favorable drug release in the presence of the lysosomal enzyme cathepsin
B. In combination, the cytotoxic effects of a mixture of the conjugates (traditional and
multiblock) and free drug controls were generally additive. However, synergistic combined
effects were observed when A2780 cells were treated simultaneously for 4 h with multiblock
conjugates (Cl < 0.7). When both GEM and PTX were conjugated to the same copolymer
backbone, however, moderate antagonism (Cl 1.3-1.6) was observed. These results
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demonstrate that multiblock HPMA copolymer-GEM and HPMA copolymer-PTX
conjugates, when delivered as a mixture of individual agents, are promising in combination
for the treatment of ovarian cancer.
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Fig. 1.

Schematic synthesis of HPMA copolymer-gemcitabine/paclitaxel conjugates. (A) (1):
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Synthesis of backbone degradable multiblock conjugates (mP-GEM and/or mP-PTX) via
three steps: (1) RAFT copolymerization using peptide2CTA as RAFT chain transfer agent;
(2) end-modification to obtain clickable telechelic diblock drug conjugates, and (3) chain

extension by alkyne-azide click reaction (Zhang et al., 2013). (11): Synthesis of 1st

generation conjugate (P-GEM and/or P-PTX). (B) Synthesis of HPMA copolymer conjugate

containing dual-drugs per chain through RAFT copolymerization.
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Fig. 2.

Stability of and drug release from HPMA copolymer-gemcitabine/paclitaxel conjugates. (a)
Release of GEM from traditional (P-GEM) and multiblock (mP-GEM) conjugates at pH 7.4
and pH 6.0 in the presence of the lysosomal enzyme cathepsin B. (b) Release of PTX from
traditional (P-PTX) and multiblock (mP-PTX) conjugates at pH 7.4 and pH 6.0 in the
presence of the lysosomal enzyme cathepsin B. In the presence of cathepsin B, near
complete drug release was achieved in 3 h. Conjugates also demonstrated moderate stability,
with approximately 40-60% drug release over 24 h at pH 7.4. All experiments were
performed at 37 °C. Data expressed as mean + SD of three independent experiments.
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Single agent cytotoxicity. The ability of the conjugates to inhibit the growth of A2780
human ovarian cancer cells was evaluated /n vitro using a WST-8 cell viability assay. The
effect of treatment duration was assessed by varying incubation time. (A) Cells treated
continuously for 72 h. All treatment groups (free drugs, traditional conjugates, and
multiblock conjugates) exhibited potent activity in the low nanomolar range. (B) Cells
treated for 4 h, followed by incubation in growth media for 68 h. Traditional and multiblock
conjugates demonstrate less toxicity, most likely due to the kinetics of cellular uptake and
drug release. Data expressed as mean = SD of three independent experiments.
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Fig. 4.

In vitro combination index analysis. A2780 cells were treated with a 1:1 molar ratio
combination of GEM and PTX. A combination of free drugs, traditional conjugates, and
multiblock conjugates were each evaluated. Cells were treated with both drugs
simultaneously (for either 72 or 4 h), or sequentially. In the majority of cases, additive
combined effects were observed, with combination index (CI) values close to 1.0. However,
during simultaneous incubation for 4 h, where kinetic phenomena can be discriminated, a
combination of the multiblock conjugates demonstrated synergism with a Cl value of 0.7 £
0.1. Data expressed as mean + SD of three independent experiments.
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Fig. 5.

Evaluation of GEM/PTX dual agent copolymer. The cytotoxic effect of a dual agent
copolymer bearing GEM and PTX on the same backbone was compared with a physical
mixture of conjugates bearing GEM and PTX individually in A2780 human ovarian cancer
cells. (A) Cells were exposed to treatments continuously for 72 h. All treatments were
similar in activity with 1Csq values between 4 and 10 nM. (B) Cells were exposed to
treatments for 4 h, followed by incubation with growth media for 68 h. A significant
decrease in the potency for the dual agent was observed as compared to a physical mixture
of conjugates bearing GEM and PTX individually. (C) Combination index analysis of the
dual agent conjugate as compared to the equivalent physical mixture. The dual agent
conjugate demonstrated antagonistic combined effects as compared to the physical mixture,
which showed nearly additive effects. Data expressed as mean + SD of three independent
experiments.
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Table 1

Characterization of HPMA copolymer—gemcitabine and HPMA copolymer—paclitaxel conjugates.

Conjugates My, kDa M,/M, Drug content (wt%)
Gemcitabine conjugates P-GEM 32 1.07 7.7
mP-GEM 213 1.06 55
Paclitaxel conjugates P-PTX 40 1.06 9.2
mP-PTX 228 1.06 7.1
HPMA copolymer containing GEM and PTX on chain (P-GEM-PTX) 55 1.13 GEM 3.6
PTX 2.4
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