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Abstract

This study describes the synthesis, characterization, and in vitro evaluation of a combination
therapy utilizing HPMA copolymer-RGDfK conjugates. HPMA copolymer-RGDfK conjugates
bearing either aminohexylgeldanamycin or docetaxel were synthesized and characterized. Stability
was evaluated in physiologically relevant media. Binding to a, 3 integrins on the surface of
ovarian cancer cells was assessed. Cytotoxicity towards ovarian cancer cells was evaluated and the
ability of the conjugates in combination to induce cell death was assessed by combination index
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analysis. Conjugates bearing aminohexylgeldanamycin were more stable and exhibited slower
drug release than those bearing docetaxel. Both conjugates demonstrated the ability to bind
specifically to a3 integrins. In combination, HPMA copolymer-RGDfK conjugates
demonstrated marked synergism as compared to their non-targeted counterparts and free drug
controls. HPMA copolymer-RGDfK conjugates bearing aminohexylgeldanamycin and docetaxel
induce cytotoxicity in vitro in a synergistic manner, suggesting their potential as a promising
combination therapy for ovarian cancer.
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1. Introduction

Ovarian cancer ranks fifth in cancer deaths among women, and is the most deadly cancer of
the female reproductive system. In the United States, it is estimated that approximately
22,240 women will be diagnosed with, and 14,240 women will die from, ovarian cancer in
2013.11] Despite treatment via surgery and standard platinum/taxane chemotherapy, the
estimated five year survival rate remains less than 35%.[2: 3] More specifically, only 50% of
patients diagnosed with late stage ovarian cancers who receive cisplatin/paclitaxel, the
“standard of care”, will achieve clinical remission.[4] Even so, the majority of those who
experience significant clinical response will eventually relapse.l> 81 Thus, more effective
treatments are desperately needed, especially for those diagnosed with late stage, metastatic
disease.

Docetaxel (Taxotere®), is a semi-synthetic anti-mitotic chemotherapeutic of the taxane
family that stabilizes microtubules necessary for cell division by binding p-tubulin, resulting
in cell-cycle arrest and induction of apoptosis.[] It is currently approved for marketing in
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the United States for the treatment of patients with cancers of the breast, lungs, prostate,
gastro-intestinal tract, and head and neck. Compared to its taxane predecessor paclitaxel
(Taxol®), docetaxel provides superior in vitro cytotoxicity!8l and has greater potency with
regard to tubulin promotion and inhibition of depolymerization.[®1Docetaxel has proven
effectiveness in combination with other traditional chemotherapeutics19-12] and does not
demonstrate complete cross resistance with paclitaxel.[!3-15]Docetaxel is also currently
under clinical investigation for the treatment of a number of cancers[19: 16. 171 jncluding
ovarian cancer.[18-21] However, the clinically approved formulation for intravenous
administration of docetaxel (Taxotere®) contains polysorbate 80 as a solubilizing agent,
which has been associated with acute hypersensitivity reactions, and excessive fluid
retention resulting in peripheral edema.[22 23]

Geldanamycin and its analogstanespimycin (17-AAG, 17-(allylamino)-17-
demethoxygeldanamycin) and aminohexylgeldanamycin (AHGDM, 17-(6-
aminohexylamino)-17-demethoxygeldanamycin) are benzoquionoidansamycins that bind
and inhibit heat shock protein 90 (HSP90).[24] HSP9O is a molecular chaperone which
maintains the stability and facilitates refolding of a number of cancer related proteins
including HER-2/neu, Akt, Raf-1, Ber-Abl, v-src, and mutated p53.[25-301 HSPOO inhibitors
have been widely investigated as anticancer agents due to their potential to inhibit multiple
pathways involved in cancer cell survival and proliferation. Despite such potential, clinical
investigation of HSP90 inhibitors such as geldanamycin and its derivatives have
demonstrated significant hepatotoxicity,[31] limiting their further development. In addition,
geldanamycin and its derivatives (i.e., 17-AAG) are poorly water soluble due to their
hydrophobicity,[32] adding additional formulation challenges that need to be overcome
before a clinically acceptable drug product can be obtained.

Conjugation of anti-cancer agents to water soluble polymeric carriers is one strategy that can
be utilized to overcome these limitations.[33 3411t has been clearly demonstrated that via
conjugation, the aqueous solubility of many poorly water soluble drugs, including anti-
cancer agents, can be substantially increased.[3°] Also, stable conjugation to a polymeric
carrier provides for opportunities to alter drug pharmacokinetics and biodistribution. The
latter is of particular importance in anti-cancer therapy since treatment is often limited by
toxicities observed in major organs such as the liver or kidneys. Polymeric conjugates larger
than approximately 40 kDa have demonstrated the ability to evade renal filtration, allowing
a higher total systemic exposure for a given dose.[36] The resulting long blood circulation
times allow such conjugates to potentially accumulate in tumor tissues via the “enhanced
permeability and retention” (EPR) effect due to the disorganized tumor vasculature and
underdeveloped lymphatic system of the tumor.[37] Increased sequestration in tumors and
decreased accumulation in major organs translates to a wider therapeutic index for the
chemotherapeutic, potentially allowing for increases in the maximum tolerated dose (MTD)
to be achieved, while maintaining a manageable toxicity profile.

Copolymers of N-(2-hydroxypropyl)methacrylamide (HPMA) are attractive as drug carriers
due to their synthetic simplicity and wide versatility.[38 391 Stability during systemic
circulation and site specific drug release can be obtained when chemotherapeutics are
attached to the polymer backbone via enzymatically degradable peptide sequences (e.g.,
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Gly-Phe-Leu-Gly (GFLG)).[40. 41] Several anticancer HPMA copolymer-drug conjugates
have been evaluated in clinical trials for the treatment of a variety of solid tumors.[42]
However, results demonstrated that while the conjugates were well tolerated, even at high
drug doses, efficacy remained marginal.[43] Therefore, additional strategies are needed to
further increase tumor accumulation in an effort to achieve a more efficacious clinical
response.

One approach that can successfully be utilized to increase the tumor accumulation of drug
carriers is the inclusion of targeting moieties. Carriers such as liposomes,[44] micelles,[4%]
inorganic nanoparticles,[46] and linear polymers[33. 47. 48] can be covalently bound to
antibodies, antibody fragments, peptides, and other small molecules which bind to cancer
specific cell surface receptors and facilitate cellular internalization. Previously, we have
demonstrated that inclusion of cyclic Arg-Gly-Asp (RGD) peptides into the side chains of
HPMA copolymer-drug conjugates bearing the anticancer agents docetaxel[49] or
aminohexylgeldanamycin (AHGDM)®C facilitated their binding to a,p3 integrins expressed
on the surface of endothelial cells of the neo-vasculature in solid tumors. This anti-
angiogenic targeting strategy resulted in increases in tumor accumulation and efficacy as
measured by tumorregression[4%: 591 |n addition, the MTD was increased for the HPMA
copolymer-drug conjugates as compared to administration of free drug, therefore allowing
for additional improvements in efficacy. Elevated expression of a, 3 integrins occurs not
only on developing endothelial cells, but on the surface of cancer cellsl>3-53! including
ovarian cancer[®* 551, We therefore anticipate additional specificity for ovarian cancer
tumors by utilizing this RGD targeting strategy. Anticancer strategies employing a
combination of chemotherapeutics have proven very successful with substantial
improvements in patient outcomes observed across an array of cancers as compared to
monotherapy strategies. Such combination strategies allow inhibition of multiple cancer
pathways, and when chosen carefully, can result in marked synergism of the combination
treatment. The potential for an effective combination therapy utilizing an anti-angiogenic
approach in ovarian cancer is supported by a reported study, the OCEANS trial,[58] wherein
bevacizumab (an anti-angiogenic monoclonal antibody against vascular endothelial growth
factor A (VEGF-A) was added to carboplatin and gemcitabine for women with the first
recurrence of ovarian cancer. Results indicated a greater reduction in risk of disease
progression and an improvement in overall survival.

A rationally designed combination approach utilizing taxanes (e.g., docetaxel) and HSP90
inhibitors (e.g., AHGDM) has potential as a treatment option in late stage ovarian cancer.
Cancer related client proteins of HSP90 such as erbB1, erbB2, epidermal growth factor
receptor (EGFr), and HER-2/neu are over expressed in a variety of cancers including
ovarian cancer following chemotherapy treatment,[57] and have been correlated with the
development of drug resistance and decreases in patient survival.[38! It is therefore proposed
that drug resistance to a potent chemotherapeutic such as docetaxel can be minimized by co-
administration with a HSP90 inhibitor such as AHGDM. This hypothesis is supported by
previous studies wherein a combination treatment of 17-AAG and paclitaxel resulted in a
five- to 22-fold enhancement of paclitaxel cytotoxicity in non-small cell lung carcinoma
(NSCLC).[5%1 The combination resulted in significant reduction in tumor progression and an

Macromol Biosci. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Larson et al.

Page 5

extension in mean survival time from 6.5 weeks for paclitaxel alone to 19 weeks for the
combination treatment.[59] Combination strategies utilizing HSP90 inhibition and taxane
chemotherapy have also demonstrated positive results in ovariant8%] and breast[%1] cancer
models.

The current study is focused on the synthesis and in vitro evaluation of a combination
strategy utilizing a,f3 targeted HPMA copolymer-drug conjugates bearing the anticancer
agents docetaxel or aminohexylgeldanamycin (AHGDM). Following synthesis and
physicochemical characterization, critical polymer-drug conjugate characteristics such as
stability were evaluated, along with the ability of the conjugates to actively bind to a,f3
integrins on the surface of ovarian cancer cells. Specifically, we evaluated a combination of:
1) free drugs, 2) non-targeted conjugates, and 3) a, 3 targeted conjugates. Cytotoxicity of
the combination treatments were evaluated against ovarian cancer cells and combination
index analysis was performed to determine if the treatment is synergistic, additive, or
antagonistic.

2. Experimental Section

2.1 Materials

Geldanamycin (NSC 122750) was supplied by the National Cancer Institute Developmental
Therapeutics Program (NCI DTP). Docetaxel was provided by AK Scientific (Mountain
View, CA). 125]-echistatin was obtained from PerkinElmer (Waltham, MA). N-(2-
hydroxypropyl)methacrylamide (HPMA);[62IN-methacryloylglycylglycyl-p-nitrophenyl
ester (MA-GG-ONp);[63IN-methacryloyl-glycylphenylalanylleucylglycine (MA-GFLG-
OH);[64IN-methacryloyl-glycylphenylalanylleucylglycine-p-nitrophenyl ester (MA-GFLG-
ONp); 641 and N-methacryloyl-tyrosinamide (MA-Tyr-CONH,)[6] were synthesized and
characterized according to previously described methods. Conjugation of the anticancer
agents docetaxel (DOC) and AHGDM to produce the drug monomers MA-GFLG-DOC and
MA-GFLG-AHGDM was carried out as previously described.[49: 66]
Aminohexylgeldanamycin (AHGDM) was prepared from geldanamycin as previously
described.[86] The a3 integrin binding cyclic peptide RGDfK was obtained from New
England Peptide, Inc. (Boston, MA) and the peptide containing comonomer N-
methacryloylglycylglycl-RGDfK (MA-GG-RGDfK) was synthesized as previously
described.[49]

2.2 Synthesis and Characterization of HPMA Copolymer Conjugates

HPMA copolymers were synthesized via free radical copolymerization of comonomers in
anhydrous acetone:DMSO [80:20] using N, N’-azobisisobutyronitrile (AIBN) as the
initiator. A non-aqueous system was used to prevent hydrolysis of the copolymers and
DMSO was incorporated to prevent precipitation and premature termination during
polymerization. The targeting peptide RGDfK was incorporated via synthesis of the
comonomer MA-GG-RGDfK and subsequent copolymerization (see Table 1 for feed ratios)
for HPMA copolymer-DOC conjugates. For HPMA copolymer-AHGDM conjugates,
RDGfK was incorporated after polymerization via side chain aminolysis of ONp groups that
were introduced via copolymerization of MA-GG-ONp (Table 1). Untargeted DOC
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conjugates were obtained by exclusion of MA-GG-RGDfK during polymerization. The feed
composition of comonomers for all copolymers is given in Table 1 and a representative
structure is shown graphically in Figure 1. Polymerization was performed in a sealed
environment under N gas and the temperature was maintained at 50°C for 24 h. Post
polymerization, the polymers were precipitated and washed repeatedly in diethyl ether. For
AHGDM conjugates, p-nitrophenol (ONp) ester content in the polymeric precursors was
assessed by release of ONp from the copolymer in mild, basic aqueous conditions and
quantification of released ONp by UV spectrophotometry at 400 nm. To obtain AHGDM
untargeted conjugates, ONp was released from polymeric precursors in basic aqueous
conditions and dialyzed against distilled water using a 3.5 kDa molecular weight cut-off
(MWCO) regenerated cellulose dialysis membrane

(Spectrum Laboratories, Inc., Rancho Dominguez, CA). Control HPMA copolymers
(without active agents) were also synthesized with and without RGDfK in a similar manner.

Apparent weight average molecular weight (My,) and polydispersity (M,,/M) were
estimated by size exclusion chromatography (SEC) on a Superose 6 column (10 mm x 30
cm) (GE Healthcare, Piscataway, NJ) using a Fast Protein Liquid Chromatography (FPLC)
system (GE Healthcare). The Superose 6 column was previously calibrated with fractions of
known molecular weight HPMA copolymers containing 2 mol% FITC for UV detection. All
conjugates were extensively dialyzed against DI water and the absence of free AHGDM or
DOC was confirmed by FPLC and HPLC (Figures S1, S2). AHGDM content was
determined spectrophotometrically at 332 nm. DOC content was measured following
enzymatic release of DOC by papain followed by quantification of free DOC as previously
described.[4%] Briefly, 10 pL of a 25 mg/ml solution of polymer in DMSO was incubated in
a mixture of 20 pl 0.1 M citrate-phosphate buffer containing 2 mM EDTA at pH 6.0 and 100
ul of the same buffer supplemented with 10 mM reduced glutathione and 0.6 mM papain.
The solution was kept at 37°C for 24 h and stirred periodically. Sample was then removed,
diluted 10 fold in DI water:acetonitrile [65:35], and analyzed for released DOC by HPLC.
RGDfK content was quantified by amino acid analysis (University of Utah Core Research
Facilities, Salt Lake City, UT).

2.3 HPLC Analysis

For DOC analysis, mobile phase consisted of deionized water and acetonitrile (ACN) using
the following gradient: 0 min, 35% ACN; 15 min, 65% ACN; 25 min, 75% ACN; 30 min
95% ACN; 39 min, 100% ACN; 40 min 65% ACN. HPLC analyses were performed at 230
nm with an Agilent series 1100 HPLC (Agilent Technologies, Wilmington, DE, USA)
equipped with an Alltima C18 5 um 150 x 4.6 mm column.

HPLC analyses for AHGDM were performed with the same Agilent 1100 HPLC system
equipped with a photo diode array detector set at 350 nm for quantification of AHGDM
using a Waters x Bridge column (C18, 4.6 x 250mm, 5um) and an isocratic mobile phase of
50 mM NH4C,H30,: Acetonitrile [65: 35].
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2.4 Stability and drug release of AHGDM and DOC Conjugation with HPMA Copolymers

Stability in terms of drug release from HPMA copolymer conjugates was evaluated in
phosphate buffered saline (PBS) pH 7.4 and 50% mouse plasma in PBS. AHGDM and DOC
equivalent concentrations were maintained at low concentrations (< 300 pg/ml and < 15
ug/ml, respectively) to prevent saturation. Samples were incubated at 37°C with periodic
agitation and 100 pl aliquots sampled at each time point. AHGDM samples were extracted 3
times with 100 pl dichloromethane and dried under nitrogen. The resulting residue was re-
dissolved in HPLC mobile phase and 20 pl injected for analysis. DOC samples were
precipitated with 500 ul ethanol and centrifuged for 20 min at 7500 rpm. The supernatant
was collected, evaporated, and resuspended in 100 pl 50 mM NaH,PO,4 pH 7.0 buffer and
extracted 3 times with 100 pl dichloromethane. The organic layer was then dried under
nitrogen, re-dissolved in HPLC mobile phase and 20 pl injected for analysis. Free AHGDM
and DOC dissolved in minimal DMSO was used to assess the extraction efficiency of these
methods. AHGDM and DOC were successfully recovered using these methods with > 97%
and > 90% efficiency, respectively. Cumulative drug release was calculated and reported as
a function of time. Conjugates dissolved in mobile phase alone were analyzed by HPLC and
used to determine concentrations of free drugs present at time zero. Stability experiments
were performed in triplicate, with 3 samples analyzed per experiment. Release of the drugs
were also evaluated using the model lysosomal enzyme cathepsin B for p-AHGDM-RGDfK
and p-DOC-RGDfK as described previously.[71]

2.5 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). The OVCAR-3 human ovarian cancer cell line was also obtained from ATCC
and cultured in RPMI-1640 cell culture medium supplemented with 20% FBS and 0.01
mg/ml bovine insulin. Cells were maintained in a logarithmic growth phase during all
studies.

2.6 Competitive Binding Affinity of HPMA Copolymers to a,f3 Integrins

The comparative binding affinities of free RGDfK peptide and HPMA copolymer
conjugates were assessed using a competitive binding assay to a,f3 integrins expressed on
the cell surface of A2780 human ovarian cancer cells. Cells were harvested, washed with
PBS, and re-suspended in binding buffer (20 mmol/l tromethamine, pH 7.4, 150 mmol/l
NaCl, 2 mmol/l CaCly, 1 mmol/l MgCl,, 1 mmol/l MnCl,, 0.1% bovine serum albumin).
Suspended cells were added to 1.2 um pore size 96-well Multiscreen HV filter plates
(Millipore, Billerica, MA) at 100,000 cells per well. They were co-incubated at 4°C with ~
0.05 nM125]-echistatin and increasing RGDfK equivalent concentrations of copolymer
conjugates or free RGDfK peptide between 0 and 500 uM. After 1 h, incubation was
discontinued and medium was removed by vacuum filtration using a multiscreen vacuum
manifold (Millipore). Retained cells were washed 5 times with binding buffer. Filters were
collected and radioactivity determined using a Cobra Auto-Gamma-counter (Canberra
Industries, Inc., Meriden, CT). Binding percentage relative to cells incubated with 123]-
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echistatin alone was calculated and non-linear regression analysis and determination of I1Csg
values were carried out using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA).
Incubation with non-targeted copolymer conjugates was also performed at equivalent
polymer concentrations to serve as negative controls. Experiments were performed in
triplicate, with 3 samples analyzed per experiment.

2.7 Single Agent In Vitro Cytotoxicity

The ability of the HPMA copolymer-drug conjugates to inhibit the growth of A2780 and
OVCAR-3 human ovarian cancer cell lines was evaluated in vitro using a 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazoliummonosodium salt
(WST-8) cell viability assay (Dojindo Molecular Technologies, Inc., Rockville, MD). Due
to the poor water solubility of the free drugs AHGDM and DOC, cell culture medium
containing 0.5 % (v/v) DMSO was used to prevent drug precipitation. A2780 or OVCAR-3
cells (4,000 or 15,000 cells per well, respectively) were plated in 96-well plates for 24 h
followed by 48 or 96 h of incubation with HPMA copolymer-drug conjugates or controls.
For each treatment case, drug concentrations were varied to include data points ranging from
non-toxic to highly toxic. 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 nonlinear least-squares regression analysis and
calculation of 1Cgq values were performed using GraphPad Prism. Experiments were
performed in triplicate, with 3 samples analyzed per experiment.

2.8 In Vitro Combination Treatment and Combination Index Analysis

The combination treatments of AHGDM + DOC (free drug combination), p-AHGDM + p-
DOC (non-targeted conjugate combination), and p-AHGDM-RGDfK + p-DOC-RGDfK
(targeted conjugate combination) were evaluated against A2780 cells in vitro. Relative
viability as compared to untreated cells as determined by CCK-8 assay served as the primary
endpoint. For each combination treatment, various drug ratios of AHGDM/DOC
corresponding to 83% ICsg AHGDM + 17% ICsq DOC, 67% IC5yg AHGDM + 33% ICs
DOC, 50% ICs9g AHGDM + 50% IC5y DOC, 33% IC59 AHGDM + 67% ICs9 DOC, and
17% I1C59 AHGDM + 83% IC5y DOC were evaluated. Cells were treated in a “pulse chase”
manner via 4 h incubation with combination doses ranging from non-toxic to highly toxic.
Following treatment, cells were washed with PBS and incubation continued until terminal
assessment of cell viability. Drug effect was defined as (1-[% relative viability 10071]).
Combination index analysis was performed with CalcuSyn combination index software
(Biosoft, Inc.) based on the Chou-Talalay method.[871 Contour plots with drug ratio on the x-
axis, effect on the y-axis, and combination index on the z-axis were plotted for each
combination treatment using SigmaPlot 11.0 (Systat Software, Inc.). Experiments were
performed in triplicate, with 3 samples analyzed per experiment.
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2.9 Statistical Analysis

Differences in binding affinity and in vitro growth inhibition 1Csqg 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

All HPMA copolymer-drug conjugates were synthesized by free radical copolymerization
using AIBN as the initiator and physicochemical characteristics are given in Table 1.
Estimated molecular weights for all of the conjugates synthesized was maintained below 45
kDa to allow renal elimination in an in vivo setting[®8] and the feed compositions of drug
containing monomers for AHGDM and DOC conjugates were kept at 5.0 and 2.5 mol%,
respectively, to ensure aqueous solubility based on previous observations. The amount of
RGDfK peptide was also maintained at approximately 20 wt%, a level where previous
conjugates demonstrated sufficient active binding to a, B3 integrins and in vivo targeting
ability.[49. 50. 9. 701 The resulting conjugates had a wider molecular weight distribution, with
polydispersities ranging from 1.6 to 1.9.

For AHGDM conjugates, conjugation of RGDfK to the polymer backbone via the Gly-Gly
linker occurred post-polymerization via aminolysis of p-nitrophenol groups and non-targeted
conjugates were obtained following hydrolysis of the same. The method resulted in
copolymers with significant negative charge due to the presence of free carboxyl groups,
which potentially altered biodistribution and pharmacokinetics. However, this charge also
imparted significant water solubility to the conjugates. There was therefore a balance
between charge and solubility that was considered in the design of these conjugates, and
further studies will be required to optimize these parameters. Conjugation of RGDfK to
polymers containing DOC in the side chains, on the other hand, occurred via synthesis of the
comonomer MA-GG-RGDfK followed by copolymerization. This route for RGDfK
inclusion was preferred due to the potential for docetaxel to be released from the polymer
backbone during aminolysis. However, this method resulted in a slightly lower RGDfK
conversion rate of 67%, as compared to 82% obtained for AHGDM conjugates via
aminolysis, where conversion rate is defined as the percent incorporation achieved as
compared to the theoretical amount achievable based on the feed ratios used. This was most
likely due to solubility limitations of the MA-GG-RGDfK comonomer encountered during
copolymerization, but could also be due to differences in the reactivity ratios of the
comonomers. Control HPMA copolymers were also synthesized with similar
physicochemical characteristics to investigate the effect of drug conjugation on RGDfK
binding affinity and for use as controls in in vitro cytotoxicity studies.

3.2. Stability and drug release of AHGDM and DOC Conjugation with HPMA Copolymers

The stability of polymer-drug conjugates is of utmost concern, as it is critically important for
the conjugate to remain stable during systemic circulation. If drug release occurs
prematurely, safety can be compromised. Previously, we have reported that HPMA
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copolymer-drug conjugates utilizing the GFLG degradable spacer are cleaved in the
presence of the lysosomal enzyme cathepsin B.I%6] Drug release occurs for both amide
linked drugs like AHGDM and ester linked drugs like DOC. This mechanism of release
occurs within lysosomes and is responsible for drug release following cellular uptake. If
degradation of the active agent occurs prematurely, efficacy can be compromised. The
stability of AHGDM and DOC conjugates was therefore evaluated in two biologically
relevant media wherein drug release as a function of time was quantified by HPLC.

The release in phosphate buffered saline (PBS) pH 7.4 was first evaluated (Figure 2a). Very
minimal release was observed for AHGDM conjugates, with less than 2% released over a
period of 24 h. Drug conjugation, in this case, was performed between the amino end of
AHGDM and the carboxyl terminus of the GFLG degradable spacer, resulting in a stable
amide linkage (See Figure 1). More moderate drug release was observed for DOC
conjugates, with approximately 35% released over 24 h, with a consistent average release
rate (r2> 0.99 by linear regression) of approximately 1.4% per hr. In this case, drug
conjugation was performed between a hydroxyl group of DOC and the carboxy terminus of
the GFLG spacer, resulting in a less stable ester linkage that was more prone to hydrolysis38,
especially in basic, aqueous conditions. This elevated drug release was therefore most likely
the result of the slightly basic pH of the PBS, which facilitated hydrolysis over time.

Next, to better represent the stability of the conjugates during in vivo circulation, drug
release was assessed in 50% mouse plasma in PBS (Figure 2b). Although a similar trend
was observed with DOC conjugates demonstrating faster drug release than AHGDM
conjugates, the overall rates of release were increased for all. For AHGDM conjugates, the
average rate of release was approximately 0.6% per h and the average rate of release for
DOC conjugates was approximately 11% per h. While it is acknowledged that the DOC
conjugates show some instability, previous work[49: 50. 691 demonstrated that when using a
combination of HPMA copolymers below renal threshold and a3 integrin targeting,
accumulation of the conjugates in solid tumors occurs within a short time frame (1-2 h),
while the majority of the remainder of the dose was eliminated via renal excretion. Thus, we
anticipate that this level of instability will not have a major effect on either safety or
efficacy. Additionally, previous results demonstrated tolerability and efficacy of a3
integrin targeted HPMA copolymer-DOC conjugates in a human prostate cancer xenograft
mouse model.4°

In all stability studies, no significant differences in drug release were observed between non-
targeted conjugates and a, 3 targeted conjugates bearing the RGDfK peptide. Both the
RGDfK peptide and the remainder of the polymeric conjugate were relatively hydrophilic,
thus no significant changes in the polymer conformation was expected. Thus, it was
anticipated that access to the enzymatic cleavage site would remain similar, resulting in
similar release rates. Drug release studies were also performed in order to confirm that the
Cathepsin B based enzymatic cleavage of GFLG is intact for both targeted HPMA
copolymer conjugates. The in vitro release assay demonstrated an early burst release within
the first 15 min and a20.98 * 0.4% and 30.98 + 2.3% release of the p-AHGDM-RGDfK and
p-DOC-RGDfK within 3 hrs, respectively (Figure S5). These release rates are similar to
release rates previously reported.[7!]
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3.3 Competitive Binding Affinity of HPMA Copolymers to a3 Integrins

As previously discussed, the conjugation of targeting peptides to the side chains of HPMA
copolymers provided for potential increases in the therapeutic index for a given
chemotherapeutic, and therefore offered an opportunity to maximize efficacy while
minimizing toxicity. Inclusion of the RGD sequence directed binding to a3 integrins
expressed on the surface of angiogenic blood vessels in developing solid tumors. In previous
work, we demonstrated that inclusion of the cyclic RGDfK peptide in the side chains of
HPMA copolymer-drug conjugates facilitated binding to a3 integrins expressed on the
surface of human vascular endothelial cells (HUVECs).[49: 71 |t was also reported that
expression of a3 integrins occured in a variety of cancer cells including ovarian cancer
cells.l72] Therefore, our aim was to demonstrate that these targeted conjugates also had the
ability to bind ovarian cancer cells in addition to their already established ability to target
endothelial cells. A competitive binding assay was performed in which A2780 cells were co-
incubated with increasing concentrations of the conjugates and a fixed concentration of 123]-
radiolabel echistatin, a known binder for a3 integrins. When compared to the binding of
free RGDfK peptide, a measure of the relative binding affinity was calculated, which
corresponded to the degree in which the binding affinity of RGDfK was decreased following
conjugation.

All conjugates bearing RGDfK peptides demonstrated competitive binding to a,f3 integrins
(Figure 3). However, for AHGDM and DOC conjugates, relative binding affinity was
reduced from 2 uM for free RGDfK peptide to 62 UM and 46 pM, respectively, whereas the
control copolymer bearing RGDfK (p-RGDfK) showed only a marginal reduction to 10 uM
(Figure 3). This can possibly be explained due to potential differences in the hydrophobicity
of the conjugates, which in turn can impact their physical conformation while in solution.
Hydrophobic intramolecular interactions between drug molecules may cause the conjugates
to adopt a more compact conformation. This effect, coupled with the fact that these were
produced via random copolymerization, may result in the exclusion of RGD motifs from the
conjugate surface, thereby reducing binding affinity on an RGDfK molar basis. When drug
molecules are absent (as in the control copolymer p-RGDfK), the conjugate can retain a
more extended, random-coil form where the RGD motifs are more accessible for
interactions with a3 integrins, resulting in a lesser reduction in the binding affinity.
Incubation with non-targeted HPMA copolymer-drug conjugates was included in these
studies as negative controls. At equivalent polymer mass concentrations, all non-targeted
conjugates (without RGDfK peptides) demonstrated no evidence of competitive binding
(Figure 3). Therefore, competition with echistatin observed for a,f3 targeted conjugates was
due to the presence of RGDfK peptides.

3.4 Single Agent In Vitro Cytotoxicity

The ability of the conjugates to inhibit the growth of A2780 and OVCAR-3 human ovarian
cancer cells in vitro was evaluated using a WST-8 cell viability assay. The A2780 cell line
was established from tumor tissue of an untreated patient, whereas the OCVAR-3 cell line,
established from a previously treated patient, was resistant to clinically relevant
concentrations of adriamycin, melphalan, and cisplatin, and considered an appropriate model
in which to study drug resistance in ovarian cancer. Our results did not indicate overall
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trends in differences in the susceptibility of these cell lines to HPMA copolymer-drug
conjugates, or the free drugs AHGDM and DOC (Figure 4).

Results are summarized in Figure 4, and detailed results are provided in the Supporting
Information (Figures S3,54). DOC conjugates exhibited high potency with 1Cgq values
ranging from 1-4 nM (Figure 4). Although statistical differences were detected between
A2780 and OVCAR-3 cells treated with DOC and DOC conjugates, the differences were not
substantial with all IC5q values remaining in the single digit nM range. AHGDM conjugates
exhibited moderate potency with 1Cgq values ranging from 3—-7 pM. In this case, some
interesting differences were detected. For the case of the non-targeted conjugate p-AHGDM,
the potency was reduced in OVCAR-3 cells as compared to A2780 cells with ICsq values of
7.2 uM and 2.9 pM, respectively (p < 0.01). However, this potency was essentially regained
by inclusion of the RGDfK targeting peptide, with p-AHGDM-RGDfK exhibiting an 1Cs of
3.4 in OVCAR-3 cells as compared to p-AHGDM exhibiting an ICgg of 7.2 in OVCAR-3
cells (p < 0.05) (Figure 4). This difference may suggest a potential advantage in overcoming
drug resistance.

An interesting result was also observed, wherein free RGDfK peptide and control HPMA
copolymer-RGDfK demonstrated some potency with I1Csq values of 4-7 uM and 16-24 pM
in A2780 and OVCAR-3 cells, respectively. In vitro work with these systems in endothelial
cells and various prostate cancer cell lines did not demonstrate any potency at similar
concentrations.[49: 711 |t therefore appears that this effect is cell line dependent. It was
reported that a3 integrins can regulate cell proliferation in ovarian cancer cells through
activation of integrin-linked kinase (ILK),[3], which provides some explanation of these
results. However, at this stage the exact mechanism of action is unknown, and future work is
needed to elucidate how these RGD motifs are eliciting cytotoxicity.

3.5. In Vitro Combination Treatment and Combination Index Analysis

The use of multiple chemotherapeutic agents proved successful, with many first line
treatment strategies for an array of cancers relying on combination strategies. When two
drugs are used in combination, their overall effect can be antagonistic, additive, or
synergistic. Various methods exist for determining whether a combination treatment is
antagonistic, additive, or synergistic.[”4] The most commonly employed, however, is that
described by Chou and Talalay.[67] For a combination treatment of two drugs, this method
requires evaluation of the effects of each drug when used individually, as well as in
combination. The result is calculation of a combination index (CI) parameter. When CI is
between 1 and co (CI > 1), the combination treatment is antagonistic. When CI = 1, the
combination treatment is additive, and when CI is between 0 and 1 (CI < 1), the treatment is
synergistic. (Note that the absolute scales of antagonism and synergism are not equivalent.)

In the current study, combination index was evaluated as a function of drug ratio and effect.
Concentrations are reported as a percentage of ICgq to adjust for differences in potency
between compounds. The combination treatments of AHGDM + DOC (free drug
combination), p-AHGDM + p-DOC (non-targeted conjugates combination), and p-
AHGDM-RGDfK + p-DOC-RGDfK (targeted conjugates combination) were evaluated via a
cell viability assay. Combination treatment occurred for only 4 h in a “pulse chase” style,
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wherein parameters such as drug release kinetics and cellular uptake exhibit a more
profound effect on viability. For each combination treatment, various drug ratios of
AHGDM/DOC corresponding to 83% ICsg AHGDM + 17% ICsq DOC, 67% 1C59 AHGDM
+33% IC5q9 DOC, 50% IC5y AHGDM + 50% IC59 DOC, 33% IC59 AHGDM + 67% ICs
DOC, and 17% ICsqg AHGDM + 83% ICsq DOC were evaluated. For each drug ratio,
concentrations ranging from non-toxic to highly toxic were evaluated. Using this method,
we were able to determine how the combination index is affected by both drug ratio and
effect.

For the free drug combination (AHGDM + DOC), the combination index was approximately
equal to 1 over a majority of drug ratios and effects (Figure 5). Moderate antagonism (ClI =
1.2 — 1.4) was observed for the 50% IC5g AHGDM + 50% ICgy DOC drug ratio at effects
less than 0.5, and slight synergism (CI = 0.8) was observed for the 83% IC5g AHGDM +
17% ICgg DOC drug ratio at effects greater than 0.5. Overall, however, the free drug
combination resulted in additive effects.

For the combination treatment of non-targeted conjugates (p-AHGDM + p-DOC), moderate
antagonism (Cl = 1.2 — 1.4) was observed over a dose ratio ranging from 17% ICsgq
AHGDM + 83% IC5y DOC to 50% IC59 AHGDM + 50% ICsg DOC (Figure 5). This
antagonism was also observed over a wide range of effect levels. However, the area of
synergism was also increased as compared to the free drug combination, with slight
synergism observed at a dose ratio of 83% I1C5y AHGDM + 17% ICgsq DOC at effects
greater than 0.2.

The combination treatment with targeted conjugates (p-AHGDM-RGDfK + p-DOC-
RGDfK) exhibited more distinct positive results (Figure 5). Although the region of moderate
antagonism (Cl = 1.2 — 1.4) was still observed at the 17% IC5g AHGDM + 83% 1C5y DOC
drug ratio at effects below 0.5, a broad region of synergism was observed for drug ratios
ranging from 50% I1C5g AHGDM + 50% ICgq DOC to 83% IC59 AHGDM + 17% ICsgg
DOC at effect levels greater than 0.5. In particular, the drug ratio of 67% 1Csqg AHGDM +
33% IC5¢ DOC showed the highest level of synergism (Cl = 0.4) at effect levels above 0.9.
This can possibly be explained by the additional effects due to presence of the RGDfK
peptide, which was shown to elicit some inherent activity (Figure 4). Potential differences in
the uptake rate of the a3 targeted polymers due to their increased binding affinity for a3
integrins and possible differences in sub-cellular pharmacokinetics and distribution due to
variations in physicochemical properties of the RGDfK containing conjugates could also
play a potential role. It is also possible that differences in drug release from the conjugate
may play a role, as AHGDM conjugates were shown to be significantly more stable than
DOC conjugates (Figure 2). Further investigation is necessary to determine the exact
mechanism(s). It is also possible that saturation of a,f33 integrins could occur, as the
AHGDM and DOC conjugates are competing for the same target. Saturation is more likely
to occur in vitro, where high localized concentrations are present, and further investigation is
necessary to determine the combined effects of these systems in vivo. The moderate stability
of the DOC conjugates may present some potential problems when applied in an appropriate
in vivo experiment for synergism. However, previous studies have demonstrated that similar
moderately stable p-DOC-HPMA conjugates demonstrated a signficant anti-tumor effect
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when compared to free drug in a prostate tumor disease model.[4] Clearly, the
pharmacokinetic profiles of both p-AHGDM-RGDfK and p-DOC-RGDfK would have to be
determined in order to discover when the proper time of administration and dosage would be
in order to mimic the synergistic tumor cell concentrations demonstrated in this in vitro
study. The results observed here, however, are encouraging, especially given the fact that
synergism seems to be maximized at higher effect levels. Thus, use of such a combination
treatment can potentially induce toxicity in the vast majority of cells within a given tumor
mass, resulting in more efficacious therapy. These findings are also significant given the fact
that a large number of chemotherapy regimens consist of combination therapies. These
results demonstrate that new, effective combination therapies can potentially be obtained
through conjugation to targeted, water-soluble polymers such as HPMA, for drugs which do
not demonstrate synergism when administered as small molecular weight entities.

4. Conclusions

HPMA copolymer-RGDfK conjugates bearing either AHGDM or DOC were successfully
synthesized and characterized. These conjugates, which bear the RGDfK peptide,
demonstrated binding to a,f3 integrins expressed on the surface of human ovarian cancer
cells and were effective in inhibiting their growth. Moderate stability was observed for DOC
conjugates, wherein conjugation was via ester linkage, and high stability was observed for
AHGDM conjugates, wherein conjugation was via amide linkage. Combination index
analysis revealed regions of moderate antagonism and slight synergism for combination
treatments of free drugs (AHGDM + DOC) and non-targeted conjugates (p-AHGDM + p-
DOC). A broad region of synergism was observed for combination treatment of targeted
conjugates. The optimum drug ratio was determined to be 67% IC5yg AHGDM + 33% ICsx
DOC, with combination index values ranging from 0.4 — 0.6 observed at effect levels above
0.5. These results suggest the potential utility of these carriers in combination drug delivery
for the treatment of ovarian cancer.
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Nomenclature

17-AAG 17-(allylamino)-17-demethoxylgeldanamycin

ACN acetonitrile

AHGDM 17-(hexane-1, 6-diamine)-17-demethoxygeldanamycin
DM SO dimethyl sulfoxide

DOC docetaxel
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EDTA ethylenediaminetetraacetic acid
EPR enhanced permeability and retention
FPLC fast protein liquid chromatography
GFLG gly-phe-leu-gly
HPLC high performance liquid chromatography
HPMA N-(2-hydroxypropyl)methacrylamide
HSP90 heat shock protein 90 kDa
MTD maximum tolerated dose
ONp p-nitrophenol
PBS phosphate buffered saline
RGD arg-gly-asp
RGDfK cyclic arg-gly-asp-d-phe-lys
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Figure 1. Representative structure of ayB3 targeted HPM A copolymer-drug conjugates
Random copolymers are comprised of four functional monomers: 1) HPMA, which makes

up the primary backbone and increases hydrophilicity and aqueous solubility, 2) MA-
GFLG-X, where X is either aminohexylgeldanamycin or docetaxel bound to the lysosomally
degradable drug linker GFLG via an amide or ester linkage respectively, 3) MA-Tyr-
CONH,, a modified tyrosine to facilitate radiolabeling in future studies, and 4) MA-GG-
cRGDfK, which contains the cyclic peptide RGDfK which binds to a3 integrins expressed
on the surface of ovarian tumor cells and neovasculature.
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Figure 2. Stability of HPM A copolymer-drug conjugatesin PBS and serum
Release of free AHGDM and DOC from HPMA copolymer-drug conjugates as a function of

time was assessed in: a) PBS pH 7.4 and b) mouse serum:PBS [1:1]. Release rate was
significantly higher for HPMA copolymer-DOC conjugates. Data expressed as mean + SD
of three independent experiments, with 3 samples per experiment.
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Figure 3. Competitive binding assay of HPM A copolymer conjugatesto cell surface a,f3

integrins of A2780 human ovarian cancer cells

All a, B3 targeted conjugates demonstrated the ability to bind a3 integrins and all non-
targeted conjugates showed no evidence of competitive binding. The relative binding
affinity of RGDfK was decreased following conjugation to HPMA copolymers, with drug
containing (AHGDM and DOC) copolymers showing a greater reduction in binding affinity
as compared to control HPMA copolymers (no drug). Data expressed as mean + SD of three

independent experiments, with 3 samples per experiment.
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Figure4. In vitro growth inhibition | Csg values of HPM A copolymer conjugates
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The ability of HPMA copolymer conjugates to inhibit the growth of A2780 and OVCAR-3
human ovarian cancer cells was evaluated in vitro. DOC conjugates exhibited high potency
with ICsq values ranging from 1-4 nM, whereas AHGDM conjugates exhibited moderate
potency with 1Cgq values ranging from 3-7 pM. Free RGDfK peptide and control HPMA
copolymer-RGDfK demonstrated some potency with 1Csq values of 4-7 uM and 16-24 yM

respectively. Data expressed as mean = SD of three independent experiments, with 3

samples per experiment.
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Figure5. In vitro combination index analysis
The combination index (z-axis) was evaluated as a function of drug ratio (x-axis) and effect

(y-axis). Three combination treatments were evaluated: 1) Free drug combination (AHGDM
+ DOC), 2) Non-targeted conjugates combination (p-AHGDM + p-DOC), and 3) a,f3
targeted conjugates combination (p-AHGDM-RGDfK + p-DOC-RGDfK). Various (5) drug
ratios were evaluated and effect was defined as (1- [% relative viability / 100]). Combination
treatment with a3 targeted conjugates demonstrated marked synergism at drug ratios
ranging from 50% 1C59 AHGDM + 50% ICgq DOC to 83% I1C59 AHGDM + 16% ICsq
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DOC at effect levels above 0.5. A combination treatment of a3 targeted conjugates at the
optimum drug ratio of 67% IC5g AHGDM + 33% IC5y DOC demonstrated significantly
higher synergism as compared to combinations of either non-targeted conjugates or free
drugs. Data expressed as mean + SD of three independent experiments, with 3 samples per
experiment.
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