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’ INTRODUCTION

Breast cancer almost invariably metastasizes to bones in
patients with advanced disease.1,2 These bone metastases are
responsible formuch of the disablingmorbidity (pain, pathological
fractures, hypercalcemia) and mortality.2 The taxane paclitaxel
(PTX), which interferes with microtubule breakdown during cell
division, is a known potent cytotoxic agent approved as first line
of therapy for metastatic breast cancer.3�7 Also, it has become
evident that ultralow (e.g., picomolar) concentrations of PTX
can selectively inhibit endothelial functions relevant to
angiogenesis.8,9 Despite the strong anticancer and antiangiogenic
activity, PTX exhibits serious dose-limiting toxicities due to non-
specific biodistribution of the drug in both tumors and normal
tissues. In addition, PTX is water-insoluble and, therefore, it is
formulated in Cremophor EL vehicle, which causes severe
allergic, hypersensitivity, and anaphylactic reactions.10 Progression
to a PTX-resistant phenotype is also seen in the majority of
patients following initial response to treatment.4,7,11,12 To address
these problems, a variety of formulations and delivery systems are
being investigated to increase the availability at the tumor site
and maximize the therapeutic efficacy while minimizing the side
effects of PTX.13�15 During the past decade, tremendous efforts

have been invested in drug targeting using various delivery
systems. These nanoscaled delivery systems include polymers,
micelles, dendrimers and liposomes. Drug conjugation with
polymers is one of the most promising and investigated approaches
for cancer therapy.16�21 Drug conjugation with water-soluble
polymers restricts their passage through the blood brain barrier,
protects the drugs from degradation and inactivation, increases
their accumulation at the tumor site, and thus decreases side
effects. Polymer�drug conjugates injected systemically accu-
mulate in tumor tissues by escaping through the abnormally
leaky tumor blood vessels, a phenomenon known as the enhanced
permeability and retention (EPR) effect.22 In addition to such
passive targeting of polymer�drug conjugates, active targeting
can be combined by introducing a recognition specific moiety.
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ABSTRACT: Polymer therapeutics have shown promise as
tumor-targeted drug delivery systems in mice. Themultivalency
of polymers allows the attachment of different functional agents
to a polymeric backbone, including chemotherapeutic and anti-
angiogenic drugs, as well as targeting moieties, such as the bone-
targeting agent alendronate (ALN). We previously reported the
conjugation of ALN and the chemotherapeutic drug paclitaxel
(PTX) with N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer. The in vitro physicochemical properties, cancer cytotoxicity and antiangiogenic activity of HPMA copoly-
mer�PTX�ALN conjugate were extensively characterized. The reported results warranted in vivo evaluations of the conjugate.
In this manuscript, we evaluated the in vivo anticancer and antiangiogenic activity of HPMA copolymer�PTX�ALN conjugate. The
conjugate exhibited an antiangiogenic effect by decreasing microvessel density (MVD), and inducing apoptotic circulating
endothelial cells (CEC) following treatment of the mice. Using intravital imaging system and mCherry-labeled breast cancer cell
lines, we were able to monitor noninvasively the progression of orthotopic metastatic tumors injected into the tibia of the mice.
HPMA copolymer�PTX�ALN conjugate showed the greatest antitumor efficacy on mCherry-labeled 4T1 mammary adeno-
carcinoma inoculated into the tibia, as compared with PTX alone or in combination with ALN. Treatment with the bone-targeted
polymeric conjugate demonstrated improved efficacy, was better tolerated, and was more easily administered intravenously than the
clinically used PTX formulated in Cremophor/ethanol.
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This dual targeting should provide better and more efficient
tissue specific accumulation of the drug. Alendronate (ALN), an
aminobisphosphonate, is commonly used for prevention and
treatment of osteoporosis, bone metastases and myelomatous
bone disease. ALN possesses high binding affinity to the bone
mineral hydroxyapatite (HA), and therefore it can be used also as
a bone-targeting moiety.23�25

We previously reported the synthesis of a polymer conjugate
composed of PTX and ALN.26 Both drugs were conjugated
withN-(2-hydroxypropyl)methacrylamide (HPMA) copolymer.
ALN facilitates the delivery of PTX to the bones, and the con-
jugation with a polymer provides targeting to tumor tissue within
the bones. PTX and ALN were both conjugated with HPMA
copolymer through the tetreapeptideGly-Phe-Leu-Gly (GFLG)-
ONp. In addition, PTX was conjugated through a consecutive
linker, Phe-Lys-p-aminobenzyl carbonate (FK-PABC). This
dipeptide�PABC linker provides a stable conjugation chemistry
of PTX with HPMA copolymer by the carbonate linkage. Both
GFLG and FK linkers are cleaved by the lysosomal enzyme
cathepsin B, an overexpressed and secreted enzyme in tumor
endothelial and epithelial cells.27�30 The resulting conjugate is
water-soluble and, therefore, can be administered in aqueous
solution as opposed to free PTX. This advantage abrogates the
need for the solubilizing toxic agent Cremophor EL. The
physicochemical properties of HPMA copolymer�PTX�ALN
conjugate were previously characterized extensively in vitro.26

The hydrodynamic diameter of the nanoscaled HPMA copolymer�
PTX�ALN conjugate was∼100 nm. HPMA copolymer�PTX�
ALN conjugate was efficiently cleaved by cathepsin B and
released free PTX. Our nanoscaled conjugate was shown to bind
to HA, a model mineral mimicking bone tissue. The conjugate
inhibited the proliferation of PC3 human prostate adenocarci-
noma cell line, demonstrating that the conjugation with HPMA
copolymer did not impair the cytotoxicity of PTX. Furthermore,
HPMA copolymer�PTX�ALN conjugate demonstrated antian-
giogenic activity by inhibiting the capillary-like tube formation,
migration and proliferation of endothelial cells.

In this current study, we evaluated the antiangiogenic, antic-
ancer and safety profiles of HPMA copolymer�PTX�ALN
conjugate in vitro and in vivo on a murine syngeneic model of
mammary adenocarcinoma.

’EXPERIMENTAL SECTION

Materials. HPMA copolymer�Gly-Phe-Leu-Gly-ONp in
corporating 10 mol % of the methacryloyl-Gly-Phe-Leu-Gly-p-
nitrophenol ester monomer units was obtained from Polymer
Laboratories (Church Stretton, U.K.). The HPMA copolymer�
GFLG-ONp has a molecular weight of 31,600 Da and a poly-
dispersity of 1.66. PTX and ALN were purchased from Alcon
Biosciences Ltd. (Mumbai, India; Petrus Chemicals and Materials
Ltd., Herzliya, Israel). Dulbecco’s modified Eagle’s medium
(DMEM), RPMI 1640, fetal bovine serum (FBS), penicillin,
streptomycin, nystatin, L-glutamine, Hepes buffer, sodium pyru-
vate, and fibronectin were from Biological Industries Ltd.
(Kibbutz Beit Haemek, Israel). EGM-2 medium was from
Cambrex (Walkersville, MD, USA). Matrigel matrix was from
BD Biosciences, U.S.A. Antifade mounting medium was from
Biomeda Corp. (Foster City, CA, USA). Peroxidase block was
purchased from Merck, Germany. Primary rat anti-murine
CD34 antibody (MEC 14.7) was from Abcam, (Cambridge,
MA, USA). Rabbit anti-rat antibody, anti-rabbit horseradish

peroxidase-conjugated antibody (ABC detection kit) and Im-
mPACT DAB diluent kit were from Vector Laboratories
(Burlingame, CA, USA). pEGFPLuc plasmid was from Clon-
tech (Mountain View, CA, USA). Nuclear staining was from
Procount, BD Pharmingen (San Jose, CA, USA). 7-Aminoacti-
nomycin D (7AAD) was from Chemicon (Billerica, MA, USA).
Dextran (MW ∼70000) and all other chemical reagents, includ-
ing salts and solvents, were purchased from Sigma-Aldrich
(Rehovot, Israel). All reactions requiring anhydrous conditions
were performed under an Ar or N2 atmosphere. Chemicals and
solvents were either AR grade or purified by standard techniques.
Synthesis of HPMA Copolymer�PTX�ALN Conjugates.

The conjugation of PTX with HPMA copolymer was performed
as previously described.26 Briefly, PTX was first attached with the
FK-PABC linker and then was conjugated to HPMA copolymer�
GFLG-ONp. L-Boc-Phe-ONp was conjugated to L-Lys(alloc)-
OH. Amidation with 4-aminobenzyl alcohol (PABA) was then
followed with activation with p-nitrophenol, which was then
reacted with PTX. Deprotection of the Boc group afforded the
free amine, which was then conjugated with HPMA copolymer�
GFLG-ONp. Then amidation of HPMA copolymer�GFLG-
PTX-FK was performed with an excess of ALN. Finally, depro-
tection of the alloc group of the amine residue of Lys affords the
desiredHPMA copolymer�PTX�ALN.Drug loading and hydro-
dynamic diameter were determined as previously described.26

Red Blood Cells Lysis Assay. Red blood cell (RBC) lysis was
performed as previously described.31 Briefly, 2% w/w rat RBC
solution was incubated with serial dilutions of HPMA copoly-
mer�PTX�ALN conjugate, combination of free PTX plus ALN
at equivalent concentrations, HPMA copolymer and PTX�
vehicle (1:1:8 ethanol:Cremophor EL:saline) for 1 h at 37 �C.
Negative controls were PBS and dextran (MW ∼70000), while
positive controls were 1% w/v solution of Triton X-100 (100%
lysis) and polyethyleneimine (PEI). Following centrifugation,
the supernatant was drawn off and its absorbance measured at
550 nm using amicroplate reader (Genios, TECAN). The results
were expressed as percentage of hemoglobin released relative to
the positive control (Triton X-100).
Cell Culture.MDA-MB-231 humanmammary adenocarcinoma

cell line and 4T1 murine mammary adenocancinoma cell line
were purchased from the American Type Culture Collection
(ATCC). MDA-MB-231 cells were cultured in DMEM supple-
mented with 10% FBS, 100 μg/mL penicillin, 100 U/mL
streptomycin, 12.5 U/mL nystatin and 2 mM L-glutamine. 4T1
cells were cultured in RPMI 1640 supplemented with 10% FBS,
100 μg/mL penicillin, 100 U/mL streptomycin, 12.5 U/mL
nystatin and 2 mM L-glutamine, 10 mMHepes buffer, and 1 mM
sodium pyruvate. Cells were grown at 37 �C; 5% CO2.
Generation of mCherry-Infected 4T1 Murine Mammary

Adenocarcinoma Cell Line. mCherry was subcloned from
pART7-mCherry (kindly provided by A. Avni from Tel Aviv
University), into pQCXIP (Clontech). Human embryonic kid-
ney 293T (HEK 293T) cells were cotransfected with pQC-
mCherry and the compatible packaging plasmids (pMD.G.
VSVG and pGag-pol.gpt). Forty-eight hours following transfec-
tion, the pQC-mCherry retroviral particles containing super-
natant were collected. 4T1 murine mammary adenocarcinoma
cells were infected with the retroviral particle media, and 48 h
following the infection, mCherry positive cells were selected by
puromycin resistance.
Cell Viability Assay. 4T1 andMDA-MB-231 cells were plated

onto a 96 well plate (5 � 103 cells/well) in RPMI 1640, or
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DMEM supplemented with 5% FBS and incubated for 24 h
(37 �C; 5% CO2). Following 24 h of incubation, medium was
replaced with RPMI 1640 or DMEM containing 10% FBS. Cells
were challenged with the combination of free PTX plus ALN,
each drug alone, and HPMA copolymer�PTX�ALN conjugate
at serial concentrations for 72 h. Cell viability was measured by
Thiazolyl Blue TetrazoliumBlue (MTT) (Sigma-Aldrich, Israel).
A 30 μL solution of 2 mg/mL MTT was added to wells
containing cells that were grown at 100 μL of medium for 5 h
incubation at 37 �C; 5%CO2. Following incubation, mediumwas
replaced with dimethyl sulfoxide (DMSO) until blue color was
developed. Viability was measured spectrophotometrically at
560 nm.
Ethics Statement. All animal procedures were performed in

compliance with Tel Aviv University, Sackler School of Medicine
guidelines and protocols approved by the Institutional Animal
Care and Use Committee.
In Vivo Safety Profile. The safety profile of HPMA copoly-

mer�PTX�ALN conjugate was carried out in vivo on female
Balb/c mice with a low metronomic (antiangiogenic) dosing
schedule. Balb/c mice were injected ip every day for up to 10
days, with the combination of free PTX (4 mg/kg) plus
ALN (2.5 mg/kg), each drug alone, HPMA copolymer�PTX�
ALN conjugate at equivalent PTX and ALN concentrations and
saline and PTX�vehicle, that were used as controls. Following
10 days of treatment, the dosing schedule was increased to 8mg/kg
PTX and 5 mg/kg ALN. On day 17, blood samples were
collected and WBC were counted. For the maximum tolerated
dose (MTD), severe combined immunodeficiency (SCID) mice
were injected 5 times every other day iv with the combination of
free PTX (15 mg/kg) plus ALN (9.5 mg/kg), free PTX, HPMA
copolymer�PTX�ALN conjugate at equivalent PTX and ALN
concentrations and saline, and PTX�vehicle. On day 13, blood
samples were collected and WBC were counted.
White Blood Cell (WBC) Counts. Blood was obtained from

anesthetized mice by retro-orbital sinus bleeding. Twenty four
hours after treatment, blood was collected in tubes containing
0.1 M EDTA to avoid clotting. Samples were counted no longer
than five minutes after blood was drawn from mice. Ten
microliters of blood samples was mixed with 90 μL of track
solution (1% acetic acid in DDW), and cells were counted by a
Z1Coulter particle counter (Beckman Coulter). Data is expressed
as mean ( SEM.
Evaluation of Antitumor Activity of HPMA Copolymer�

PTX�ALN Conjugate. Balb/c female mice were injected intra-
tibia with 4 � 105 mCherry-labeled 4T1 cells. Therapy was
initiated one day after tumor cell inoculation. For the treatments,
100 μL of free PTX (15 mg/kg), free ALN (9.5 mg/kg),
combination of free PTX plus ALN, PTX�vehicle, saline, or
HPMA copolymer�PTX�ALN conjugate was injected intra-
venously (iv) via the tail vain, every other day (n = 6 mice/
group). Tumor progression was monitored noninvasively by a
CRI Maestro intravital imaging system. At termination, tibias
were removed and analyzed. Data is expressed as mean ( SEM.
Immunohistochemistry. Tumor samples were fixed with 4%

paraformaldehyde, following decalcification in EDTA and paraffin
embedding by the standard procedure. Immunohistochemistry
of tumor in the tibia was performed using 4 μm thick formalin-
fixed, paraffin-embedded tissue sections. Paraffin sections were
deparaffinized, rehydrated, and stained by hematoxylin and eosin
(H&E). For Caspase 3, PCNA, and CD34 staining, slides were
deparaffinized and pretreated with 10 mM citrate, pH 6.0 for 20

min in a steam pressure cooker (Decloaking Chamber, BioCare
Medical, Walnut Creek, CA, USA). All further steps were
performed at RT in a hydrated chamber. Slides were covered
with peroxidase block (Merck, Germany) for 10 min to quench
endogenous peroxidase activity, followed by incubation with 2%
of horse serum in 50 mM Tris-HCl, pH 7.4, for 30 min to block
nonspecific binding sites. Primary rat anti-murine CD34 anti-
body (MEC 14.7 1:50 dilution; Abcam, Cambridge, MA, USA),
rabbit anti-murine caspase 3 antibody (C-9661S 1:200 dilution;
Cell Signaling), and biotin anti-murine PCNA (PC-10 1:1000
dilution, Biolegend) were applied in 1% rabbit serum albumin in
Tris-HCl, pH 7.4 at 4 �Covernight. Slides were washed in 50mM
TrisHCl, pH 7.4, and rabbit anti-rat antibody (1:750 dilution;
Vector Laboratories, CA, USA) was applied for 30 min. Follow-
ing further washing, immunoperoxidase staining was developed
using HistoMark TrueBlue peroxidase system (KPL, USA) per
the manufacturer's instructions and counterstained with safranin.
For biotinylated PCNA antibody, color development was done
using Vectastain Elite ABC Kit (Vector Laboratories) and Sigma
Fast Kit (Sigma-Aldrich) with counterstaining by Mayer hema-
toxylin. Microvessel density (MVD) was calculated as previously
described.32

Measurement of Circulating Endothelial Cells (CEC) by
FlowCytometry.Blood was obtained from anesthetizedmice by
retro-orbital sinus bleeding. CEC were quantitated using flow
cytometry, as described previously.33 Briefly, 24 h after treat-
ment, blood was collected in tubes containing EDTA to avoid
clotting. Monoclonal antibodies were used to detect CEC
population with the following antigenic phenotypes: CD13þ/
VEGFR2þ/CD45�/dim. Nuclear staining was used in some
experiments to exclude platelets or cellular debris. 7-Amino-
actinomycin D (7AAD) was used to distinguish apoptotic and
dead cells from viable cells. After red cell lysis, cell suspensions
were analyzed and at least 200,000 cells per sample were
acquired. Analyses were considered informative when an adequate
number of events (i.e., >50, typically 50 �150) was collected in
the CEC enumeration gate in untreated control animals. Per-
centages of stained cells were determined and compared with
appropriate negative controls. Positive staining was defined as
being greater than nonspecific background staining. Flow cyto-
metry studies were performed on a Cyan ADP flow cytometer
(Beckman Coulter) and analyzed with Summit (Beckman
Coulter) software. All monoclonal antibodies were purchased
from BD Biosciences and used for flow cytometry analysis in
accordance with the manufacturer’s protocols. Data is expressed
as mean ( SEM.
Statistical Methods. In vitro data from proliferation assays on

4T1 and MDA-MB-231 cells is expressed as mean ( standard
deviation (SD). In vivo data of antitumor activity is expressed as
mean ( SEM. Statistical significance was determined using an
unpaired t-test. P < 0.05 was considered statistically significant.
All statistical tests were two-sided.

’RESULTS

Synthesis and Characterization of HPMA Copolymer�
PTX�ALN Conjugate. The chemical structure of HPMA
copolymer�PTX�ALN conjugate is presented in Scheme 1.
Batches of conjugate synthesized for this study revealed similar
physicochemical properties as reported for previous batches.26

The resulting conjugate was water-soluble, its hydrodynamic
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diameter in aqueous solution was ∼100 nm, and PTX and ALN
loading were 4 and 2.5 mol %, respectively.
HPMA Copolymer�PTX�ALN Conjugate Inhibits the Pro-

liferation of the Human MDA-MB-231 and Murine 4T1
Mammary Adenocarcinoma Cancer Cell Lines. HPMA co-
polymer�PTX�ALN conjugate cytotoxicity was demonstrated
previously on the human PC3 prostate adenocarcinoma cell
line.26 Aiming to be used as breast cancer bone metastasis
inhibitor, the effect of HPMA copolymer�PTX�ALN con-
jugate on breast cancer cell lines was evaluated. HPMA co-
polymer�PTX�ALN conjugate exhibited cytotoxic effects on
both 4T1 (Figure 1A) and MDA-MB-231 (Figure 1B) cell lines
with an IC50 of ∼200 nM. HPMA copolymer served as control
and was nontoxic at all the concentrations tested. ALN alone was
nontoxic at all concentrations tested. IC50 for free PTX and
combination of free PTX plus ALN was ∼10 nM for both 4T1
andMDA-MB-231 cell lines. It should be noted that the addition
of equivalent concentrations of ALN in combination with PTX
had no benefit over PTX alone in inhibiting 4T1 and MDA-MB-
231cell growth.
HPMA Copolymer�PTX�ALN Conjugate Is Hemocompa-

tible. The hemocompatibility of HPMA copolymer�PTX�ALN
conjugate was evaluated ex vivo. Rat RBC were incubated with the

different compounds, and the lysis assay was performed. The
results clearly show that HPMA copolymer�PTX�ALN con-
jugate is not hemolytic ex vivo at concentrations up to 5 mg/mL
(the estimated blood concentration following in vivo administra-
tions is about 0.5 mg/mL). PEI, which served as control, caused
80% hemolysis. The cytotoxicity of PTX�vehicle that contains
Cremophor EL (1:1:8 ethanol:Cremophor EL:saline) is known
on normal nonproliferating cells,34 and indeed, a slight RBC
hemolysis of∼8% was observed in RBC incubated with PTX�ve-
hicle. A slight hemolysis was also observed in RBC incubated with
the combination of free PTX plus ALN at the highest concentra-
tion of 5 mg/mL (Figure 2).
In vivo Safety Profile. The safety profile of HPMA copoly-

mer�PTX�ALN conjugate was carried out in vivo on female
Balb/c and SCID mice with low metronomic (antiangiogenic)
dosing or at MTD schedules, respectively. Low metronomic,
antiangiogenic dosing schedule can indicate the long-term effect
of the conjugate and the free drugs in vivo. Balb/c mice were
injected every day for up to 10 days, with the different com-
pounds. As expected, no significant body weight loss occurred
during that period. Following 10 days of treatment, the dosing
schedule was doubled. Body weight gradually started to decrease
in mice treated with PTX in combination with ALN and reached

Scheme 1. Chemical Structure of HPMA Copolymer�PTX�ALN Conjugate and Cleavage Mechanism of PTX and ALN by
Cathepsin B
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∼5% loss. Treatment with HPMA copolymer�PTX�ALN
conjugate did not cause body weight loss (Figure 3A). On day
17, blood samples were collected and WBC were counted. Mice
treated with HPMA copolymer�PTX�ALN conjugate had
normal levels of WBC, whereas mice treated with PTX alone,
PTX in combination with ALN, and PTX�vehicle (1:1:8
ethanol:Cremophor EL:saline) exhibited a significant decrease
in WBC counts (Figure 3B). Furthermore, motor coordination
and balance performance were not affected in mice treated with
the conjugate, indicating that the conjugate is not neurotoxic

(data not shown). For the MTD schedule, SCID mice were
injected with the different compounds. On day 12, a significant
body weight loss was recorded in mice treated with free PTX plus
ALN, reaching 17% decrease. Body weight was recovered quickly
after treatment withdrawal.Mice treated with equivalent concentra-
tions of HPMA copolymer�PTX�ALN conjugate did not
lose weight (Figure 3C). Blood samples collected on day 13
were evaluated forWBC counts and were at normal range inmice
treated with HPMA copolymer�PTX�ALN conjugate. Mice
treated with PTX alone had a significant decrease inWBC counts
(Figure 3D).
Evaluation of Antitumor Efficacy and Toxicity Profile of

HPMA Copolymer�PTX�ALN Conjugate in Mice Bearing
4T1-mCherry Murine Mammary Adenocarcinoma in the
Tibia. We previously showed improved antitumor effect of
HPMA copolymer�PTX�ALN conjugate administered at low
metronomic (antiangiogenic) dosing schedule on the PTX-
resistant DA3 murine mammary adenocarcinoma in bones.35

We next evaluated its effect at the MTD schedule of PTX. Using
mCherry-labeled 4T1 murine mammary adenocarcinomas and
intravital fluorescence imaging system we could monitor non-
invasively tumor growth in tibias. Balb/c female mice were
treated iv with the different compounds at MTD schedule.
Although tumor progression was not halted, it was significantly
inhibited in mice treated with free PTX, the combination of free
PTX plus ALN, and with HPMA copolymer�PTX�ALN con-
jugate, as compared to control-treated mice. The superiority of
our HPMA copolymer�PTX�ALN conjugate over the combi-
nation of free PTX plus ALN became evident when injected
in vivo. On day 15, when mice were euthanized, HPMA co-
polymer�PTX�ALN conjugate inhibited tumor growth by
60% (compared with mice treated with saline), whereas combi-
nation of free ALN plus PTX resulted in tumor growth inhibi-
tion of 37% (compared with mice treated with PTX�vehicle)
(Figures 4A and 4B).
Toxicities were assessed by analyzing effects on animal behavior,

body weight change, and WBC counts. In all these parameters

Figure 1. HPMA copolymer�PTX�ALN conjugate inhibits the proliferation of murine 4T1 and human MDA-MB-231 mammary adenocarcinoma
cancer cell lines. 4T1 (A) and MDA-MB-231 (B) cells were incubated with the combination of free PTX plus ALN (open squares), free PTX (closed
circles), free ALN (closed triangles), HPMA copolymer�PTX�ALN conjugate (closed squares), and with HPMA copolymer (open diamonds) for
72 h. Data represents mean ( SD. The X-axis is presented at a logarithmic scale.

Figure 2. HPMAcopolymer�PTX�ALNconjugate is hemocompatible.
Rat RBC were incubated for 1 h with HPMA copolymer�PTX�ALN
conjugate (closed squares), the combination of free PTX plus ALN at
equivalent concentrations (open squares), PEI (open circles), PTX�
vehicle (closed diamonds), and HPMA copolymer (open diamonds).
Results are presented as % of hemoglobin released produced by
the different compounds relative to positive control (Triton X-100).
Data represents mean ( SD. Due to similar values, some symbols
overlap.
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there was no significant toxicity observed in mice treated with the
conjugate (Figures 4C and 4D). WBC counts in mice treated
with HPMA copolymer�PTX�ALN conjugate, the combina-
tion of free PTX plus ALN, or PTX�vehicle were at the normal
range and similar to those of control mice injected with saline.
Only mice treated with PTX exhibited significant reduction in
WBC counts (Figure 4D).
Representative histologic sections of H&E staining through

the proximal tibial metaphysis demonstrate that, in control and in
mice treated with free PTX or ALN, tumor filled the bone
marrow space and destroyed both trabecular and cortical bone.
In contrast, most of the HPMA copolymer�PTX�ALN treated
mice had intact cortical and trabecular bone (Figure 5A).
On immunohistochemical analysis of paraffin-embedded sec-

tions, no change in stained proliferating cell nuclear antigen
(PCNA) was recorded in all treatments (Figure 5B). The degree

of apoptosis, assessed by staining of cleaved caspase-3, was
increased by ∼3- and ∼3.5-fold in mice treated with HPMA
copolymer�PTX�ALN conjugate and the combination of free
PTX plus ALN, respectively (Figure 5C). CD34 Staining showed
∼50% reduction in MVD in tumors of mice treated with HPMA
copolymer�PTX�ALN conjugate, the combination of free PTX
plus ALN, and each free drug, as compared with control mice
(Figure 5D).
HPMACopolymer�PTX�ALN Conjugate Increases Apop-

totic CEC Levels. Following the in vivo Miles vascular perme-
ability assay and our previous in vitro results demonstrating the
antiangiogenic activity of HPMA copolymer�PTX�ALN con-
jugate, we performed a CEC count analysis on the 4T1-mCherry
murine mammary adenocarcinoma in the tibia mouse model.
Circulating endothelial cells (CEC), usually apoptotic in healthy
subjects andmore viable in cancer patients, are likely to represent

Figure 3. HPMA copolymer�PTX�ALN conjugate is nontoxic at lowmetronomic (antiangiogenic) dosing or MTD schedules. (A) Balb/c mice were
administered ip, every day, for 10 days with low metronomic dosing schedule of 4 mg/kg PTX (closed circles), 2.5 mg/kg ALN (open triangles),
combination of free ALN plus PTX (open squares), HPMA copolymer�PTX�ALN conjugate at equivalent concentrations (closed squares), and saline
(closed triangles) or PTX�vehicle (open circles) that were used as controls. Following 10 days of treatment (arrow), the dosing schedule was increased
to 8mg/kg PTX and 5mg/kg ALN.Mice weremonitored every other day for body weight change (presented as % change from initial weight). (B)WBC
counts of blood samples collected on day 17 from Balb/c mice injected with low metronomic dosing schedule. (C) SCID mice were administered iv,
every other day (5 injections), with MTD schedule of 15 mg/kg PTX (closed circles), combination of free ALN plus PTX (open squares), HPMA
copolymer�PTX�ALN conjugate at equivalent concentrations (closed squares), and saline (closed triangles) or PTX�vehicle (open circles) that were
used as controls. Mice were monitored every other day for body weight change (presented as % change from initial weight). (D) WBC counts of blood
samples collected on day 13 from SCID mice injected with MTD schedule. Data represent mean( SEM of five mice per group. *P < 0.05, **P < 0.01. P
value of mice treated with HPMA copolymer�PTX�ALN conjugate was analyzed against saline control mice. P value of free PTX or combination of
free PTX plus ALN was analyzed against control mice treated with PTX�vehicle.
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an indirect marker of vessel damage and/or turnover and
remodeling.36�38 Using multiparametric flow cytometry, we ana-
lyzed the apoptotic and total number of endothelial cells circulat-
ing in the blood. Following all treatments, except the conjugate,
there was no significant difference in apoptotic CEC counts in the
blood. However, in mice treated with HPMA copolymer�
PTX�ALN conjugate there was a significant increase in apoptotic
CEC counts in the blood (Figure 6).

’DISCUSSION

Polymer therapeutics is one of the promising approaches to
treat cancer. Not only that conjugation of drugs with polymers
increases water-solubility, a renowned limitation associated with
many chemotherapeutic drugs such as PTX, it can also prolong
the circulation time, achieve controlled and sustained drug
release and improve tumor accumulation, thereby maximizing
the therapeutic index and minimizing nonspecific toxicity. Many
attempts were conducted to deliver PTX in a safer and more
convenient manner. However, only a few PTX-delivery systems

such as Opaxio (poly glutamic acid�PTX) and Abraxane (albumin-
bound paclitaxel) reached clinical trials or were approved by the
FDA. There aremany reasons that could be associatedwith failure of
polymer conjugates in advanced preclinical studies and in clinical
trials. Some of the limitations of the delivery systems could be
overcome at the initials steps of design and synthesis of the
conjugates. One such limitation could be associated with poor
stability. An example is HPMA copolymer�PTX (PNU166945),
in which PTX was attached to the HPMA copolymer through an
ester bond. The linker was unstable under physiological conditions
and underwent spontaneous hydrolysis from which PTX was
released prematurely, and therefore induced the commonly ob-
served toxicities of free PTX.15 To face this challenge, we conjugated
PTX with HPMA copolymer via a Phe-Lys-p-aminobenzyl carbo-
nate (FK-PABC) linker that provided stable conjugation chemistry
by the carbonate linkage and sustained release by cathepsin B. We
also combined conjugation of both PTX and ALN to the same
polymeric backbone. This dual targeting of PTXwith a polymer and
a bone targeting agent was designed to improve the pharmacokinetic
and biodistribution of PTX to specifically accumulate in tumor sites

Figure 4. HPMA copolymer�PTX�ALN conjugate inhibits 4T1-mCherry mammary adenocarcinoma in the tibia. Mice bearing 4T1-mCherry
mammary adenocarcinoma inoculated in the tibia were administered iv, every other day with 15 mg/kg PTX (closed circles), 9.5 mg/kg ALN (open
triangles), combination of free ALNplus PTX (open squares), HPMA copolymer�PTX�ALN conjugate at equivalent concentrations (closed squares),
and saline (closed triangles) or PTX�vehicle (open circles) that were used as controls. (A) Antitumor efficacy measured by intravital noninvasive
fluorescence imaging of 4T1-mCherry adenocarcinomas in the tibia. (B) Fluorescence images of 4T1-mCherry adenocarcinoma in the tibia. Scale bar
represents 15mm. (C) Body weight change (presented as % change from initial weight). (D)WBC counts from blood samples collected on day 11. Data
represent mean( SEMof six mice per group. *P < 0.05 value of mice treated withHPMA copolymer�PTX�ALN conjugate was analyzed against saline
control mice. *P < 0.05 value of free PTX or combination of free PTX plus ALN was analyzed against control mice treated with PTX�vehicle.
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within bones. Indeed, as reported previously, PTXwas released from
the conjugate solely by cathepsin B and HPMA copolymer�
PTX�ALN demonstrated fast binding to the bone mineral HA.26

In this study, we further evaluated the in vitro and in vivo perfor-
mances of HPMA copolymer�PTX�ALN conjugate. The in vitro
cytotoxicity study performed on both human MDA-MB-231 and
murine 4T1 adenocarcinoma of themammary cell lines showed that
PTX, when bound to HPMA copolymer, retained its cytotoxicity.
The fact that the conjugate is one log less toxic than free PTXmay be
attributed to the sustained release of PTX molecules from the
conjugate, that is mediated by cathepsin B. An alternative option is
that the polymer interfereswith PTX activity.However, based on the
results obtained from the in vivo experiments, showing enhanced
efficacy by the conjugate at equivalent concentrations, we speculate
that the sustained PTX release is likely the explanation. Ex vivo RBC
lysis assay demonstrated that no hemolytic activity is related to
HPMA copolymer�PTX�ALN conjugate at up to 5 mg/mL. In
contrast, the commercial vehicle for PTX that contains Cremophor
EL had significant hemolytic activity to RBC. Since no additive
hemolysis effect was recorded in RBC incubated with combination
of free PTX plus ALN, we speculate that it is probably caused by the
Cremophor EL vehicle in which these drugs were dissolved, rather
than the effect of the free drugs. In either case, conjugation of
PTX with HPMA copolymer eliminated the need for the toxic
Cremophor EL.

HPMA copolymer�PTX�ALN conjugate also demonstrated
improved safety profile in vivo. Mice treated with the conjugate at
low metronomic dosing schedule and MTD did not lose weight,
and their WBC levels were comparable with those of saline
treated mice. Interestingly, in both dosing schedules, only
treatment with the combination of free ALN plus PTX had a
significant effect, and caused body weight loss. WBC counts of
mice treated with the low metronomic dose of PTX, the
combination of free PTX plus ALN, and control of PTX�vehicle
were below the levels of saline-treated control mice. In this case,
PTX�vehicle decreasedWBC counts and the effect seen in PTX
and PTX plus ALN treatments might be due to PTX�vehicle
effect, rather than the free drugs. Differently, MTD of PTX
caused significant decrease in WBC levels, whereas treatment
with both PTX�vehicle and combination of free PTX plus ALN
had no effect over WBC counts. In these two assays different
strains of mice were used. Mice treated with low metronomic
dose were Balb/c, whereas mice treated with MTD were SCID,
and it is well-known that different species of mice respond
differently to treatments.39�42 We therefore conclude that,
whether the toxicity originated from the PTX�vehicle or from
the PTX treatment, conjugation of PTX with HPMA copolymer
eliminated the need for the toxic Cremophor, was soluble in
water, and did not cause a decrease in WBC at any of the dosing
schedules used.

Figure 5. H&E and immunohistochemistry analysis of 4T1-mCherry mammary adenocarcinoma in the tibia treated with HPMA copolymer�
PTX�ALN conjugate and the free drugs. (A) Representative histologic sections of 4T1-mCherry adenocarcinomas in the tibia. In control and in mice
treated with free PTX or ALN, most of the cancellous bone in the primary and secondary spongiosae has been replaced by tumor cells that almost
completely fill the bonemarrow cavity. The cortical bone has also been destroyed completely; tumor cells have spread through the cortical bone into the
surrounding soft tissues. In mice treated with HPMA copolymer�PTX�ALN conjugate cancer cells are present within the bone marrow cavity,
however, most of the cortical bone is preserved. Scale bar represents 20 μm. (B) Proliferation analysis, assessed by staining of PCNA (presented as % of
positive staining of treatment/control). (C) Apoptosis analysis assessed by staining of caspase 3 (presented as % of positive staining of treatment/
control), and (D)MVD assessed by vascular marker CD34 staining. *P < 0.05 value of mice treated with HPMA copolymer�PTX�ALN conjugate was
analyzed against saline control mice. *P < 0.05 value of free PTX or combination of free PTX plus ALN was analyzed against control mice treated with
PTX�vehicle.
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We previously reported the antiangiogenic properties of
HPMA copolymer�PTX�ALN conjugate in vitro26 and in vivo35

whenmice bearingPTX-resistantmCherry-DA3murinemammary
adenocarinoma in the tibia were treated with low metronomic
(antiangiogenic) dosing schedule of PTX. Treatment with the
conjugate inhibited tumor growth by 40%, while treatment with
the combination of free ALN plus PTX had no significant
antitumor effect. As one of the goals of polymer�drug conjugation
is to overcome drug resistance, in this mouse model, our HPMA
copolymer�PTX�ALN conjugate overcame PTX resistance of
DA3 cells.35

The antitumor efficacy of HPMA copolymer�PTX�ALN
conjugate in theMTD schedule was here evaluated onmice bearing
4T1-mCherry mammary adenocarcinoma in the tibia. The con-
jugate exhibited the highest antitumor activity compared with free
PTXorwith combination of free PTXplusALNat equivalent doses.

Immunohistochemistry analyses demonstrated significant
increased apoptosis in both groups of treatment with HPMA
copolymer�PTX�ALN conjugate or combination of free PTX
plus ALN. These results suggest that the combined action of PTX
and ALN in the absence of bone targeting for PTX is sufficient for
the apoptotic effect. Moreover, the results obtained from immu-
nohistochemistry of CD34 staining, showed similar significant
reduced MVD in each free drug, when combined, and when
conjugated with HPMA copolymer. From this data one can
conclude that the additive effect of the combined free drugs is
enough for antitumor effect with no benefit seen for bone
targeting of PTX by the ALN and polymer conjugation.
However, the superior tumor inhibition (Figures 5A, 5B) seen
by the conjugate suggests that targeting PTX to bones using a
polymer and ALN molecule is justified, and that it might be that
other factors responsible for apoptosis, proliferation or recruit-
ment of blood vessels, that were not analyzed in this study, are
involved. Moreover, reduced toxicity seen in Figures 5C and
5D definitely justifies the conjugation of both drugs with the
polymer.

An increase in apoptotic CEC levels was recorded in HPMA
copolymer�PTX�ALN-treated mice compared with control
mice. Increase in apoptotic CEC usually indicates destruction
of blood vessels. Therefore, we speculated that the increased
circulation time, which was mediated by conjugation with the
polymer, was the reason for the enhanced effect of the conjugate.

These findings, along with the inhibitory effect seen for
reduced MVD by the conjugate, support our hypothesis that
tumor growth inhibition of 4T1-mCherry mammary adenocar-
cinoma in the tibia was at least partly mediated by the antiangio-
genic activity of HPMA copolymer�PTX�ALN conjugate.

The improved efficacy and reduced toxicity achieved by the
conjugate is probably due to its improved pharmacokinetics that
results in selective accumulation at the tumor site. PTX is
released within hours, and this increases the exposure of tumor
cells to free PTX.

In summary, HPMA copolymer�PTX�ALN conjugate de-
monstrated improved antitumor and antiangiogenic activity.
Administration of the conjugate at both metronomic and high
doses is safe and nontoxic. Exploiting the multivalency of
polymers for targeting PTX to bones using ALN is novel and
may introduce improved pharmacokinetics of polymer conjugates
based on PTX.
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