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ABSTRACT: Epidermal growth factor receptor (EGFR) is
overexpressed in a variety of epithelial malignancies and thus
can be used for EGFR-targeted therapy to improve antitumor
efficacy. Therefore we synthesized a novel conjugate of
doxorubicin (DOX) with an EGFR-binding peptide (NH,-
CMYIEALDKYAC-COOH; EBP) via an ester bond at
position 14 of DOX through a glutarate spacer. To confirm
that the DOX—EBP conjugate is capable of targeting tumor
cells overexpressing EGFR, we compared the cellular accu-
mulation, intracellular distribution and in vitro cytotoxicity of
DOX—EBP and free DOX. After treating with equimolar
concentration of DOX—EBP or free DOX, the conjugate
accumulated at significantly higher levels in EGFR-overex-
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pressing cells than in non-EGFR-overexpressing cells, while the intracellular accumulation of free DOX was almost the same in all
the cells. However, the intracellular accumulation of DOX—EBP was significantly reduced in EGFR-overexpressing cells
preincubated with inhibitory anti-EGFR monoclonal antibody, demonstrating the involvement of EGFR pathway in the transport
of the conjugate. Confocal fluorescence microscopy reveals that the conjugate was distributed in cytoplasmic and perinuclear areas
during the first 30 min, whereas the free DOX was accumulated in both cytoplasm and nuclei. After 24 h, however, the DOX signal in
the cells treated with DOX—EBP was also distributed in the nuclei, suggesting the release of DOX from the conjugate and entry into
the nuclei. Biodistribution and in vivo antitumor experiments, together with in vitro cytotoxicity, indicate that the therapeutic
competence of DOX—EBP was due to its increased accumulation in EGFR-expressing tumor cells. Furthermore, the survival of
tumor-bearing mice treated with DOX—EBP was significantly higher than that with free DOX. These data demonstrate the
enhanced anticancer efficacy and reduced systemic toxicity of DOX—EBP conjugate with targeting ability to EGFR-overexpressing

tumor cells.
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B INTRODUCTION

Doxorubicin (DOX), an anthracycline antibiotic, has been
widely used in chemotherapy for treatment of leukemia, colon
cancer, breast cancer and many other types of cancer, and has
become one of the most commonly used anticancer drugs."” The
mechanism of DOX to kill tumor cells has mainly been related to
its intercalation into DNA and disruption of topoisomerase II
activity.” However, due to its lack of specific targeting to tumor
cells, DOX has shown a large-spread field of systemic toxicities in
healthy tissues.*® In particular, the extensive use of DOX in the
clinical setting may cause serious irreversible cardiac toxicity.”

In order to enhance the anticancer efficacy and to reduce the
systemic toxicity of DOX, a number of studies have used over-
expressed receptors on the surface of tumor cells as DOX target
sites and accordingly designed drug molecules or delivery
systems to distribute DOX to tumor cells.* '* The strategy
involves the conjugation of DOX with a target-specific vector,
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which disposes of a high cellular binding affinity to the targeted
site."'* For example, DOX was conjugated to a cyclic pentapep-
tide (CNGRC) via a hydrolyzable spacer to target CD13 on the
surface of the SK-UT-1 cells, and the DOX-CNGRC conjugate
was reported to alter the cellular uptake process of DOX."* AN-
152, a conjugate of DOX covalently linked with the luteinizing
hormone-releasing hormone (LHRH), was reported to bind
specifically to LHRH receptors and act as a chemotherapeutic
agent after internalization of the ligand—receptor complex into
cancer cells expressing LHRH,” and a phase II clinical study of
the conjugate was started in 2008."*

Epidermal growth factor receptor (EGFR) is an important
transmembrane receptor comprising an extracellular ligand-binding
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domain, a transmembrane domain and an intracellular domain
with tyrosine kinase activity."® Since EGFR is overexpressed or
abnormally activated in a number of malignancies and highly
related to proliferation, angiogenesis, invasion and metastasis of
tumor cells,'® it has been increasingly used as a potential target
for cancer therapeutics. Several EGFR targeting agents have been
developed as anticancer drugs, including (1) monoclonal anti-
bodies such as cetuximab and panitumumab, which target the
extracellular domain of the receptor and inhibit the ligand-
dependent EGFR signal transduction, and (2) small-molecule
inhibitors such as gefitinib and erlotinib, which target the
intracellular tyrosine kinase domain of EGFR."”"®

Epidermal growth factor (EGF) is one of the most important
EGEFR ligands with high binding ability and selectivity.'” The
structure of EGF molecule contains 3 loops which are held in
place by 3 disulfide bonds:***" loop A, Cys® and Cys*% loop B,
Cys'* and Cys®'; and loop C, Cys*® and Cys**. The B-loop is
implicated in EGFR binding,”* ** and the active region is
CMYIEALDKYAC, which may be used as a vector to conjugate
DOX to specifically target tumor cells expressing EGFR.

In this study, we synthesized the EGFR-binding peptide (EBP:
NH,-CMYIEALDKYAC-COOH) and conjugated it with DOX
via an ester bond at position 14 through a glutarate spacer. To
confirm the EGFR-targeted chemotherapy of DOX—EBP con-
jugate, we tested the intracellular accumulation levels of the
conjugate in tumor cells with different EGFR expression levels
and investigated the cellular entry pathway of DOX—EBP
conjugate by blocking EGFR function using an anti-EGFR mon-
oclonal antibody. We also compared the cytotoxicity of the
conjugate and free DOX in tumor cells in vitro as well as their
distribution and antitumor effect in vivo.

B MATERIALS AND METHODS

Chemicals and Reagents. Doxorubicin hydrochloride (DOX
HCI) salt, daunorubicin hydrochloride (internal standard), glu-
taric anhydride, piperidine and 1-hydroxybenzotriazole were
from Sigma-Aldrich (St. Louis, MO, USA). Trifluoroacetic acid
(TFA) was obtained from Rhodia (France). N-(9-Fluorenyl-
methoxycarbonyloxy) succinimide (Fmoc-OSu), benzotriazol-
1-yloxytris(dimethylamino)phosphonium  hexafluoropho-
sphate (BOP), N,N-dimethylformamide (DMF) and N,N-diiso-
propylethylamine (DIPEA) were purchased from GL Biochem
(Shanghai, China).

Tumor Cell Lines. Human colon cancer cell line SW480,
human gastric cancer cell line SGC-7901, human breast cancer
cell line MCF-7, and murine melanoma cell line B16 were
obtained from China Center for Type Culture Collection
(CCTCC, Wuhan, China). The cells were cultured in RPMI-
1640 medium (Gibco BRL, GrandIsland, NY) containing 10%
fetal bovine serum (Hyclone, Logan, UT), 10° U/L penicillin
and 100 mg/L streptomycin at 37 °C.

Synthesis of DOX—Peptide Conjugate. The Fmoc pro-
tected EBP (Fmoc-NH-CMYIEALDKYAC-COOH) was syn-
thesized via solid phase methodology using Rink Amide methyl-
benzhydrylamine (MBHA) resin and Fmoc strategy. The synthe-
sized peptide was purified using reversed phase high performance
liquid chromatograghy (RP-HPLC) on a preparative C,g column
after TFA cleavage.”® The DOX—peptide conjugate was synthe-
sized essentially as described by Nagy et al. (1996) using EBP as
the peptide.*” Briefly, to a solution of DOX HCl in DMF, Fmoc-
OSu and DIPEA were added, and the reaction mixture was

stirred at room temperature for 3 h. The resulting N-Fmoc-DOX
crystals were collected by filtration and washed with cold diethyl
ether, and then placed with glutaric anhydride to a round-
bottomed flask containing DMF and DIPEA. The mixture was
stirred at room temperature for 10 h. After removal of the
solvent, the residue was taken up by dichloromethane and
washed with water and brine. The obtained N-Fmoc-DOX-14-
O-hemiglutarate was dissolved in Fmoc-NH-CMYIEALD-
KYAC-COOH solution in DMF. BOP reagent, 1-hydroxyben-
zotriazole and DIPEA were then added and stirred for 1 h. The
solvent was removed, and the residual oil was treated with ethyl
acetate. The resulting solid was dissolved in DMF, and piperidine
was added to remove the protecting groups. The DOX—peptide
product was purified by RP-HPLC on a C;g column and
lyophilized.”® Purity of the product was determined by HPLC
analysis as described below. The product was confirmed by ele-
ctrospray mass spectra.

HPLC Analysis. DOX content in samples was analyzed using
an Agilent 1100 series HPLC systems (Agilent Technologies,
Santa Clara, CA) and a Shimadzu RF-10A XL fluorescence
detector (Shimadzu Inc., Kyoto, Japan). The analytical column
was ODS-Cyg (5 um particle size, 250 X 4.6 mm, Thermo
Scientific, USA). The mobile phase consisting of a mixture of
acetonitrile, methanol and water (32:50:18, v/v/v) was delivered
at a flow rate of 1.0 mL/min. The column temperature was main-
tained at 40 °C. Fluorescence detection was performed using
excitation and emission wavelengths of 480 and 580 nm,
respectively.

Western Blot Analysis. The expression of EGFR in the
tumor cell lines was analyzed by Western blotting.”” The cells
were grown to near confluence in 25 cm® culture flasks at a
density of 1 X 107 cells/flask. Confluent cells were washed with
ice-cold phosphate-buffered saline (PBS), and then treated with
lysis buffer containing S0 mM Tris-HCl (pH 7.4), 120 mM NaCl,
1 mM EDTA, 1% TritonX-100 and 1% (v/v) protease inhibitor
cocktail (Sigma-Aldrich). The samples were homogenized on ice
for 2 min with a Dounce homogenizer, and cellular debris was
removed by centrifugation (3000 rpm; 10 min) at 4 °C. The
lysates were further centrifuged at 12,000 rpm for 1 hat 4 °C, and
the supernatants were stored at —70 °C until use. The protein
concentration was quantitated using the Bio-Rad Detergent
Compatible Protein Assay kit (Bio-Rad, Hercules, CA). An equal
amount of proteins (20 ug per lane) for each sample was
separated by SDS—PAGE (12%) and transferred to polyvinyli-
dene difluoride (PVDF) membranes (Millipore, Bedford, MA).
The membranes were blocked overnight (4 °C) in Tris-buffered
saline containing 0.05% (v/v) Tween-20 (TBS-T) and 5% (m/v)
nonfat dried milk, and were incubated with anti-EGFR antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or anti-(3-actin
antibody (Sigma-Aldrich). After removal of the primary anti-
body, the membranes were washed with TBS-T and incubated
for 1 h at room temperature with a secondary horseradish
peroxidase-coupled IgG antibody (Pierce Chemical, Rockford, IL).
The membranes were washed for 3 times with TBS-T. Specific
protein bands were visualized using enhanced chemolumines-
cence (ECL) according to the protocol of the manufacturer
(Amersham Biosciences Inc., Piscataway, NJ).

Determination of Cellular DOX Content. Intracellular ac-
cumulation levels of DOX and DOX conjugate in different EGFR
expressing cells were determined by HPLC analysis.*® SW480, SGC-
7901, B16 and MCEF-7 cells were grown in 25 cm? culture flasks
with normal medium to ~80% confluence (1 x 107 cells/flask).
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After careful removal of medium, the cells were incubated with
5 mL of fresh serum-free medium containing 0.5 #M free DOX
or DOX—EBP conjugate at 37 °C for indicated times. The cells
were then washed 3 times with ice-cold PBS to remove unbound
DOX or DOX—peptide conjugate, collected by centrifugation,
and counted using a Coulter counter, and daunorubicin was
added as an internal standard for DOX quantification. The cell
pellet was then thoroughly extracted with an equal volume of
chloroform and isopropanol mixture (3:1, v/v) and centrifuged
at 13,000 rpm for 2 min. The drug levels in the cell lysates were
quantified by HPLC analysis as described above. The DOX
concentration was given by the standard curve, and the cellular
drug content was shown as pg of DOX/cell.

EGFR Inhibition Assay. To test the cellular entry pathway of
DOX—EBP conjugate, SW480, SGC-7901, B16 and MCE-7 cells
were preincubated with 5 mL of fresh serum-free medium
containing S ug/mL anti-EGFR monoclonal antibody C225
(ImClone Systems, Inc., New York, NY) for 12 h at 37 oc !
After removal of the pretreatment solution, the cells were washed
once with PBS solution and further incubated with 5 mL of fresh
serum-free medium containing 0.5 M free DOX or DOX—EBP
conjugate at 37 °C for indicated times. Cellular DOX content was
measured by HPLC as described above, and the C225 prompted
reduction of cellular DOX accumulation was used as an inhibi-
tion index of cellular DOX uptake.

Laser Scanning Confocal Fluorescence Microscopy. Since
DOX and DOX conjugate are autofluorescent at an excitation
wavelength of 488 nm, the detection of DOX and the conjugate
was performed using a laser scanning confocal fluorescence
microscope (Fluoview FV300, Olympus, Japan) at . = 480
nm and A, = 580 nm."*'* In order to investigate the intracel-
lular distribution of fluorescent DOX and DOX conjugate in
different EGFR expressing cells, SW480 and MCF-7 cells were
seeded on glass coverslips in 24-well plates (5 x 10" cells per
well). After 24 h, the cells were washed with serum-free medium,
treated with 0.5 uM free DOX or DOX—EBP conjugate (prepared
in RPMI-1640 serum-free medium prior to use) and incubated at
37 °C for indicated times. At the end of the treatment, the cells
were examined under laser confocal fluorescence microscope. To
detect nuclei, the cells were stained with 1 ug/mL of 4,6-
diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) at room
temperature for 10 min and visualized by fluorescence micro-
Scopy at Aex = 350 nm and A, = 460 nm.**** To further
characterize the selective cellular uptake of DOX—EBP conju-
gate via EGFR-mediated pathway, the cells were preincubated
with C225 for 12 h at 37 °C. Following the removal of the
pretreatment solution, the cells were washed with serum-free
medium, treated with free DOX or DOX—EBP conjugate and
incubated at 37 °C for indicated times. The cells were visualized
using the laser scanning confocal fluorescence microscope, and
the fluorescent intensity of cells was analyzed using Image-Pro
Plus 6.0 for Windows (Media Cybernetics, Silver Spring, MD).

In Vitro Cytotoxicity Assay. The cytotoxicity of free DOX
and DOX—EBP conjugate was evaluated using a modified MTT
cell viability assay.***> SW480, SGC-7901, B16 and MCF-7 cells
were seeded in 96-well plates at a density of 5 x 10° cells/well
and grown in normal medium for 24 h. The medium was then
replaced with serum-free medium containing a series of concen-
tration of DOX or DOX—EBP conjugate, and the cells were
further incubated at 37 °C for 5 or 48 h as indicated; the cells
incubated in serum-free medium without any drug were used as
blank controls. After adding 20 uL of S mg/mL MTT solution in

PBS to each well, the plates were further incubated for 4 h. The
cells were then solubilized in 100 L of DMSO solution. The
absorbance was read at 570 nm (test wavelength) and 630 nm
(reference wavelength) on a microplate reader (Bio-Rad Model
450, Hercules, CA, USA).

Tumor Xenograft Model. Inbred C57BL/6 (H-2") mice (18
to 22 g; 6—8 weeks old) of both sexes were used for B16
xenograft model.** Mice were obtained from the Experimental
Animal Center of Tongji Medical College, Huazhong University
of Science and Technology (Wuhan, China), and all experi-
mental procedures involving animals were approved by the
Animal Care and Use Committee of Huazhong University of
Science and Technology. Male and female mice were housed
separately in polycarbonate cages, and provided with food and
water ad libitum. Tumors were grown at the lateral flank by sc
injection of 1 X 10” murine melanoma B16 cells and randomized
to constitute groups for distribution assay and antitumor activity
assay in vivo.””3®

Evaluation of Drug Distribution in Tumor-Bearing Mice.
To evaluate the distribution of DOX—EBP conjugate in vivo, the
CS7BL/6 mice were used for the B16 xenograft model. The
model mice were randomly divided into groups, which contained
48 animals each. Control mice were given injections of 100 4L of
PBS. The experimental mice received equimolar amounts of free
DOX or DOX—EBP conjugate (6 mg/kg DOX or equivalent),
which were injected once into the tail vein at 2 weeks after tumor
implantation with an average tumor size of 450 to 550 mm>. At
selected time points (0.25, 0.5, 1, 2, 4, 8, 24, and 48 h) after
injection, blood was collected from the mice and centrifuged to
separate the plasma. The plasma was divided into 2 X 50 uL
aliquots and immediately frozen at —80 °C. The mice were then
sacrificed by cervical dislocation, and the liver, lungs, kidneys,
heart and tumor tissues were excised, washed with sterilized
saline solution, and cut into small pieces in 2 mL of PBS. The
tissues were homogenized in Ultra-Turrax T18 Homogenizer
(IKA, USA). All tissues were labeled and placed into polypro-
pylene cryovials and immediately frozen at —80 °C until analysis.
Plasma and tissues from nondosed mice (n = 24) were also
collected for the preparation of standard curves. The DOX
content in plasma and tissues was determined by HPLC analysis
as described above.*®*’

Evaluation of Antitumor Activity of DOX—EBP Conjugate.
To test the in vivo efficacy of DOX—EBP conjugate, one day after
transplantation of tumors, animals bearing B16 xenografts were
randomly divided into groups. Each group contained nine
animals. The experimental mice were injected once with free
DOX (5 mg/kg) or DOX—EBP conjugate (5 mg/kg DOX
equivalent) into the tail vein at days 1, 8, and 1S5 after trans-
plantation of tumors; the control mice received injections of
saline. Tumors were measured twice weekly by vernier calipers,
and the tumor volume was calculated using the following for-
mula: volume (mm?) = (length) x (width)?/2.* Animal survival
was monitored daily, and survival data were presented in a
Kaplan—Meier plot.*'

Statistical Analysis. Data were presented as mean £ SD and
evaluated by Student’s t-test using SPSS 13.0 for Windows (SPSS
Inc., Chicago).

B RESULTS

Synthesis of DOX—EBP Conjugate. The EGFR-binding
peptide was selected as a vector in the present study and
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Scheme 1. Synthesis of DOX—EBP Conjugate from Doxorubicin Hydrocholoride”

Fmoc-NH-CMYIEALDKYAC-COOH

o]

&

OH

“Reagents: (i) N,N-dimethylformamide (DMF), N-(9-fluorenylmethoxycarbonyloxy) succinimide (Fmoc-OSu), N,N-diisopropylethylamine
(DIPEA), trifluoroacetic acid (TFA), and then diethyl ether; (ii) glutaric anhydride, DMF, DIPEA, and then TFA; (iii) Fmoc-NH-CMYIEALD-
KYAC-COOH, DMF, DIPEA, benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP), and then ethyl acetate; (iv) DMF
and piperidine; TFA, pyridine and DMF; and then ethyl acetate. The ester bond between the 14-OH group of DOX and glutaric acid is indicated by a

dashed line frame.

synthesized using a solid phase methodology.’® DOX was
conjugated via an ester bond at its C;; with EBP through a
glutarate spacer.”” As shown in Scheme 1, N-(9-fluorenylmeth-
oxycarbonyl)-DOX (N-Fmoc-DOX) was prepared by linking
N-(9-fluorenylmethoxycarbonyloxy) succinimide (Fmoc-OSu)
with DOX at the 3’ amino group. N-Fmoc-DOX-14-O-hemi-
glutarate was obtained using glutaric anhydride,”® identified by

RP-HPLC and further confirmed by MS and NMR. The N-
Fmoc-DOX-14-O-hemiglutarate was then conjugated with
Fmoc-NH-CMYIEALDKYAC-COOH through p-Lys,” and the
Fmoc group was removed with piperidine. The DOX—peptide
product was purified by RP-HPLC on a C;g column and
lyophilized.* The purity of the product was determined by
analytical HPLC, and the percentage of surface area was used to
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SW480 SGC-7901 B16 MCEF-7

Figure 1. EGFR expression in SW480, SGC-7901, B16 and MCE-7
cells. Cell lysates were prepared from SW480 (lane 1), SGC-7901 (lane
2), B16 (lane 3) and MCF-7 (lane 4) cells, separated by SDS—PAGE,
and analyzed by Western blotting.

Table 1. The Intracellular Levels of DOX in Selected Cell
Lines after 1 and 12 h of Incubation with Free DOX or
DOX—EBP Conjugate”

intracellular DOX levels (pg/cell)

1h 12h
cells free DOX DOX—EBP free DOX DOX—EBP
SW480 0.51£0.08 0.19 £0.04 0.62 4 0.07 0.80 £ 0.05
SGC-7901 0.57 +0.05 0.21 +0.06 0.63 +0.05 0.93 +0.06
B16 0.50 +0.08 0.16 0.0 0.65+0.07 0.78 +0.05
MCE-7 0.65+0.24 0.05 +0.03 0.50 + 0.06 0.17 & 0.04

“Cells were grown in 25 cm” culture flasks with normal medium to
~80% confluence (1x107 cells/flask). After careful removal of medium,
S mL of serum-free medium containing 0.5 #M of free DOX or
DOX—EBP conjugate was added, and the cells were further incubated
at 37 °C for indicated times. The DOX content in the cell lysates was
quantified by HPLC. Values are presented as the mean £ SD (n = 6).

assess the purity (95%). The DOX—EBP product was confirmed
by electrospray mass spectra (direct injection): m/z (ESI), 1944
[M + H] ™. The yield from DOX HClI to the final product was
40%.

Expression of EGFR in Tumor Cells. The baseline EGFR
expression levels of the four tumor cell lines SW480, SGC-7901,
B16 and MCF-7 were confirmed by Western blot analysis. While
MCEF-7 was non-EGFR-overexpressing cells, the other three
were EGFR-overexpressing cell lines (Figure 1). These results
are in agreement with previous reports.*’*

Accumulation of DOX—EBP Conjugate in Tumor Cells
with EGFR Overexpression. To test whether DOX—EBP
conjugate can be selectively delivered into the tumors that
overexpress EGFR, the cellular DOX levels in different EGFR
expressing cells treated with the conjugate were compared with
that treated with free DOX. After incubation with free DOX or
DOX—EBP conjugate, the cellular DOX contents were deter-
mined by HPLC. No difference in intracellular DOX levels was
observed in all the tested cell lines after incubation with free
DOX for 1 h, whereas the DOX levels in EGFR-overexpressing
cells (SW480, SGC-7901 and B16) were significantly higher than
those in non-EGFR-overexpressing cells (MCF-7) when treated
with DOX—EBP conjugate for 1 h (Table 1). Similar results were
also observed after 12 h of incubation with free DOX or the
conjugate (Table 1). These data demonstrate a distinct cellular
entry of DOX—EBP conjugate from that of the free DOX.

Entry of DOX—EBP Conjugate into Tumor Cells through
EGFR-Mediated Pathway. Anti-EGFR monoclonal antibody
C225 can block the binding sites of EGER to its ligands'>*"*
and thus can be used to inhibit cellular entry of drugs through

A 12 =3 Free DOX
3 C225 + Free DOX

mmm DOX-EBP
109 oog coos + DOX-EBP

I
SW480 SGC-7901 B16 MCF-7
B 124 = Free DOX
) 1 €225 + Free DOX
= DOX-EBP
1.04 oo 225+ DOX-EBP
= 0.
]
5]
o
=
8o
0.2
0.0
SW480 SGC.7901 B16 MCE_7

379

Figure 2. Intracellular accumulation of free DOX and DOX—EBP
conjugate in tumor cells. SW480, SGC-7901, B16 and MCEF-7 cells
were treated with free DOX or DOX—EBP for 1 h (A) and 12 h (B). The
intracellular DOX levels were determined by HPLC and expressed as pg
of DOX/cell. Data represent mean = SD of 6 samples for each cell line.
*p < 0.05 (with versus without C225 pretreatment).

EGFR-mediated pathway. Therefore, to investigate whether the
cellular uptake of DOX—EBP conjugate was mediated by EGFR,
an EGFR inhibition assay was conducted through competitive
blockade of EGFR with C2285. The cells were preincubated with
C225 for 12 h and then treated with free DOX or DOX—EBP.
After 1 h of incubation with free DOX, no significant difference of
cellular DOX level was observed in all tested cell lines with or
without C225 preincubation (Figure 2A). However, after 1 h of
incubation with DOX—EBP conjugate, the intracellular DOX
accumulation was reduced in all the cells preincubated with C225
as compared to those of corresponding cells without C225
pretreatment (Figure 2A). Similar trend was also found for the
12 h treatment with free DOX or DOX—EBP after C225
preincubation (Figure 2B), demonstrating the effectiveness of
C225 to inhibit cellular uptake of DOX—EBP and thus the
involvement of EGFR in the cellular delivery of the conjugate.
Cellular Uptake and Intracellular Localization of DOX—
EBP Conjugate. To further compare the cellular uptake path-
ways of free DOX and DOX—EBP conjugate, EGFR-over-
expressing SW480 cells and non-EGFR-overexpressing MCF-7
cells were incubated with free DOX or the conjugate and
evaluated by confocal fluorescence microscopy. As shown in
Figure 3A, DOX was present in nuclei as well as in cytoplasmic
region of both SW480 and MCF-7 cells after 30 min of incuba-
tion with free DOX, as revealed by superimposition of red
fluorescence from DOX and blue fluorescence from DAPL
The DOX fluorescence intensity was also the same in both
SW480 and MCEF-7 cells as assessed by Image-Pro Plus software
(Figure 3A). After the cells were incubated with DOX—EBP
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Figure 3. Intracellular distribution of free DOX and DOX—EBP conjugate in SW480 and MCF-7 cells after 30 min of drug exposure. The cells were
treated with equimolar free DOX (A) or DOX—EBP conjugate (B) for 30 min and visualized under confocal microscope. Merged images display the
overlay of nuclear DAPI staining (blue) and DOX autofluorescence (red). Purple represents DOX in nuclear region. To detect the effect of anti-EGFR
antibody C225, the cells were preincubated with or without C225 for 12 h and then treated with equimolar free DOX or DOX—EBP for 30 min prior to

visualization (C).

conjugate for 30 min, however, DOX was clearly present in
cytoplasm and perinuclear region of both cell lines, but the DOX
fluorescence intensity in EGFR-overexpressing SW480 cells was
much stronger than that in non-EGFR-overexpressing MCF-7
cells (Figure 3B). On the other hand, although preincubation of
the cells with anti-EGFR monoclonal antibody C225 had no
effect on the intracellular distribution of free DOX, the fluores-
cence originated from DOX—EBP conjugate was inhibited by
the preincubation (Figure 3C). Together, these results further
suggest that the small, hydrophobic DOX entered the cytoplasm

in a passive manner and rapidly diffused into the nucleus (within
30 min), whereas the DOX conjugate was only visible in
cytoplasmic and perinuclear areas, but not in the nucleus, during
the first 30 min, indicating a distinct entry pathway of the
conjugate from the free DOX.

After 24 h of incubation with free DOX, the intracellular
distribution of DOX signal was almost the same as that of 30 min
in both SW480 and MCF-7 cells (Figure 4A). However, after the
same period of incubation with DOX—EBP conjugate, a stronger
DOX fluorescence in both cytoplasm and nuclei was detected in

380 dx.doi.org/10.1021/mp100243j |Mol. Pharmaceutics 2011, 8, 375-386
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Figure 4. Intracellular distribution of free DOX and DOX—EBP conjugate in SW480 and MCF-7 cells after 24 h of drug exposure. The cells were
treated with equimolar free DOX (A) or DOX—EBP conjugate (B) for 24 h and visualized under confocal microscope. Merged images display the
overlay of nuclear DAPI staining (blue) and DOX autofluorescence (red). Purple represents DOX in nuclear region. To detect the effect of anti-EGFR
antibody C225, the cells were preincubated with or without C22S for 12 h and then treated with equimolar free DOX or DOX—EBP for 24 h prior to

visualization (C).

SW480 cells, but only a weak DOX signal in the cytoplasm and an
even weaker signal in the nuclei were visible in MCF-7 cells
(Figure 4B), which was different from that of the first 30 min
treatment with the conjugate (Figure 3B). Preincubation with C225
had no effect on the fluorescence distribution of free DOX in both
cell lines, but showed an inhibitory effect on the fluorescence
intensity when treated with DOX—EBP conjugate (Figure 4C).
These data clearly demonstrate the buildup of DOX fluorescence in
the nuclei after prolonged incubation with the conjugate (24 h), and
also suggest EGFR-mediated uptake of DOX—EBP conjugate.

In Vitro Cytotoxicity of DOX—EBP Conjugate. In order to
compare the cytotoxic effects of DOX—EBP conjugate with free

DOX, we selected the four cell lines based on EGFR expression
levels as shown in Figure 1. The cells were incubated with a series
of concentrations of free DOX or DOX conjugate, and the cell
viability was evaluated using the MTT method. As shown in
Table 2, the ICso values of DOX—EBP conjugate were much
higher than those of free DOX for all tested cell lines after
incubation for 5 h, i.e. the cytotoxicity of the conjugate was lower
than that of free DOX. However, after 48 h of incubation, the
cytotoxicity of the conjugate was much higher than that of free
DOX in all the EGFR-overexpressing cell lines (SW480, SGC-
7901 and B16) although free DOX was still more cytotoxic than
DOX—EBP conjugate in the non-EGFR-overexpressing MCF-7

381 dx.doi.org/10.1021/mp100243j |Mol. Pharmaceutics 2011, 8, 375-386


http://pubs.acs.org/action/showImage?doi=10.1021/mp100243j&iName=master.img-005.jpg&w=332&h=471

Molecular Pharmaceutics

Table 2. Cytotoxicity of Free DOX and DOX—EBP Conju-
gate on Tumor Cells”

ICso (uM) of DOX equivalent

Sh 48 h
cells free DOX DOX—EBP free DOX  DOX—EBP
SW480 1245+ 1.62 64.37+2.68 0.56+0.16 0.08 +0.03
SGC-7901  18.50+2.18 82.16+324 038 £0.10 0.0540.08
B16 15.58 +1.42 76.50 +4.74  0.7240.19 0.16 £0.09
MCEF-7 17.75£2.38 165.68 £3.22  0.45£0.20 6.25+ 0.65

“ Cells were seeded in 96-well plates at a density of 5 x 10° cells/well and
incubated for 24 h, and then exposed to free DOX or DOX—EBP for $
and 48 h. Cell viability was assessed by the MTT assay. Data are
expressed as mean ICsy =+ SD (n = 3).

cells (Table 2). These results clearly show that the DOX—EBP
conjugate was much more potent than the free DOX after 48 h
treatment in EGFR-overexpressing cells.

In Vivo Distribution of DOX—EBP Conjugate. Following a
single iv injection of free DOX or DOX—EBP, samples from
blood, liver, lung, kidney, heart and tumor tissues of CS7BL/6
mice bearing B16 cells were taken and DOX level was measured
by HPLC. As shown in Figure SA, the free DOX rapidly di-
sappeared from the circulation, whereas the DOX—EBP con-
jugate maintained at high level for a much longer time (up to 48
h). During the drug circulation, the highest level of DOX content
in plasma was 22.94 £ 1.68 ng/mL at 0.2S h after injection of
DOX—EBP conjugate, whereas that of free DOX was 6.52 +
0.13 ug/mL (n = 6, mean = standard deviation).

As the primary site of DOX metabolism, the liver contained
the highest level of DOX among all the organs tested. The DOX
content in liver reached the highest level (26.03 + 1.84 ug/g
tissue) after the mice were treated with free DOX for 30 min,
while the peak appeared at 8 h after administration of
DOX—EBP conjugate (Figure SB). The highest value of DOX
content in liver of mice treated with free DOX was 4 times higher
than that treated with DOX—EBP conjugate (Figure SB). Simi-
larly, the DOX levels in lung, kidney and heart of mice treated
with free DOX were much higher than those treated with
DOX—EBP conjugate (Figure SC—E).

‘When DOX—EBP conjugate was injected, the DOX content
in tumor tissues was increased with time during the first 8 h and
peaked at 25.46 £ 2.19 ug/g tissue, and decreased to 6.68 £ 2.52
ug/g tissue at 48 h (Figure SF). For free DOX treatment,
however, the DOX content rapidly peaked at 8.69 £ 2.17 ug/g
tissue within 30 min, and decreased to 1.23 & 0.75 ug/g tissue at
48 h (Figure SF). The area under the DOX concentration—time
curve (AUC), which is a key therapeutic index of a drug, was
calculated (Kinetic software version 4.4.1, Thermo Electron Corp.,
Waltram, MA) for tumor tissues. As shown in Figure SF, the
AUC— g in tumor tissues after DOX—EBP treatment (861.8 ug
h/g) was much higher than that of free DOX (149.6 ug h/g),
indicating that DOX concentration in the tumor tissues was
significantly higher after administering animals with DOX—EBP
than with free DOX.

In Vivo Antitumor Therapeutic Efficacy. Since EGFR is
commonly expressed at high levels in a variety of solid
tumors,*** it can be used as a target to improve the antitumor
effect of drugs and decrease their systemic cytotoxicity. There-
fore we tested whether the DOX—EBP conjugate was able to

enhance the therapeutic efficacy of DOX against EGFR-expres-
sing tumors and to improve the survival rate of the animals
bearing tumor xenograft. As shown in Figure 6A, the reduction of
tumor volume in C57BL/6 mice bearing B16 cells was apparent
in both free DOX and DOX conjugate groups: at the end of the
experiment on day 28, the mean volume of the tumors in the
mice treated with free DOX (1585 % 102 mm®) and DOX—EBP
conjugate (668 & 180 mm?) was significantly smaller than that in
the control group (1990 + 222 mm®), i.e. about 20% and 66%
reduction respectively. These data demonstrate that the
DOX—EBP conjugate was more efficacious than free DOX in
the inhibition of tumor growth.

Due to the lack of selectivity, the systemic cytotoxic chemother-
apy of free DOX would result in adverse toxicity. Indeed, although
free DOX did inhibit tumor growth compared to the saline control
(Figure 6A), the survival of mice bearing tumor xenograft did not
significantly improve (Figure 6B): the average survival time was
34 £ 3 days for free DOX treatment and 32.5 £ 2.5 days for the
control. On the other hand, however, DOX—EBP conjugate
significantly increased the survival time of animals (39.5 & 3.5
days) under the same conditions (Figure 6B), demonstrating the
targeting effect of the DOX—EBP conjugate in chemotherapy.

H DISCUSSION

In order to increase the therapeutic efficacy of doxorubicin
(DOX) while decreasing its systemic toxicity, a strategy was
chosen to enhance tumor specificity of DOX by conjugation to
EGFR-binding peptide (EBP), which may help deliver DOX
directly to EGFR-overexpressing neoplastic cells. This study
investigated the ability of the DOX—EBP conjugate to bind to
EGFR-overexpressing cells as well as its antitumor efficacy in vitro
and in vivo.

For targeted delivery, a drug can be linked to a peptide carrier
via covalent, ionic or hydrophobic bond, which may result in
alteration of structure and activity of the drug. A range of peptides
conjugated to DOX through different sites and linkers have been
studied. For example, DOX has been conjugated to Vectocell
peptides through ester, thioether and amide chemical linkers at
position 14 and 3’ amino group of DOX, and the conjugation via
chemically stable bonds either at position 14 (thioether) or at
position 3’ (amide) of DOX resulted in significant or complete
loss of activity while the conjugate via ester bond at C,4 position
increased antitumor efficacy compared to free DOX.** Another
example is the conjugation of DOX to LHRH via DOX-14-O-
hemiglutarate, which has fully preserved the binding affinity of
the peptide carrier and the cytotoxic activity of DOX.* We have
shown in this study that the conjugation of DOX via the 14-OH
group to EBP has increased both in vitro and in vivo antitumor
activity (Table 2 and Figure 6).

To efficiently target EGFR-overexpressing tumor cells, the
DOX—EBP conjugate must preserve the binding ability of EGF
to EGFR. As shown in Table 1, the accumulation of free DOX in
both EGFR-overexpressing and non-EGFR-overexpressing cells,
as determined by HPLC, was almost the same; in contrast, the
accumulation of the DOX—EBP conjugate in EGFR-overexpres-
sing cells (SW480, SGC-7901 and B16) was much higher than
that in non-EGFR-overexpressing cells. Fluorescent microscopy
further demonstrates the high affinity of DOX—EBP conjugate
in EGFR-overexpressing cells: the fluorescent intensity in
SW480 cells was much higher than that in MCF-7 cells
after incubation with DOX—EBP conjugate (Figure 3B and
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Figure 5. Distribution of free DOX and DOX—EBP conjugate in B16 bearing mice. Murine melanoma B16 cells were injected subcutaneously into
CS7BL/6 mice, and the tumor was formed in 2 weeks. The animals were then treated with a single dose of free DOX (A) (6 mg/kg) or DOX—EBP (®)
(6 mg/kg DOX equivalent), and samples from blood and tissues were taken at indicated times. DOX concentration was determined in plasma (A), liver
(B), lung (C), kidney (D), heart (E) and tumor tissues (F) by HPLC after drug administration.

Figure 4B). These data suggest that the binding ability of the EBP
to EGFR was preserved in the conjugate.

After targeting EGFR-overexpressing cells, the DOX—EBP
conjugate may enter tumor cells through EGFR-mediated route.
As shown in Figure 2, the competitive anti-EGFR monoclonal
antibody C225 can significantly reduce the binding of DOX—
EBP conjugate to EGFR, inhibit its entry and result in reduced
cellular accumulation of the conjugate in tumor cells. Fluorescent
microscopy further shows that the fluorescent signal of DOX—
EBP conjugate in both EGFR-overexpressing (SW480) and
non-EGFR-overexpressing (MCF-7) cells became very weak

after preincubation with C225 (Figure 3C and Figure 4C),
demonstrating the inhibition of cellular uptake of the conjugate.
These results suggest that the effect of DOX—EBP conjugate was
mediated through EGFR.

For a DOX—peptide conjugate to become effective after
entering tumor cells, the DOX must be released from the
conjugate and enter the nucleus. The availability of active
DOX to the nucleus, the drug action site, may become more
prominent because the primary mechanism of cytotoxicity of
DOX is through intercalation into DNA and disruption of
topoisomerase 11 action.” Although DOX can be detected in
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Figure 6. Therapeutic efficacy of free DOX and DOX—EBP in B16
tumor xenograft model. Murine melanoma B16 cells (1 x 107 cells)
were injected subcutaneously in C57BL/6 mice. On days 1, 8, and 15
after transplantation of tumors (n = 9), free DOX (A) or DOX—EBP
(®) was injected via tail vein at S mg/kg body weight (DOX or DOX
equivalent). Control mice received injections of saline (H). (A)
Comparison of tumor volume. (B) Survival analysis of B16 tumor-
bearing mice (Kaplan—Meier survival curve).

both cytoplasm and nucleus after incubation with free DOX
(Figure 3A), the conjugate was clearly distributed in cytoplasm
and perinuclear zone, but not in nucleus, after incubation for 30
min (Figure 3B). Similar phenomena were also observed with
other peptide carriers conjugated with DOX. For example, the
conjugates of a cyclic pentapeptide (CNGRC)"™ and a cell-
penetrating peptide (CGGGYGRKKRRQRRR)*® with DOX
exhibited a cytoplasmic distribution, similar to DOX—EBP
(Figure 3B). This may be because the large hydrophilic peptides
have high hydrogen bonding potential and thus are not readily
partitioned into the cell membranes as they are energetically
unfavorable to expel hydrogen-bonded water molecules.”"
Therefore, the DOX conjugates inside the cells cannot directly
diffuse into the nucleus. On the other hand, during the early
incubation period, the active DOX released from the conjugate
inside the cytoplasm was not sufficient to be partitioned to the
nucleus, therefore its in vitro cytotoxicity was not as high as that of
free DOX (Table 2). These data demonstrate that the entry and
partition routes of the conjugate are distinct from that of free DOX.

Since DOX—EBP conjugate in the current study is an ester
conjugate linked via a glutaric acid spacer, it is sensitive to
hydrolysis by esterase. Therefore, although the conjugate cannot
directly diffuse toward the nucleus, it may be hydrolyzed by cellular

esterase to release active DOX in the cytoplasm.' As a result, more

DOX would be released from the conjugate after extension of time,
and penetrate the nuclear envelope and enter the nudleus.
As expected, the fluorescent signal of DOX in the nuclei of
SW480 cells was stronger after prolonged incubation (24 h) with
DOX—EBP (Figure 4B). In contrast, there was no obvious
difference between the fluorescent distribution in SW480 cells
treated with free DOX for 30 min and 24 h (Figure 3A and 4A).
Consequently, the cytotoxic activity of the DOX—EBP conjugate
was much higher than that of the original free DOX in SW480 cells
after extended incubation (48 h; Table 2).

The binding of DOX—EBP conjugate to EGFR-overexpressing
cells suggests that it may have a targeting effect in mice bearing EGFR-
overexpressing tumors, therefore we examined the distribution and
the antitumor activity of the conjugate in vivo. As shown in Figure 5,
the administration of DOX—EBP resulted in different biodistribution
compared with free DOX. The high content and long circulation time
of the conjugate in the bloodstream (Figure SA) imply the potential
of the novel chemotherapeutic agent to achieve a better tumor
targeting effect in vivo. As shown in Figure SF, the DOX content
was indeed higher in EGFR-overexpressing tumors of B16 cells
bearing mice treated with the conjugate than that with free DOX.
The substantial delay of the peak concentration of DOX—EBP (at 8 h
for DOX—EBP vs 0.5 h for DOX) also suggests that the conjugation
of DOX with EBP can enhance its therapeutic efficacy. As expected,
after 4 weeks of treatment with DOX—EBP, the tumor volume was
reduced 66% compared to the saline control, while the reduction was
only 20% when treated with free DOX (Figure 6A). Taken together,
these data demonstrate that the DOX—EBP conjugate had exhibited
longer circulation time and greater accumulation in EGFR over-
expressing tumors, and thus lead to increased therapeutic eflicacy.
Similar results have also been reported for DOX conjugated with
other peptides.>>**

The adverse effect is a major concern for free DOX as a
therapeutic agent, and the nonselective toxicity of DOX is closely
related to its distribution in normal tissues at high levels. The
DOX—EBP conjugate, however, effectively lowered the distribu-
tion of DOX in normal tissues, in particular with no significant
accumulation in the heart tissue, which is extremely sensitive to
DOX toxicity (Figure SB—E). Furthermore, treatment with
DOX—EBP conjugate significantly extended the survival time
of mice bearing tumor xenograft (Figure 6B), demonstrating
lower systemic toxicity and higher therapeutic efficacy.

In conclusion, we report the conjugation of DOX with an
EGFR-binding peptide (EBP: NH,-CMYIEALDKYAC-COOH)
via an ester bond at C,; through a glutarate spacer, and
demonstrate that the DOX—EBP conjugate efficiently retained
the EGFR binding ability. The conjugate displayed targeting
competence toward EGFR-overexpressing tumor cells, and thus
exhibited potent antitumor effect in vivo.
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