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Abstract: The often fatal outcome of ovarian cancer (OC) is related to inadequate detection methods, which may
be overcome by development of nuclear imaging agents. Cancer targeting peptides have been identified using in
vivo bacteriophage (phage) display technology; however, the majority of these ligands target tumor vasculature. To
overcome this problem, a two-tier phage display method was employed to select an ovarian cancer targeting peptide
with good pharmacokinetic and imaging properties. A fUSE5 15-amino acid peptide library was screened against
xenografted human OC SKOV-3 tumors in mice, which was followed by selection against enriched SKOV-3 cells.
The selected peptide RSLWSDFYASASRGP (J18) was synthesized with a GSG-spacer and a 1,4,7,10-tetraazacyclo-
decane-1,4,7,10-tetraacetic acid (DOTA) chelator and radiolabeled with ***In. SKOV-3 xenografted mice were used
to evaluate the biodistribution and single photon emission computed tomography (SPECT) imaging capabilities of
the radiolabeled peptide. Competitive binding experiments using ***In-DOTA-GSG-J18 indicated that the peptide
displayed a half maximal inhibitory concentration (IC ) value of 10.5 + 1.1 pM. Biodistribution studies revealed that
tumor uptake was 1.63 + 0.68, 0.60 + 0.32, 0.31 + 0.12 and 0.10 * 0.02% injected dose/g at 30 min, 1 h, 2 h
and 4 h post-injection of 1**In-DOTA-GSG-J18, respectively. SPECT/CT imaging demonstrated good tumor uptake and
minimal background binding. This study demonstrated successful utilization of a two-tier phage display selection

process to identify an ovarian cancer avid peptide with excellent SPECT/CT imaging capabilities.
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Introduction

Ovarian cancer (OC) is the fifth leading cause of
cancer deaths in women, and has been termed
the silent killer due to a predominantly asymp-
tomatic disease development and quick dis-
semination of aggressive metastatic cells. The
late manifestations of OC cause ~70% of pa-
tients to be diagnosed at advanced stage dis-
ease, at which point five-year survival rates are
merely 30-45%. In contrast, the minority of wo-
men diagnosed at the early stages of OC exhibit
good five-year survival rates of > 90%, empha-
sizing the importance of diagnosis at early on-
set [1, 2]. Currently, standard detection meth-
ods involve evaluation of CA-125 (Mucin 16)
serum levels and ultrasonography, which are
both mostly successful for late-stage OC. In
fact, only 50% of patients with stage | disease
test positive for elevated CA-125 serum levels,
which highlight the need for identification and

development of efficacious detection methods
of OC [3].

Various cancers have been successfully imaged
using radionuclide-coupled peptides [4-6], and
while these ligands generally display lower bind-
ing affinities compared to antibodies, they offer
advantages in regard to tumor targeting by ex-
hibiting low immunogenicity, rapid blood-clear-
ance and excretion through the urine [7]. High-
throughput strategies such as bacteriophage
(phage) display are utilized in the discovery of
such peptide ligands [8, 9]. Phage display is a
well-established technique that allows selec-
tion of ligands from large phage libraries, in
which random peptide sequences are displayed
on coat proteins [10]. Cancer targeting peptides
can be identified by in vivo phage display selec-
tions against tumor targets in live animals, and
have resulted in peptides with great stability
and biodistribution. However, most of these
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Table 1. Micropanning assay to determine
binding of selected phage clones to SKOV-3
and HS-832 cells

. SKOV-3 to HS-
Phage No. Peptide sequence 832 ratio
pJi RTEVPVLSFTSPLTG 1.76
pJ2 GDVWLFKTSTSHFAR 1.91
pJ3 AREYGTRFSLIGGYR 0.21
pJ4 HAAFEPRGDVRHTLL 2.00
pJ5 LGRAGQSYPSFARGL 0.52
pJ6 PIFPVVSSSGSSSSP 1.58
pJ7 PLSHGSVVYPRSSLG 1.36
pJ8 RRDTVPRSLSAPLSW 0.59
pJ9 PAVASTSSLIIDGPF 2.29
pJ10 HPPLASVWHVSVPL 0.83
pJ11 LHDFRSPIYASLLGF 1.53
pJ12 AGDGGLGRVAAGARV 1.15
pJ13 RVFHLWPHPTSTLSA 0.25
pJ14 APLSYNFASMPFMSG 0.73
pJ15 HPGWFDSAWFRAVSR 1.24
pJ16 ARDSRCGGFLGCGVT 1.36
pJ17 AMVRGFSFGMSRGSD 1.94
pJ18 RSLWSDFYASASRGP 6.57
pJ19 SYSVVNSPWCDGTCD 1.25
pJ20 SRDGLHSFCYVGCPP 0.40
pJ21 GVGDADGFIPVISAV 0.59
pJ22 PVFFRLSPVTEGGGV 1.40
pJ23 FPSYPFIAYSLQTPV 1.23
pJ24 RRLPHLMPFEGSVFL 3.55
pJ25 GPHFDYRTGLGWRFG 1.35
pJ26 LGKGLTGSALSLSAL 2.29
pJ27 YGVTPSPRSPWATAH 3.43
pJ28 VFVDGARYSTASDSL 2.83
pJ29 GAGIFGPWGVFAAVP 1.21
pJ30 GYRSAFVPFVARGGH 3.65
pJ31 RYRVGFTPGTIAAVL 1.13

SKOV-3 or HS-832 cells were incubated with individual
phage clones and eluted using 2.5% CHAPS. Phage bind-
ing was determined by titer and the SKOV-3 to HS-832
ratio was calculated.

peptides have been found to bind the tumor
vasculature rather than actual cancer cells [11,
12]. Therefore, careful design of the phage dis-
play selection enables identification of pep-
tides that are able to extravasate the vascula-
ture, bind specific cells of interest and possess
desirable pharmacokinetics.

To overcome this problem, our laboratory devel-
oped a two-tier phage display technique that
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involves in vivo selection rounds in tumor-bear-
ing mice followed by screening against cultured
tumor cells in vitro. In the current study, we
hypothesized that this rigid selection process
against xenografted human OC (SKOV-3) tu-
mors in mice and enriched cultured SKOV-3
cells would identify peptide ligands that could
be utilized in single-photon emission computed
tomography (SPECT) imaging. This study result-
ed in identification of an OC targeting peptide
RSLWSDFYASASRGP (J18), which was synthe-
sized with a GSG-spacer and conjugated to a
1,4,7,10-tetraazacyclodecane-1,4,7,10-tet-
raacetic acid (DOTA)-chelator. The conjugated
peptide was radiolabeled with tIn and evalu-
ated in regard to its stability and binding affinity
for SKOV-3 cells. The pharmacokinetic proper-
ties and SPECT imaging capabilities of *lIn
-DOTA-GSG-J18 were determined in SKOV-3
xenografted mice, and the results showed that
the peptide exhibited good tumor targeting and
retention and was able to successfully localize
ovarian tumors.

Materials and methods
Chemicals and reagents

InCl, was purchased from Mallinckrodt Che-
micals (St. Louis, MO). Unless otherwise stated,
chemicals were obtained from Thermo Fisher
Scientific (Waltham, MA).

Cell lines and cell culture

The human ovarian adenocarcinoma cell line
SKOV-3 and human normal ovarian cells (HS-
832) were purchased from American Type
Tissue Culture. Both cell lines were cultivated in
RPMI 1640 (custom) with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 1.7 uM insulin
and 48 mg/ml gentamicin, and maintained at
37°Cin 5% CO,,.

Animals and handling

Solid tumors (1 cm) were established in 4-6-
week-old female nude (nu/nu) mice (Harlan,
Indianapolis, IN) over a period of 8 weeks. The
animals were inoculated subcutaneously in the
shoulder under gas anesthesia (3.5% isoflu-
rane, Baxter Healthcare Corp. Deerfield, IL)
with 1x107” SKOV-3 cells. All animal studies
were conducted according to NIH Guidelines for
Care and Use of Laboratory Animals and the
Policy and Procedures for Animal Research of
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the Harry S. Truman Veterans Memorial Hospi-
tal.

Phage display selections of tumor binding
phage clones

For selection of tumor targeting phage clones,
a linear 15-mer fUSE5 phage display library (a
gift from Dr. George Smith) was used [10]. The
library was pre-cleared from vasculature and
non-tumor target binding phage according to
previous methods [13]. The pre-cleared phage
library (102 pfu) was injected into xenografted
SKOV-3 tumor-bearing nude mice and allowed
to circulate for 1 h. The animals were sacrificed,
tumors were collected and minced, and bound
phage were eluted and amplified as previously
described [13]. The selection was repeated a
total of four times. Tumor-derived SKOV-3 cells
were enriched using MACS® MicroBeads (Milte-
niy Biotech, Auburn, CA) technology [14], and
used in a final round of selection. Selected
phage were analyzed for binding to SKOV-3 and
HS-832 cells in a micropanning assay per previ-
ous methods [13].
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Figure 1. Stability of *!In-DOTA-
GSG-J18 under physiological con-
ditions. (A) Time course of intact
radiolabeled peptide in mouse
serum at 37°C. (B, C) HPLC chro-
matograms of collected radiola-
beled peptide after incubations
of 1 h (B) and 4 h (C) in mouse
serum.
Peptides

Solid-phase Fmoc chemistry was used to syn-
thesize peptides in a 396 multiple peptide syn-
thesizer (Advanced Chem Tech, Louisville, KY).
Peptides were synthesized with a DOTA-chelator
linked to a GSG-spacer at the NH,-terminus.
Purification was performed using reverse-pha-
se high-pressure liquid chromatography (RP-
HPLC; Beckmann Coulter System Gold HPLC,
Beckmann Coulter, Fullerton, CA) on a C18 col-
umn (Novapack Reverse Phase, Waters, Mil-
ford, MA) and lyophilized and stored at -20°C.
The peptides were identified by electrospray
ionization mass spectrometry (Mass Consor-
tium Corp, San Diego, CA).

Peptide radiolabeling and stability

The selected peptide was radiolabeled with
1 (*11n-DOTA-GSG-J18) by incubating 100 ug
peptide with 18.5 MBq ***In-Cl, in 0.5 M NH,-
acetate buffer, pH 5.0, at 85°C for 1 h. For
blocking experiments, 1 mg peptide was incu-
bated with 10 M non-radioactive indium under
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Acetonitrile was removed
by further purification on
an Empore® Extraction
Disk C18 cartridge (Phe-
nomenex, Torrance, CA),
and the peptide was elut-
ed with 70% ethanol and
the pH adjusted to neutral
by 0.5 M 2-[4-(2-hydroxy-
ethyl)piperazin-1-ylleth-
anesulfonic acid (HEPES;
final concentration) buf-
fer. For animal experi-
ments, the ethanol was
evaporated under N, and

Figure 2. Binding properties of 11In-DOTA-GSG-J18 to OC SKOV-3 (m) and nor-
mal ovarian HS-832 (A) cells. Cells were incubated with radiolabeled peptide
for different periods of time. Although, binding of 1*1In-DOTA-GSG-J18 to SKOV-3
cells was significantly higher (p < 0.05) at 2 h, binding to HS-832 cells was also

observed.
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the peptide was resus-
pended in 0.1 M HEPES
buffer, pH 7. Peptide sta-
bility was analyzed in
mouse serum over time (O
h,1h,2h,4h,6hand24
h) at 37°C, and degra-
dation was monitored by
RP-HPLCona C18 column.
In short, at the end of
each incubation mouse
serum protein was precipi-
tated by addition of aceto-
nitrile, and removed by
centrifugation and filtra-
tion using a 0.22 um filter.
The filtrate was then load-
ed onto the HPLC.

[FS
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Cell binding studies

Ovarian cancer specifici-
ty of 1In-DOTA-GSG-J18
was evaluated in a cell
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Figure 3. Cell binding competition study of ***In-DOTA-GSG-J18 and its non-ra-
dioactive counterpart. SKOV-3 cells were incubated with 1**In-DOTA-GSG-J18 and
various concentrations (10 to 10* M) of the correlating non-radiolabeled pep-
tide In-DOTA-GSG-J18 for 1 h at 37 °C. Bound radioactivity was measured and the

IC,, value was 10.5 £ 1.1 uM (mean + SE).

similar conditions. The non-radioactive and
radiolabeled peptides were purified using
RP-HPLC (LC-20A Prominence, Shimadzu,
Columbia, MD) on a C18 column (Higgins
Analytical Inc., Mountain View, CA; 25-35% ace-
tonitrile/0.1% trifuoroacetic acid) over 20 min.
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binding assay as previous-
ly described [15], except
SKOV-3 or HS-832 cells
(1x10°%) were incubated
with 2x10° cpm of iIn-
DOTA-GSG-J18 in DMEM,
1% bovine serum albumin
at 37°C for different peri-
ods of time (0O min, 0.5, 1,
2 and 4 h). Bound radioac-
tivity was measured using a Genesys™ Genii™
Multi-Well Gamma Counter (Laboratory Tech-
nologies, Inc, Maple Park, IL).

To determine the half maximal inhibitory con-
centration (IC,)) of the peptide ligand to OC

Am J Nucl Med Mol Imaging 2014;4(6):561-570
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Table 2. Biodistribution of 1*1In-DOTA-GSG-J18 in SKOV-3 tumor-bearingnude mice

Pharmacokinetics of ***In-DOTA-GSG-J18

%ID/g
Tissues 30 min 1 ht
Tumor 1.63 £ 0.68 0.60 +0.32
Blood 2.37£0.94 0.40 +0.24
Heart 0.67 +0.27 0.13 +0.08
Lung 2.42 +0.48 1.06 £ 0.82
Liver 1.42 +£0.37 0.51+0.48
Spleen 1.77 £ 0.46 0.68 + 1.01
Stomach 0.36 + 0.14 0.11 £ 0.04
Large intestine 0.34 + 0.17 0.15 £ 0.05
Small intestine 0.63 £ 0.29 0.32+0.11
Intestines 0.49 £ 0.22 0.25 £ 0.08
Kidneys 6.71 + 3.08 2.70 £ 0.95
Brain 0.09 + 0.03 0.03 +0.01
Muscle 0.32 +0.17 0.06 + 0.03
Pancreas 0.65 +0.18 0.11 + 0.05
Bone 0.31+£0.13 0.06 + 0.05
Skin 1.28 + 0.68 0.22+0.11
Uptake ratio

Tumor to blood 0.69 1.50
Tumor to muscle 5.10 10.00

1 h-block 2 ht 4h
0.31+0.12" 0.18 +0.03 0.10 £ 0.02
0.23+0.11 0.03 £0.03 0.19 £+ 0.02
0.07 £ 0.03 0.02+0.01 0.05+0.01
0.83 £0.19 0.49 £ 0.36 0.62 +£0.32
0.37 £0.02 0.23+0.11 0.84+£0.13
0.16 £ 0.03 0.19+0.24 1.58 + 0.36
0.08 £0.03 0.04 £ 0.02 0.04 £ 0.00
0.07 £0.02 0.27 £ 0.06 0.28 £ 0.19
0.15+0.04 0.15+0.08 0.06 £0.01
0.12+0.03 0.20 £ 0.07 0.15+£0.08
1.98 £ 0.29 1.67 £0.43 1.75+0.17
0.02 £ 0.00 0.01+0.00 0.01+0.00
0.04 £0.01 0.01+0.00 0.01+0.00
0.08 £ 0.01 0.02£0.01 0.04 £0.01
0.05 £ 0.03 0.02+£0.01 0.08 £ 0.02
0.22 £ 0.08 0.09 £ 0.03 0.10 £0.01

1.35 6.00 0.53
7.75 18.00 10.00

Data are represented as %ID/g (mean + SD), or as uptake ratio of tumor to normal tissue for female nude mice (n=4) bearing
SKOV-3 xenografted tumors. Mice were sacrificed at different times post-injection of **In-DOTA-GSG-J18. 'n=7, n=5, "‘p=0.03,
significant difference between tumor uptake of radiolabeled peptide 1 h post-injection with and without the presence of its

non-radioactive counterpart.

cells (SKOV-3), competition experiments were
performed with the radiolabeled (***In-DOTA-
GSG-J18) and the non-radioactive counterpart
(In-DOTA-GSG-J18) according to previous stud-
ies [15]. In brief, cells (1x10°) were incubated
with 2x10°% cpm of ***In-DOTA-GSG-J18 and va-
rying concentrations of In-DOTA-GSG-J18 (103
to 10 M) for 1 h at 37°C. Cell-bound radioac-
tivity was measured, and the IC_ -value was cal-
culated using graphPad prism software.

Biodistribution of peptide 1*In-DOTA-GSG-J18
in SKOV-3 tumor-bearing nude mice

Nude mice (n=4) received tail-vein injections of
approximately 0.17 Mbq of **In-GSG-DOTA-J18,
and were subsequently housed separately. The
animals were sacrificed by cervical dislocation
at 30 min, 1 h, 2 h and 4 h post-injection, and
organs were removed, weighed and counts
were determined. Radioactive uptake in the
tumor and in normal organs was calculated and
expressed as percentage of injected dose per
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gram of tissue (%ID/g). For blocking experi-
ments, tumor-bearing mice (n=4) were pre-in-
jected with 100 pg nonradioactive In-DOTA-
GSG-J18 peptide. After 5 min, the mice were
injected with 0.17 MBq of *1In-DOTA-GSG-J18,
and the animals were sacrificed after 1 h and
the blocking efficiency was evaluated.

Small animal SPECT/CT studies

Nude mice bearing xenografted SKOV-3 tumors
were injected through the tail-vein with 13.0
MBq of **In-DOTA-GSG-J18 and imaged 1 h
post-injection using a small-animal MicroCAT Il
SPECT/CT scanner (Siemens Medical Solutions,
Malvern, PA) with a high-resolution 2 mm pin-
hole collimator at the Harry S. Truman Veterans
Memorial Hospital Biomolecular Imaging
Center. For blocking experiments, mice were
pre-injected with 170 pg of nonradioactive
In-labeled DOTA-GSG-J18 peptide. After 5 min,
mice were injected with 13.0 MBq of **In-DOTA-
GSG-J18 and imaged after a total of 1 h using a
SPECT/CT scanner as described above.

Am J Nucl Med Mol Imaging 2014;4(6):561-570
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Figure 4. SPECT/CT study with nude mice carrying xenografted SKOV-3 tumors. (A) ***In-DOTA-GSG-J18 (13.0 MBq)
or (B) In-DOTA-GSG-J18 followed by *11In-DOTA-GSG-J18 (13.0 MBq) were injected into the tail vein of SKOV-3 tumor-
bearing nude mice. (C, D) Axial SPECT/CT images of tumor uptake of (C) **In-DOTA-GSG-J18 and (D) In-DOTA-GSG-
118 followed by ***In-DOTA-GSG-J18. The live image was acquired 1 h post-injection under isoflurane anesthesia
in a Siemens small-animal SPECT/CT scanner. The pictures show left lateral fused SPECT/CT images. T=tumor,
K=kidneys and B=bladder. Created by 3D OSEM Fan beam (Feldkamp). Image processing was performed with In-
veon Research Workplace processing software.

Statistical analysis

For statistical analysis an unpaired Student’s
t-test was performed to determine significance
using Prism Graphpad Software. A P-value of
0.05 or less was considered significant.

Results
Phage display selection

In order to select peptides with good in vivo
pharmacokinetic and tumor targeting proper-
ties, a two-tier phage display selection protocol
was performed. In the last round of selection,
31 individual phage clones were identified, and
were used in micropanning experiments to iden-

566

tify clones with high SKOV-3-to-HS-832 binding
ratios. Results showed that phage clones pJ18
exhibited the highest SKOV-3-to-HS832 bind-
ing ratios of 6.57, indicating preferable binding
to the human OC cell line (Table 1). Based on
these results pJ18 was chosen for further ana-
lysis.

Peptide synthesis, radiolabeling and stability

Peptide J18 was synthesized with a GSG-spacer
between the DOTA-group and the NH_-terminus
to avoid potential steric hindrance. The peptide
(DOTA-GSG-J18) was successfully labeled with
I or non-radioactive In and purified by
RP-HPLC. The radiolabeled peptide and its non-
radioactive counterpart eluted with retention

Am J Nucl Med Mol Imaging 2014;4(6):561-570
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times of 24.6 min and 24.5 min, respectively.
High labeling efficiency of 98% and radiochemi-
cal purity of 98.6 + 1.6% (mean * SD), for
1111n-DOTA-GSG-J18 were observed. The yield
of radiolabeled peptide was ~20% after HPLC
and C-18 cartridge purification.

The stability of ***In-DOTA-GSG-J18 was evalu-
ated in mouse serum at 37°C for different time
intervals and analyzed by RP-HPLC. Results
showed that the radiolabeled peptide exhibited
a half-life of 5.2 + 0.43 h (mean + SD) in mouse
serum (Figure 1).

Cell binding

The specificity of 1*In-DOTA-GSG-J18 for OC
cells was determined in a cell-binding assay
using SKOV-3 and HS-832 cells. For this,
11n-DOTA-GSG-J18 was incubated with 1x10°
cells for different periods of time, and the
bound radioactivity was measured and calcu-
lated as percentage of total counts per minute
(% total cpm). Binding of the radiolabeled pep-
tide to both cell lines increased from O minto 1
h, after which the binding gradually decreased.
Nevertheless, in comparison to HS-832 cells,
11n-DOTA-GSG-J18 exhibited significantly high-
er binding to SKOV-3 cells after 2 h, demon-
strating specificity for this cell line (Figure 2).

Further validation of specific binding of radiola-
beled peptide to SKOV-3 cells was determined
by a competition assay in the presence of dif-
ferent concentrations of the correlating non-
radioactive peptide. Results showed that the
amount of bound radioactivity decreased in a
dose-dependent manner with increasing con-
centrations of non-radiolabeled peptide, indi-
cating that binding of ***In-DOTA-GSG-J18 was
out-competed by In-DOTA-GSG-J18 (Figure 3).
Based on these data, an IC, value of 10.5 +
1.1 uM (mean * SE) for **In-DOTA-GSG-J18 for
SKOV-3 cells was calculated.

Pharmacokinetics of *1*In-GSG-DOTA-J18 pep-
tide in SKOV-3 tumor-bearing nude mice

Indium-111 labeled DOTA-GSG-J18 peptide
was evaluated in regard to its pharmacokinetic
properties in nude mice bearing xenografted
SKOV-3 tumors. Radioactive uptake in the
tumor was calculated to be 1.63 + 0.68, 0.60 +
0.32,0.31 £+ 0.12 and 0.10 + 0.02% ID/g at 30
min, 1 h, 2 hand 4 h, respectively (Table 2). The
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radioligand cleared from the blood and exhibit-
ed levels of 2.37 + 0.94, 0.40 + 0.24, 0.03 +
0.03 and 0.19 + 0.02% ID/g at 30 min, 1 h, 2 h
and 4 h, respectively. The tumor-to-blood ratio
increased from 0.69 at 30 min to 1.50 and
6.00 at 1 h and 2 h, respectively, indicating
rapid blood clearance and kinetically favorable
tumor uptake and retention. Equally high tumor-
to-muscle ratios were observed as early as 1 h
post-injection. Radioactive uptake in normal
organs was, as expected, the highest in the kid-
neys due to renal clearance being the major
route of excretion for most peptide ligands [16].
The kidney uptake was highest after 30 min at
6.71 + 3.08 and decreased to 2.70 £ 0.95,
1.67 + 0.43 and 1.75 + 0.17% ID/g at 1 h, 2h
and 4 h, respectively. Of all other organs, only
the lungs, liver and spleen demonstrated
noticeable radioligand uptake, which decreased
rapidly after 1 h. Very little radioactivity was
detected in the remaining organs and bone. In
order to determine the specificity of tumor
uptake, the radiolabeled peptide was subject-
ed to an in vivo competition study with its non-
radioactive counterpart. The results indicated
that the non-radioactive peptide significantly
blocked uptake of the radioactive counterpart
by approximately 48%. The non-radioactive
ligand did not significantly affect the uptake of
1n-labeled peptide in normal organs.

SPECT/CT tumor imaging

The SPECT/CT imaging ability of *'In-DOTA-
GSG-J18 was evaluated in SKOV-3 xenografted
nude mice (Figure 4A). The tumors were clearly
visualized with high tumor-to background con-
trast, and the kidney uptake was concurrent
with the pharmacokinetic data. Excretion of the
radioligand was visible in the bladder, while lit-
tle to no radioligand uptake was detected in
other normal organs. Peptide tumor specificity
was determined by blocking *1'In-DOTA-GSG-
J18 tumor uptake in the presence of non-radio-
active peptide. The image showed that radioac-
tive tumor uptake was successfully blocked
(Figure 4B), while radioactive uptake in the kid-
neys and other organs was unchanged, indicat-
ing that the radioligand exhibits specificity for
SKOV-3 tumors.

Discussion

The poor prognosis of OC is a direct result of
asymptomatic disease development and a lack

Am J Nucl Med Mol Imaging 2014;4(6):561-570
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of adequate diagnostic techniques [1]. Many
OC detection methods are under investigation;
however, most show high specificity while
exhibiting low sensitivity or vice versa [17, 18].
The need for new diagnostic tools combined
with the fatality of OC, emphasizes the great
need for development of efficacious detection
methods.

Peptide-based radionuclide imaging agents are
rapidly evolving due to implementation of com-
binatorial strategies including phage display
technology [8, 9, 19]. While several peptides
have been identified by in vitro phage display
selections [20, 21], it is generally accepted that
in vivo selections offer advantages in obtaining
optimal targeting and pharmacokinetic proper-
ties [11, 12, 22-24]. A limited group of peptides
have been identified in this manner, of which
the most well-known example is identification
of a RGD-containing peptide that binds vascu-
lature expressed o B,-integrin, and has been
employed in both positron emission tomogra-
phy (PET) and SPECT imaging of the human
tumor vasculature [22, 25, 26]. Other examples
of peptides selected via in vivo phage display
include the rhabdomyosarcoma targeting se-
quence CQQSNRGDRKRC [23], and several pe-
ptides that bind tumor vasculature receptors
[11, 12, 24]. In contrast, our selection protocol
initially selects for a sub-population of the lib-
rary with desirable pharmacokinetics and extra-
vasation abilities, which is followed by a subse-
quent in vitro selection that ensures tumor cell
binding rather than vasculature targeting.

While many of these peptides show great prom-
ise; the majority of peptides target the tumor
vasculature rather than tumor cells. Instead,
our laboratory has developed a two-tier phage
display screening method designed to select
tumor-cell targeting peptides with high in vivo
stability and good pharmacokinetic properties.
The rigid screening process resulted in identifi-
cation of peptide J18, which was synthesized
with a DOTA-chelator and GSG-spacer and
labeled with **1In. The radiolabeled peptide de-
monstrated excellent stability under physiologi-
cal conditions, indicating good potential in vivo
stability [27]. A comparison of the binding pat-
terns of the radiolabeled peptide for OC and
normal ovarian cells were investigated, and
although **In-DOTA-GSG-J18 showed minimal
binding to HS-832 cells, the peptide exhibited
significantly higher binding to SKOV-3 cells after
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2 h. These results may indicate that the radiola-
beled peptide binds to an antigen that is over-
expressed by SKOV-3 cells, but is present at
low levels on normal ovarian cells. Several cell
receptors are known to exhibit such expression
patterns, including the folate receptor-a and
the ErbB2/Her2/neu receptor, among others
[28, 29]. Competition studies demonstrated
that binding of *!In-DOTA-GSG-J18 to OC cells
was specific, in that it was outcompeted by inc-
reasing concentrations of the correlating non-
radioactive peptide. Based on this data, an
IC,,-value of 10.5 + 1.1 uM (mean * SE) for the
radiolabeled peptide was calculated, which is
in correlation with what has previously been
reported for phage display peptides selected
against live cells [30].

A competition biodistribution study with **In-
DOTA-GSG-J18 in the presence of non-radiola-
beled peptide demonstrated specific binding to
the tumor, while radioactive uptake in other
organs was non-specific. Additionally, low levels
of radioactivity in the blood as well as rapid
clearance indicated good stability of the radio-
nuclide-chelator complex as free *''In would
bind to metal conjugating serum proteins
resulting in prolonged circulation. Both the
small molecular size and the positive charge of
the peptide at physiological pH indicate that
the majority should be cleared through the kid-
neys. This is evident from the biodistribution
results, and correlates with the fact that renal
clearance is the preferred route of excretion for
most radiolabeled peptides [16]. Renal reten-
tion of radiolabeled compounds may lead to
nephrotoxicity [31]. However, kidney uptake of
11n-DOTA-GSG-J18 rapidly decreased after
only 1 h, thereby minimizing potential kidney
exposure. Low non-specific retention of radio-
activity in the liver and spleen may be due to
hydrophobicity of the peptide and the fact that
increased lipophilicity tends to direct a com-
pound towards hepatic excretion [32]. Finally,
the lungs showed some non-specific retention
of radioactivity, which may be due to high perfu-
sion and increased exposure to the blood cir-
culation.

In vivo SPECT/CT imaging of SKOV-3 xenograft-
ed mice using **'In-DOTA-GSG-J18 revealed
high tumor-to-background ratios, and success-
fully localized the tumor. In correlation with the
pharmacokinetic studies, the majority of the
radioactivity was found in the kidneys, and
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renal excretion of the peptide was clearly evi-
dent from high levels in the bladder. Fur-
thermore, tumor uptake of the radioactive pep-
tide was successfully blocked by injection of
the non-radioactive counterpart showing speci-
ficity of the peptide for the SKOV-3 tumor.

To date, very few in vivo OC imaging agents
have been reported. Of the few, a tetrameric
vascular cell adhesion molecule 1 (VCAM-1)
targeting peptide is among the most success-
ful. Although the VCAM-1 targeting peptide
exhibited excellent tumor homing, its use is lim-
ited to advanced stages of OC. In fact, VCAM-1
was not detectable on stage | tumors [9]. The
peptide 18-DOTA was employed in successful
SPECT/CT imaging of SKOV-3 metastases in
mice and showed prolonged tumor retention
and minimal radioactive uptake in normal
organs. In order to further improve binding
affinity, tumor uptake and retention, affinity
maturation, alanine scanning, or display of the
peptide as multiple copies on a scaffold may be
performed in future studies. Additionally, identi-
fication of the peptide antigen will aid in the
optimization of the targeting agent, and poten-
tially shed light upon the pathology of ovarian
cancer. Currently, the antigen remains unknown;
however, future studies including proteomic
analysis will be performed.

Here, we demonstrated that '*'In-DOTA-GSG-
J18 images xenografted human ovarian SKOV-
3 tumors in live nude mice using SPECT/CT, and
exhibits rapid renal clearance. This peptide
may be useful in advancing the diagnosis of OC
and allows detection of early stages of the
malignancy.

Conclusion

The SKOV-3 specific peptide J18 was selected
by a two-tier phage display screening process
and evaluated for its binding, pharmacokinetic
and SPECT/CT imaging properties. The peptide
demonstrated good tumor uptake and reten-
tion and successfully imaged SKOV-3 tumors in
xenografted nude mice. In conclusion, the J18
peptide may be an effective imaging agent of
OC.
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