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Abstract: Personalized medicine is at the forefront of cancer diagnosis and therapy. Molecularly targeted therapies
such as trastuzumab and tamoxifen have enhanced prognosis of patients with cancers expressing ERBB2 and
the estrogen receptor, respectively. One obstacle to targeted therapy is the development of resistance. A targeted
peptide that could distinguish resistance-susceptible cancer would aid in treatment. BT-474 human breast cancer
cells can be resistant to both tamoxifen and trastuzumab, and may serve as a model for malignancies in which
targeted therapy may not work. Bacteriophage (phage) display is a combinatorial technology that has been used to
isolate peptides that target a specific cancer subtype. It was hypothesized that in vivo phage display could be used
to select a peptide for SPECT imaging of BT-474 human breast cancer xenografts. A phage library displaying random
15 amino acid peptides was subjected to four rounds of selection, after which 14 clones were analyzed for BT-474
binding and specificity. One phage clone, 51, demonstrated superior binding and specificity, and the displayed pep-
tide was synthesized for in vitro characterization. Peptide 51 bound specifically to BT-474 cells with an EC_ = 2.33
UM and was synthesized as a DOTA-conjugated peptide and radiolabeled with ***In for in vitro and in vivo analysis.
The radiolabeled peptide exhibited an IC,, = 16.1 nM to BT-474 cells and its biodistribution and SPECT imaging
in BT-474 xenografted mice was analyzed. Although tumor uptake was moderate at 0.11% ID/g, SPECT imaging
revealed a distinct tumor vasculature binding pattern. It was discovered that peptide 51 had an identical 5 amino
acid N-terminal sequence to a peptide, V1, which bound to Nrpl, a tumor vasculature protein. Peptide 51 and V1
were examined for binding to target cells, and 51 bound both target and endothelial cells, while V1 only bound en-
dothelial cells. Truncated versions of 51 did not bind BT-474 cells, demonstrating that the targeting ability of 51 was
independent of the homologous V1 sequence. These results demonstrate that in vivo phage display can effectively
identify a peptide that specifically targets a breast cancer cell line that is susceptible to targeted therapy resistance.

Keywords: Peptide, phage display, molecular imaging, breast cancer

of the tumor often dictates the course of treat-
ment. For example, breast cancers that express
the estrogen receptor and the receptor tyrosine
kinase ERBB2 are often treated with the estro-
gen receptor antagonist tamoxifen and anti-
ERBB2 antibody trastuzumab in combination
with a chemotherapeutic agent [2, 3]. Despite
the success accomplished using these treat-
ment strategies, a major obstacle is the occur-
rence of resistance to the targeted therapies,
with 30% developing tamoxifen resistance, and
greater than 50% developing trastuzumab
resistance [4, 5]. A targeting agent with the abil-

Introduction

The ability to detect malignant tissue non-inva-
sively remains an important factor in diagnos-
ing and treating carcinomas, including breast
cancer. Traditionally, methods of diagnosis,
such as mammography and *F-fluorodeoxy-
glucose positron emission tomography, are
used to identify areas of malignancy. Other tar-
geted imaging agents, including radiolabeled
peptides for single photon emission computed
tomography/x-ray computed tomography (SP-
ECT/CT), have been incorporated in diagnostic
procedures to not only precisely pinpoint

tumors, but also provide biologically relevant
information about the malignancy non-invasive-
ly [1]. Additionally, molecular characterization

ity to distinguish cancers prone to develop
resistance would greatly aid in the direction of
treatment strategies.


http://www.ajnmmi.us

Resistance-susceptible breast cancer targeted peptide

Currently, there is no predictive diagnostic
agent to assess resistance to targeted thera-
pies. In order to develop an imaging agent
capable of detecting carcinomas susceptible to
therapeutics such as tamoxifen and trastuzum-
ab, a proper animal model of breast cancer
expressing the estrogen receptor and ERBB2
that can be investigated in vivo and accurately
mimicked in vitro is needed. A breast cancer
cell line that forms reliable tumors in a mouse,
expresses both the estrogen receptor and
ERBB2 at physiologically relevant levels, and
has been shown to develop resistance to thera-
pies such as tamoxifen and trastuzumab could
potentially serve as a template for resistance-
susceptible breast cancer. When choosing an
applicable cell line for targeted therapy resis-
tance, the most often used human breast can-
cer cell lines that form tumors in mice can be
surveyed for estrogen receptor and ERBB2 sta-
tus. It is well established that T47D and MCF7
cell lines, which are estrogen receptor positive,
do not express ERBB2 [6, 7]. Likewise, SK-BR-3
and MDA-MB-453 cells over-express ERBB2
but lack detectable estrogen receptor [7].
However, BT-474 human breast cancer cells are
estrogen-dependent, over-express ERBB2 and
form tumors in mice [8, 9]. Although estrogen
dependant, BT-474 tumors are naturally resis-
tant to tamoxifen, a widely used anti-estrogen
therapy [10]. Tamoxifen resistance is thought to
be mediated by the over-expression of ERBB2,
a major driver of breast cancer [4]. Trastuzumab,
a humanized monoclonal antibody, has been
successfully used for treating approximately
50% of cancers that over-express ERBB2 [2].
Interestingly, BT-474 cells have been demon-
strated to develop resistance to trastuzumab
[5]. The BT-474 cell line, therefore, offers a
unique opportunity as a target for developing
an imaging agent capable of detecting breast
carcinomas susceptible to resistance to multi-
ple targeted therapies, namely tamoxifen and
trastruzumab. A targeted agent specific for
BT-474 breast cancer may offer a novel method
of identifying resistance susceptible cancers
prior to treatment.

Bacteriophage (phage) display has been used
to successfully select imaging agents, such as
peptides, with the affinity and specificity to
image human cancer in vivo [11]. Following the
discovery that phages tolerate insertion of for-
eign peptide sequences while retaining the
functions of infection and replication, phage
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display has been used to identify peptides from
a library of random sequences based on a
desired target [12]. The power of phage display
is derived from the ability to test up to 10°
unique phage displayed sequences simultane-
ously for the optimal peptide based on a
desired function. Phages are incubated with a
target, allowing a portion to bind, while the
unbound phages are removed. Although only a
small portion may bind to the target, the recov-
ered phages are exponentially increased by
propagation in a host bacterial cell. The
enriched subpopulation is then subjected to a
subsequent round of selection, providing an
enhanced level of competition due to the
increased number of target-avid clones repre-
sented in the total phage population. Following
a number of rounds of selection, the output of
phage generally represents the fittest clones
for the desired function. This process can be
used to identify peptides which bind specifical-
ly to an antigen which is expressed or over-
expressed in cancer, in addition to identifying
peptides specific for breast cancer cell lines
[13]. Phage display has been used in vitro to
identify peptides which bind to a host of anti-
gens and image tumor cells in vivo, including
integrins, receptor tyrosine kinases, and carbo-
hydrate antigens [14-16].

In vivo phage display provides the combinatori-
al power of a traditional selection, while offer-
ing unique advantages. By probing a tumor in
the context of a living system, antigens are
more likely to be presented in the manner in
which they would be found in a patient. The
selection is favorably biased towards antigens
that are accessible to the tumor vasculature,
which may differ from those identified ex vivo or
in vitro [17]. An additional benefit is that pep-
tides must successfully avoid binding to anti-
gens displayed in non-target organs in order to
be captured, decreasing the likelihood of non-
target organ uptake. In vivo phage display has
been demonstrated to select peptides that
bind human tumors and specifically target the
vasculature of most organs, including tumor
vasculature [18, 19].

In vivo phage display is especially useful when
a specific protein target is not known. For exam-
ple, BT-474 cells are known to express ERBB2
and estrogen receptor, however, neither marker
by itself is predictive of susceptibility to resis-
tance [5, 9, 10]. It is extremely likely, however,
that many potential targets on BT-474 cells may
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serve not only as novel breast cancer antigens,
but also as predictors of therapeutic resis-
tance. In vivo phage display can serve as an
initial screen for peptides which specifically tar-
get BT-474 cells, providing the basis for devel-
opment an imaging agent for further refinement
and characterization. It was hypothesized that
a novel BT-474 targeted peptide could be
selected by in vivo phage display, which would
possess the capability of detecting human
breast tumors in xenografted mice. To test this,
4 rounds of in vivo selection were performed,
and individual phages were characterized for
their ability to bind BT-474 cells in vitro. A pep-
tide corresponding to a phage with high speci-
ficity and affinity for the target cells was synthe-
sized as a biotinylated conjugate and tested for
cell binding using fluorescent confocal micros-
copy, flow cytometry and colorimetric binding
assays. Retained affinity and specificity of the
biotinylated peptide in vitro warranted analysis
of the peptide as an **!In-radiolabeled SPECT
imaging agent. Following confirmation of speci-
ficity and high affinity of the radiolabeled pep-
tide, in vivo biodistribution was assessed.
Finally, the peptide was tested as for the ability
to detect BT-474 human breast tumors by
SPECT/CT.

Materials and methods
Materials

Materials for cell culture were obtained from
Invitrogen (Carlsbad, CA). Unless otherwise
specified, all other materials were purchased
from Sigma Chemical Co. (St. Louis, MO).

Cell lines

BT-474 cells were grown in RPMI-1640 with
10% heat-inactivated fetal bovine serum (FBS),
4.5 g/L D-glucose, 2.83 g/L HEPES buffer,
L-glutamine, 1.5 g/L sodium bicarbonate, 110
mg/L sodium pyruvate, and 48 ug/ml gentami-
cin at 37°C in 5% CO,. 184A.1 and human
umbilical vein endothelial (HUVEC) cells were
grown in RPMI 1640 with 10% FBS and 48 ug/
ml gentamicin. Cell lines were examined for
viability and presence of pathogens prior to
injection into mice.

Mouse strains and handling

Four- to 6-week-old athymic nude mice were
purchased from Harlan (Indianapolis, IN) and
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maintained in approved pathogen-free institu-
tional housing. Animal studies were conducted
as outlined in the NIH Guidelines for the Care
and Use of Laboratory Animals and the Policy
and Procedures for Animal Research of the
Harry S. Truman Veterans Memorial Hospital.
To establish solid tumors, BT-474 human breast
cancer cells (5 x 10°% were subcutaneously
injected into the rear flank of athymic nude
mice. Time-release 17B-estradiol pellets (Inno-
vative Research, Sarasota, FL) were implanted
subcutaneously to supplement tumor growth.
Visible tumors formed after approximately 5
weeks. Mice injected with either phage or radio-
labeled peptide were euthanized prior to exci-
sion of tumors and organs of interest.

In vivo phage display selection

A library of phage displaying 15 random amino
acids from the N-terminal tip of cplll, in the
fUSE5S vector, was a generous gift from Dr.
George P. Smith. In order to remove phages
with a propensity to bind normal tissues and
vasculature, 1 x 10*? transducing units (TU) of
library was injected into non-tumor bearing
mice and unbound phages were recovered
from the blood 15 min after initial injection,
amplified and purified, as previously described
[20]. The pre-cleared library was used for the
ensuing rounds of selection in BT-474 tumor
bearing mice. Briefly, 1 x 10*2 TU of pre-cleared
phage was injected into BT-474 xenografted
mice and allowed to circulate for 4 h. Mice were
anesthetized and tumors excised and frozen in
liquid nitrogen. The tumors were manually
homogenized and washed 10x with Tris buff-
ered saline with 0.1% Tween-20 (0.1% TBST) in
order to remove non-specifically bound phages.
The tumor homogenate was then incubated
with 2.5% (w:v) 3-[(3-Cholamidopropyl)dimethy-
lammonio]-1-propanesulfonate (CHAPS) for 1 h
to elute bound phages and disrupt cells for
recovery of any phage that had been internal-
ized by cells. Eluted phages were used to infect
log phase K91BK Escherichia coli (E. coli) for
amplification, followed by purification by poly-
ethylene glycol as described previously [http://
www.biosci.missouri.edu/smithGP/PhageDis-
playWebsite/PhageDisplayWebsitelndex.html].
The tumor-avid, amplified library was used for
the subsequent round of selection, which pro-
ceeded exactly as the first round. A total of four
rounds of selection were performed in BT-474
human breast tumor bearing mice.
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Analysis of selected phages

Following the fourth round of selection, 96 indi-
vidual phages were sequenced in order to
ascertain their displayed peptides. The se-
guences were analyzed for multiple occurrenc-
es, partial sequence multiple occurrences,
amino acid frequency and by algorithms includ-
ing basic local alignment search tool (BLAST)
and the scanner and reporter of target-unrelat-
ed peptides algorithm (SAROTUP) [21, 22].
Phage displayed peptides found in previous
unrelated selections were removed from con-
sideration and 14 phages were chosen for cell
binding assays. Each purified phage clone was
diluted to 1 x 108 TU/mL in RPMI and 100 uL
was incubated with either 1 x 10° BT-474
human breast cancer or 184A.1 normal breast
epithelial cells for 1 h at 37°C. Cells were
washed three times with 0.1% TBST and bound
phage were eluted by incubation with 2.5%
CHAPS at 4°C for 1 h. Eluted phage were quan-
tified by titration and infection of E. coli.

Peptide synthesis

The amino acid sequence corresponding to the
displayed peptide of clone 51, in addition to the
N-terminal 7 amino acid sequence (51N) and
C-terminal 8 amino acid sequence (51C) and a
vascular endothelial growth factor (VEGF) inhib-
iting peptide (V1) were chemically synthesized.
Synthesis occurred using an Advanced Chem
Tech 396 multiple peptide synthesizer (Advan-
ced Chem Tech, Louisville, KY) by solid phase
fluorenylmethyloxycarbonyl (FMOC) chemistry.
Biotin was covalently coupled to each peptide
at the n-terminus with a tripeptide glycine-ser-
ine-glycine tripeptide (GSG) spacer. The full
length 51 peptide was also conjugated to
1,4,7,10-tetraazacyclododecane-1,4,7,10-tet-
raacetic acid (DOTA) (Macrocyclic, Inc. Dallas,
TX) by a GSG spacer.

Fluorescent microscopy

BT-474, 184A.1 and HUVEC human endothelial
cells were fixed in 4% paraformaldehyde and
dried onto microscope slides. Following rehy-
dration with TBS, cells were blocked with 6%
(w:v) bovine serum albumin (BSA) for 1 h at
room temperature. Peptides 51, 51N and V1
were diluted to 10 uM in 0.1% TBST. After block-
ing, 100 L of the appropriate peptide solution
was added to cells and allowed to bind for 1 h
at room temperature. Slides were washed three
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times with 0.1% TBST and 100 pL of a-Biotin-
Alexafluor 488 conjugated monoclonal anti-
body diluted 1:1000 in 0.1% TBST was added
to cells and incubated at room temperature for
1 h. Slides were washed 3x with 0.1% TBST and
analyzed by an epifluorescent-equipped Nikon
T1-SM inverted microscope (Nikon, Melville,
NY).

Flow cytometry analysis of peptide binding

In the same manner as fluorescent microscopy,
BT-474, 184A.1 and HUVEC cells were fixed and
diluted to 1 x 108 cells/mL in RPMI and preincu-
bated with a 1:1000 dilution of o-Biotin-
Alexafluor 488 antibody. Peptides (51, 51N, V1)
were diluted from 100 nM to 100 uM in 0.1%
TBST and incubated with cells for 1 h at 37°C.
Cells were washed three times with 0.1% TBST,
counted and fluorescence quantified per cell by
a BD FACScan flow cytometer (BD Biosciences,
San Jose, CA).

96 well colorimetric cell binding assay

BT-474 and 184A.1 cells were grown to 80%
confluency in TPP 96 well flat bottom tissue cul-
ture plates and fixed with 4% paraformalde-
hyde. Biotinylated 51, 51N and 51C were dilut-
edfrom 10 nMto 100 uM in RPMl and incubated
with cells for 1 h at room temperature. Cells
were washed three times with 0.1% TBST and
100 pL horseradish peroxidase-conjugated
streptavidin (1 ug/mL) was added to cells and
allowed to bind for 1 h at room temperature.
Again, washing occurred in the same manner
and 100 pL of 2,2’-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid) was incubated with cells
for 15 min at room temperature. Color develop-
ment was terminated by the addition of 1%
(w:v) sodium dodecyl sulfate and absorbance at
405 nm was quantified using a pQuant
Universal Microplate Spectrophotometer (Bio-
Tek Instruments, Winooski VT).

Radiolabeling and peptide cell binding assays

DOTA-conjugated 51 peptide was diluted to 1
mg/mL in water and 20 uL was added to 200
pL of 0.1 M ammonium acetate and 18.5 MBq
of *InCl,. The reaction was incubated at 85°C
for 1 h and terminated by the addition of 10 uL
of 0.1 M ethylenediaminetetraacetic acid.
Reversed phase HPLC using a linear gradient
from 5-95% acetonitrile and 0.1% (v:v) trifluoro-
acetic acid was used to purify the radiolabeled
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Figure 1. Analysis of Selected Phage Clones. Round 4 of the in vivo phage display selection was sequenced and
14 individual phages were chosen for cell binding analysis. A: Individual phage and the corresponding amino acid
sequence are depicted. B: Individual phage were incubated with either target BT-474 cells or normal 184A.1 breast
epithelial cells. Total bound phages were quantified and normalized to wild-type phage. Shaded bars represent a
mean of three replicate experiments, error bars denote standard deviation.

peptide. For cell binding analysis, BT-474 cells
were diluted to 1 x 107 cells/mL in RPMI with
1% (w:v) BSA. Purified, radiolabeled ***In-DOTA-
51 peptide was diluted to 1 x 108 CPM/mL in
RPMI plus 1% BSA and 100 uL were added to
200 pL cells. Unlabeled DOTA-51 was serial
diluted and added to radiolabeled peptide and
cells at concentrations from 100 pM to 1 yM
and incubated at 37°C for 1 h. Cells were
washed with ice cold PBS with 0.1% BSA three
times and counted by gamma counter (Perkin
Elmer, Santa Clara, CA).

Radiolabeled peptide biodistribution

111n-DOTA-51 peptide was radiolabeled and
purified as described in in vitro cell binding.
Radiolabeled peptide was then diluted with
sterile PBS to 1.85 MBq/mL. Four mice bearing
BT-474 tumors were intravenously injected with
100 pL of ***n-DOTA-51 and sacrificed at 2 h
post-injection. Following sacrifice, pertinent
organs and tissues were excised, weighed and
counted via gamma counter. Uptake was nor-
malized by weight as percentage of injected
dose per gram of tissue (%ID/g).

MicroSPECT/CT imaging

111n-DOTA-51 was radiolabeled, purified and
diluted to 11.1 MBq in 100 pL of sterile PBS.
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The radiolabeled peptide was injected intrave-
nously into a mouse bearing a BT-474 human
breast tumor xenograft. After allowing the pep-
tide to circulate for 2 h post-injection, the
mouse was sacrificed and imaged at the
Biomolecular Imaging Center at the Harry S.
Truman Veterans Memorial Hospital. Acquisition
of the image proceeded for 7 h using a Siemens
Inveon Micro-SPECT/CT (Siemens, Knoxville,
TN) outfitted with mouse whole body 1.0 mm
collimators. Processing of the image data was
accomplished using Inveon Research Work-
place processing software. Fan beam (Feld-
kamp) filtered back projection algorithms were
employed to reconstruct the CT tomographic
image.

Results
In vivo selected phage characterization

Following the completion of four rounds of in
vivo selection, 96 individual phages were iso-
lated and their relevant DNA sequenced to
obtain the displayed peptide amino acid
sequence. Selection of phages for cell binding
characterization was first accomplished by ana-
lyzing peptides for the presence of target unre-
lated peptides. Sequences were compared to
those from previous published selections with
unrelated targets using the SAROTUP algorithm

Am J Nucl Med Mol Imaging 2014;4(5):435-447
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Figure 2. Peptide 51 In Vitro Cell Binding Assays. A: Biotinylated peptide 51 and a control peptide were incubated
with BT-474 human breast cancer and 184A.1 normal breast epithelial cells fixed onto microscope slides. Following
washing, bound peptides were detected by addition of an anti-biotin Alexafluor 488-conjugated antibody. Strong
binding is observed for 51 with the target BT-474 cells, but not normal breast epithelial cells. The control peptide
does not exhibit binding to either cell line. B: Peptide 51 was analyzed for BT-474 and 184A.1 specificity and affinity
by flow cytometry. Peptides were diluted from 100 nM to 100 uM in 0.1% TBST. Following incubation of peptide with
cells, bound peptide was detected by anti-biotin Alexafluor 488. Squares represent the mean of 3 BT-474 replicates
at the indicated peptide concentration, triangles represent the mean of 3 184A.1 replicates. Error bars represent

the standard deviation.

[22]. Of the 96 total sequences, 28 were report-
ed in previous selections. Phages that bound
targets unrelated to breast cancer, including
the blood-brain barrier, hemagglutinin A, poly-
clonal rabbit antibody, and normal tissue were
excluded from consideration [23-26]. Instead,
14 phages unique to the selection, and listed in
Figure 1A, were chosen because they were
found multiple times, or a portion of the
sequence was present in multiple phages.
Phages were purified and analyzed for BT-474
specificity and apparent affinity.

Individual phages were tested for their ability to
selectively bind BT-474 human breast cancer
cells while not binding 184A.1 cells, a normal
breast epithelial cell line. Recovered phages
were normalized to the binding of insertless
wild-type phage as an internal control between
experiments. The relative binding ratio of each
phage in comparison to the wild-type phage
was used to assess the relative specificity and
affinity of each displayed peptide (Figure 1B).
Of the 14 phages analyzed, 5 bound 2-fold
greater or higher than wild-type to the target
BT-474 cell line. However, when accounting for
specificity by assessing the binding to 184A.1
breast epithelial cells, only 2 clones appeared
to be specific for BT-474 cells. Clones 51 and
19 bound 18.4 and 2.7 times higher to BT-474
cells than the wild-type phage, respectively.
Additionally, the phages preferentially bound
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breast cancer cells, with binding ratios to
BT-474/184A.1 cells of 1.48 for Clone 51 and
0.78 for Clone 19. Clone 51, which bound near-
ly 7 times more to BT-474 cells than any other
phage and did not bind normal breast epithelial
binding, was chosen for investigation of its dis-
played peptide outside of the phage
scaffolding.

Peptide 51 in vitro cell binding

Peptide 51 (ATWLPVPVVGYFMASA) was cova-
lently linked to biotin for detection in cell bind-
ing assays. The peptide was first analyzed by
fluorescent microscopy as a qualitative assess-
ment of binding. Fluorescent images demon-
strated that the peptide bound to BT-474
human breast cancer cells and had no detect-
able binding to normal breast epithelial cells
(Figure 2A). A control peptide chosen from a
target unrelated phage was used as a control
and demonstrated no binding to either cell line.
For confirmation of the results of fluorescent
microscopy and to attempt to quantify peptide
51 binding, flow cytometry was performed.
Peptide 51 bound with moderate affinity for
BT-474 cells, with a calculated fifty-percent
effective concentration (EC,) = 2.33 + 0.66
UM (Figure 2B). Binding to BT-474 cells was
also significantly higher than 184A.1 cells at all
peptide concentrations analyzed, and peptide
51 binding to 184A.1 cells did not display a sig-
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Figure 3. !n-DOTA-51 Cell Binding Competition.
111n-DOTA-51 was diluted to 1 x 10° CPM/mL in
RPMI and 1% BSA and 100 yL was added to 1 mil-
lion BT-474 cells suspended in 100 pL of the same
buffer. Unlabeled DOTA-51 was serially diluted from
100 pM to 1 uM and added to labeled peptide and
cells. Following a 1 h incubation at 37 °C, cells were
washed and bound radioactivity quantified. Square
boxes reperesent the mean of 3 replicates and error
bars represent standard deviation. CPM - Counts per
minute.

%ID/g

Figure 4. **In-DOTA-51 Biodistribution. ***In-DOTA-51
was prepared at 1.85 Mbg/mL in sterile PBS and
injected into BT-474 xenograft bearing mice. At 2 h
post-injection, animals were sacrificed, organs re-
moved, and total radioactivity counted by gamma
counter. Each bar represents the average of 4 mice,
and error bars denote standard deviation.

moid dose response, indicating a lack of speci-
ficity for the cells. A satisfactory affinity for
BT-474 cells, in addition to minimal normal
breast tissue binding, indicated that the pep-
tide would be a suitable candidate for develop-
ment as a radiolabeled imaging agent.

In vitro and in vivo *1In-DOTA-51 analysis

For radiolabeled peptide assessment, peptide
51 was conjugated to DOTA through an
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Figure 5. *In-DOTA-51 SPECT Imaging. A BT-474
tumor bearing mouse was injected with 11.1MBq
of *1n-DOTA-51 and peptide was allowed to circu-
late for 2 h prior to imaging. SPECT/CT images were
acquired overnight. All images are from the same
mouse. T - Tumor, K - Kidney.

N-terminal GSG spacer and radiolabeled with
n, 11n-DOTA-51 was first tested for a
retained affinity for BT-474 cells in vitro using
unlabeled peptide in a competition assay. The
relative fifty-percent inhibition concentration
(ICy,) was calculated at 16 + 7 nM, an affinity
comparable to previous peptides used for in
vivo analysis (Figure 3) [15, 27]. ***In-DOTA-51
was injected into mice bearing BT-474 human
breast cancer xenografts for pharmacokinetic
analysis. The biodistribution of *!In-DOTA-51
revealed tumor uptake of 0.12 + 0.02 %ID/g
(Figure 4). The tumor to blood ratio was deter-
mined to be 2.3 and the tumor to muscle ratio
was 7.1, indicating specificity of the peptide for
BT-474 human breast tumors. Tumor uptake in
all other organs was low, further confirming
tumor specificity. In particular, organs that
could produce background signal for breast
cancer imaging, including the heart (0.04 +
0.01 %ID/g), and lung (0.13 £ 0.03 %ID/g) were
low (Figure 4). Radiosensitive organ uptake,
such as bone (0.03 + 0.02 %ID/g) was also
minimal (Figure 4), which is important in the
development of a safe and effective radiola-
beled imaging agent. SPECT/CT image analysis
revealed high peptide uptake surrounding the
tumor, in addition to kidney uptake, which coin-
cided with the measured kidney retention of
30.4 %ID/g (Figure 5). The pattern of tumor
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Figure 6. 51 and V1 Cell Binding Comparison. A: Biotinylated peptides were examined for BT-474, 184A.1 and
HUVEC binding by fluorescent confocal microscopy. Ten uM peptide was incubated with 4% paraformaldehyde fixed
cells dried onto microscope slides and peptide binding visualized by anti-biotin Alexafluor-488 conjugated antibody.
B: Flow cytometry was performed to quantify peptide binding to cells. Binding is plotted as the mean fluorescent
intensity of the total cell population. Bars illustrate a mean of three replicate experiments and error bars correspond

to the standard deviation.

uptake was similar to known vasculature tar-
geting agents such as radiolabeled anti-VEGF
antibody and arginine-glycine-aspartic aciced
tripeptide (RGD) [28, 29]. Although the
sequences did not contain any well known vas-
culature targeting motifs, such as RGD, peptide
51 sequence was rigorously compared to
known vasculature targeting peptides in order
to determine if they shared any other partial
homology.

Upon extensive literature review, it was noticed
that peptide 51 shared a 5 amino acid homol-
ogy with a peptide that had been previously
selected by phage display and demonstrated to
bind neuropilin-1 (Nrpl) and inhibit VEGF-
mediated angiogenesis [30]. The peptide, V1
(ATWLPPR), was remarkably similar to the
N-terminal residues in Clone 51, whose full
length sequence was ATWLPVPVVGYFMASA.
Since V1 did not share exact identity to peptide
51 and the peptides were of differing sequence
lengths, preliminary searches for target unre-
lated peptides did not identify the similarity
between V1 and 51.

Examining the role of a homologous V1 se-
quence in peptide 51

Since peptide 51 shared homology with a vas-
culature antigen-targeting peptide, it was nec-
essary to determine whether the properties of
peptide 51 were mediated by the shared ATWLP
sequence. Binding of the full length peptide
(51), the N-terminal 7 residues (51N - ATWLPVP)
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and the V1 peptide (ATWLPPR) was analyzed
using fluorescence microscopy for target
BT-474 breast cancer cells, 184A.1 breast epi-
thelial cells, and an endothelial cell line demon-
strated previously as a target of V1 [31]. Full
length 51 bound strongly to BT-474 cells, while
neither 51N nor V1 displayed detectable fluo-
rescence to the same cell ling, indicating only
51 visibly bound BT-474 cells (Figures 4, 6A).
All three peptides did not bind normal breast
epithelial cells. Interestingly, both full length 51
and V1 bound strongly to HUVEC endothelial
cells, while 51N binding was visibly weaker in
fluorescent intensity than 51 or V1.

Confirmation and quantification of fluorescent
peptide binding to each of the cell lines was
investigated using flow cytometry. The mean
fluorescence intensity (mean Fl) was quantified
for each cell line incubated with 10 uM of pep-
tide (Figure 6B). Peptide 51 had a significantly
higher (P<0.01) BT-474 cell binding (mean Fl =
24.2 + 2.98), 9.5 and 7.4 times higher than
51N (mean Fl =2.53 + 0.11) and V1 (mean Fl =
3.27 + 0.11), respectively. The mean Fl of 51
for 184A.1 cells was 4.47 + 0.90 in comparison
to 3.27 + 0.73 for 51N and 3.63 + 0.06 for V1,
indicating no binding of any peptide to the
breast epithelial cell line. Finally, binding to
HUVEC cells was significantly higher (P<0.05)
for 51 (mean FI = 56.2 + 9.05) and V1 (mean FI
= 26.5 + 0.46) than for 51N (mean Fl = 12.06
+ 0.46), which was consistent with fluorescent
microscopy results.
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Figure 7. Truncated 51 Binding Analysis. Full length (51), N-terminal (51N) and C-terminal (51C) truncated peptides
were assessed for BT-474 and 184A.1 cell binding using a colorimetric 96 well cell binding assay. A: 1 uM biotinyl-
ated peptide was incubated with cells and binding was detected by the addition of streptaviding-conjugated horse-
radish peroxidase followed by addition of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid). Total bound peptide
was measured by absorbance at 405 nm. Bars represent a mean of 3 replicate experiments and error bars denote
standard deviation. B: Peptide 51 binding from 10 nM to 100 uM to BT-474 cells is plotted for calculation of EC, .

Since the BT-474 targeting capability of 51 was
not mediated by the N-terminal 7 residues, a
peptide corresponding to the C-terminal 9 resi-
dues (51C - VVGYFMASA) was synthesized to
determine if this sequence alone contributed to
the cell binding properties. A 96-well, colori-
metric cell binding assay was chosen to moni-
tor binding over a number of concentrations for
determination of the specificity and affinity of
51, 51N and 51C. Although all peptides bound
significantly higher to BT-474 cells than 184A.1
cells (P<0.05) at a concentration of 1 uM, pep-
tide 51 demonstrated higher binding to BT-474
cells than either 51N or 51C. Peptide 51 dem-
onstrated saturable binding and an EC_ = 4.71
+ 0.3 uM. 51N did not reach binding saturation,
and 51C bound with a calculated EC,, of
approximately 2 mM, 1000 fold worse than full
length 51 (Figure 7). These results indicated
that the BT-474 targeting properties of 51 were
not mediated by the N- or C-terminal sequenc-
es by themselves.

Discussion

Detection and characterization of breast carci-
nomas is essential to effectively treating molec-
ularly distinct malignancies. Therapeutic man-
agement of breast cancer has benefitted from
the introduction of targeted therapies including
tamoxifenandtrastuzumab [2, 3]. Unfortunately,
resistance has been demonstrated to occur for
both therapies, negating the beneficial effects
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of targeted therapy in certain patients [5, 10].
Development of a targeted imaging agent, such
as a radiolabeled peptide, that could detect
human breast carcinomas and simultaneously
reveal whether the tumor would be susceptible
to developing therapeutic resistance would,
therefore, be highly beneficial. BT-474 human
breast cancer cells express the targets of both
tamoxifen and trastuzumab, and have innate
resistance to tamoxifen and can develop resis-
tance to trastuzumab [8, 32]. Therefore, this
cell line may serve as an ideal model for devel-
oping targeted peptides for imaging therapy-
resistant breast cancer.

In order to develop a peptide with BT-474 imag-
ing capabilities, in vivo phage display was per-
formed with mice bearing BT-474 human breast
cancer xenografts. Phages for further charac-
terization were obtained by eliminating target
unrelated phages, leaving 68 potential candi-
dates. From these, 14 phages that were identi-
fied multiple times in the selection were chosen
for cell binding analysis. Binding of the phages
was assessed with BT-474 breast cancer target
cells and 184A.1 normal breast epithelial cells
as a negative control. Clone 51 was chosen for
analysis as a synthesized peptide because in
addition to minimal non-target binding, the
phage bound over 18 times higher than wild-
type phage to BT-474 cells. Due to its apparent
superior targeting properties, the displayed
sequence of clone 51 was synthesized and
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analyzed for cell binding. Fluorescent micros-
copy confirmed BT-474 specific binding of the
peptide, and flow cytometry was used to quan-
tify a relative EC, = 2.33 puM of peptide 51 for
the target cells. The peptide once again did not
bind to 184A.1 cells at any concentration test-
ed. A calculated EC_, that had been previously
demonstrated to be sufficient for in vivo imag-
ing, in addition to its specificity for BT-474 cells,
lead to synthesis and analysis of the peptide as
a radiotracer [15, 20].

Radiolabeling of the peptide for in vivo studies
was accomplished by conjugating the peptide
to the macrocyclic chelator DOTA and incubat-
ing with *In. The radiolabeled peptide was
subjected to a peptide binding inhibition assay
to confirm specificity and affinity. 11*In-DOTA-51
binding inhibition was measured at a relative
IC,, = 16.7 nM, confirming retained affinity of
the radiolabeled peptide. The difference
between the EC_ and IC_, could be the result of
enhanced affinity of the radiolabeled peptide,
radiolabeling providing a more sensitive means
of quantification, or a difference between the
concentration of peptide necessary to reach
half maximal saturation (EC, ) and the concen-
tration necessary to inhibit 50% of submaximal
peptide binding (IC, ). Further characterization
may resolve the difference; however, in vitro
cell binding revealed that the peptide affinity
had not been diminished by addition of a radio-
labeled chelator, which was the goal of the
assay. Therefore, '''In-DOTA-51 was subse-
quently analyzed in BT-474 tumor bearing mice
for biodistribution and SPECT imaging capabili-
ty. Tumor uptake of the peptide was under 1%
ID/g, but highly specific. Two measures of spec-
ificity, tumor to blood (2.3) and muscle (7.1)
ratios, were both greater than 1, indicating
tumor uptake was not mediated by blood pool-
ing and was also tissue specific. SPECT imaging
of the radiolabeled peptide revealed high
uptake in the region surrounding the tumor,
consistent with radiolabeled RGD peptide and
an anti-VEGF antibody specific for tumor vascu-
lature antigens [28, 29]. Vasculature targeting
peptides have been selected by in vivo and in
vitro phage display previously, and it is known
that a sequence as short as 3 amino acids,
such as RGD, is sufficient to endow tumor vas-
culature targeting properties to a peptide [14].
The highly similar uptake pattern between pep-
tide 51 and other tumor vasculature imaging
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agents suggested that the peptide may have
similar targeting properties. Upon a detailed
inspection of vasculature targeting peptide
sequences in the literature, it was discovered
that peptide 51 resembled a Nrpl-targeted
peptide selected previously by phage display
[30]. The displayed peptide of Clone 51,
ATWLPVPVVGYFMASA, was identical in its 5
N-terminal residues to the Nrp-1 targeted V1
peptide, which has the sequence ATWLPPR.
Nrp-1 has been demonstrated to be expressed
in breast cancer, and its expression has been
confirmed in BT-474 cells [33]. It was possible
therefore, that the binding of Clone 51 was
mediated by the N-terminal residues homolo-
gous to V1. In order to test this, 51 and V1 were
examined for similar targeting characteristics
in vitro and in vivo and several truncated ver-
sions of 51 were examined to determine the
sequence that mediated BT-474 binding.

In vitro cell binding studies revealed that 51
bound both BT-474 and HUVEC cells, while V1
only targeted HUVEC cells. Although BT-474
cells express Nrpl, it has been shown that they
express the receptor at lower levels than HUVEC
cells, which may explain the difference in bind-
ing of V1 to BT-474 and HUVEC cells [33]. In
fact, a monoclonal antibody targeting Nrpl
failed to elicit anti-proliferative effects with
BT-474 cells in vitro, consistent with the
observed results of V1 binding to BT-474 cells
[34]. However, this does not account for the dif-
ference in cell binding between 51 and V1.
Although it was initially thought that the target
of 51 may be Nrpl, the data presented here
and previous analysis of V1 indicate this is not
likely. In an earlier study examining the critical
amino acids necessary for V1 binding, it was
determined that the C-terminal LPPR of V1 was
the crucial sequence, as demonstrated by bind-
ing assays using alanine scanning and trunca-
tion variants, and nuclear magnetic resonance
spectrometry [35]. Since peptide 51 does not
contain the critical LPPR domain, the similarity
between the 51 and V1 peptides may only be
coincidental, or the ATWLP sequence by itself
may not be enough to contribute to the binding
properties of the peptide. Finally, truncated
peptides were examined to determine the role
of shorter sequences, including ATWLP, on the
binding of full length 51. It was determined that
the full length peptide was required for optimal
target affinity and specificity.
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In addition to comparison of V1 and 51 in vitro,
the in vivo data of this study was compared to
previously published V1 in vivo data for phar-
macokinetics and imaging comparison. Unfor-
tunately, V1 has only been tested as a °°™Tc
radiolabeled peptide, and it was used with a
different tumor model [36]. Nevertheless, the
in vivo analysis of V1 revealed higher tumor
uptake (~2% ID/g) than 51, but its tumor to
muscle ratio was 0.22, significantly lower than
51. Although blood levels of the peptide were
not given, it was reported that blood levels of
the V1 peptide prevented detection of tumors
by SPECT imaging. Though not directly compa-
rable, the stark differences in pharmacokinetic
and SPECT imaging properties suggest that 51
and V1 do have different properties and
targets.

Conclusion

The data presented here provide evidence that
111n-DOTA-51 is a potential candidate for imag-
ing BT-474 human breast tumor xenografts.
Although the peptide’s properties are not medi-
ated by an Nrpl targeted sequence, the pep-
tide nonetheless appears to target tumor vas-
culature, as demonstrated both in vitro and in
vivo. In order to progress the peptide further to
the clinic, several questions must be addressed.
Solid tumor uptake of the peptide is low, how-
ever it remains to be seen whether the vascula-
ture uptake of the peptide will be sufficient for
imaging in humans. Additionally, although
BT-474 cells are a suitable base for developing
a peptide targeted at resistance susceptible
breast cancer, more in depth models must be
used to confirm that the peptide is indeed spe-
cific for targeted therapy resistant breast can-
cer. In that same regard, identification of the
target of peptide 51, while not trivial, could pro-
vide information for further investigation of pro-
teins that mediate resistance. Regardless, the
work here demonstrates that in vivo phage dis-
play can be used to select peptides, which tar-
get a resistance susceptible breast cancer cell
line, and the radiolabeled peptides can be used
to identify xenografted tumors in vivo.
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