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Abstract: Several monoclonal antibodies that target cell surface receptors have gained approval
by the U.S. Food and Drug Administration and are widely used in the treatment of some cancers.
These include but are not limited to the anti-CD20 antibody Rituximab, used in lymphoma
treatment, as well as anti-HER-2 antibody for breast cancer therapy. The efficacy of this cancer
immunotherapy modality is, however, limited by the large size of the antibody (160 kd) and its
relatively nonspecific binding to the reticuloendothelial system. This latter property is particularly
problematic if the antibody is used as a vehicle to deliver radionuclides, cytotoxic drugs, or
toxins to the tumor site. Peptides, peptidomimetic, or small molecules are thus attractive as
alternative cell surface targeting agents for cancer imaging and therapy. Cancer cell surface
targeting peptides can be derived from known native peptide hormones such as somatostatin
and bombesin, or they can be identified through screening combinatorial peptide libraries against
unknown cell surface receptor targets. Phage-display peptide library and one-bead one-
compound (OBOC) combinatorial library methods have been successfully used to discover
peptides that target cancer cells or tumor blood vessel endothelial cells. The phage-display
peptide library method, because of its biological nature, can only display L-amino acid peptides.
In contrast, the OBOC combinatorial library method allows for bead-surface display of peptides
that contain L-amino acids, b-amino acids, unnatural amino acids, or other organic moieties.
We have successfully used the OBOC method to discover and optimize ligands against unique
cell surface receptors of prostate cancer, T- and B-cell ymphoma, as well as ovarian and lung
cancers, and we have used some of these peptides to image xenografts in nude mice with high
specificity. Here, we (i) review the literature on the use of phage-display and OBOC combinatorial
library methods to discover cancer and tumor blood vessel targeting ligands, and (ii) report on
the use of an ovarian cancer targeting ligand, OA02, as an in vivo PET imaging probe in a
xenograft model in nude mice.
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binding

Rituximab (anti-CD20 monoclonal antibody) was approved
by the U.S. Food and Drug Administration for the treatment
of B-cell lymphoma. Since then, several monoclonal anti-
bodies that target cancer cell surface receptors have been
approved for clinical use and many more are currently
undergoing clinical trials. The antitumor effects of some of

Introduction

The hybridoma technology was invented in 1975 by
Kohler and Milstein,' but it was not until 27 years later that
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these antibodies, e.g., anti-EGFR or anti-HER2/neu, are
probably due to the blockage of the promitogenic function
of circulating growth factors. Some of these antibodies, e.g.,
anti-CD20 antibody, inhibit tumor growth through antibody-
dependent cellular cytotoxicity (ADCC) effect. Others use
a cell-surface-targeting antibody as a vehicle to deliver
radionuclides (e.g., Zevalin or Bexxar, anti-CD20 antibody
loaded with ®°Y or '*'I, respectively) or toxin (e.g., myelo-
targ, anti-CD33 antibody conjugated to calicheamicin) to the
cancer cells. Cancer-targeting antibodies utilizing this latter
mechanism are problematic because (i) the antibody to the
cancer cells is relatively large and has difficulty infiltrating
the entire tumor mass, and (ii) the Fc region of the antibody
binds to the reticuloendothelial system, resulting in high
uptake of radionuclides, cytotoxic drugs, or toxins into bone
marrow, liver, and spleen, leading to high toxicity. To
overcome these problems, many investigators are exploring
the use of antibody fragments or smaller antibody constructs
such as minibody and diabody.** Peptides, peptidomimetics,
or small molecules are alternative and possibly more effective
targeting agents against cancer. These molecules are chemi-
cally stable, small, easy to synthesize and can be readily
conjugated to radionuclides, cytotoxic drugs or toxins.
Peptides that are N- and C-terminally blocked, cyclized, and/
or contain D-amino acid and unnatural amino acids are
generally very stable to proteolysis. These cancer-targeting
chemical molecules can be developed through (i) modifying
known native ligands against cancer-associated receptors
(e.g., octreotide against somatostatin receptor,* bombesin
against bombesin receptor,’ and bradykinin analogues against
bradykinin receptorﬁ), (i1) molecular modeling if the X-ray
structure of the receptor or related receptor is known, and/
or (iii) screening combinatorial peptide or chemical libraries.’

Combinatorial Library Methods

A combinatorial library is usually referred as a collection
of 1 x 10%* to 1 x 10® different molecules generated by
synthetic or biological approaches. The field of combinatorial

(2) Todorovska, A.; Roovers, R. C.; Dolezal, O.; Kortt, A. A.;
Hoogenboom, H. R.; Hudson, P. J. Design and application of
diabodies, triabodies and tetrabodies for cancer targeting. J. Im-
munol. Methods 2001, 248, 47-66.

(3) Hudson, P. J.; Souriau, C. Engineered antibodies. Nat. Med 2003,
9, 129-34.

(4) Capello, A.; Krenning, E. P.; Bernard, B. F.; Breeman, W. A_;
van Hagen, M. P.; de Jong, M. Increased cell death after therapy
with an Arg-Gly-Asp-linked somatostatin analog. J. Nucl. Med.
2004, 45, 1716-20.

(5) Zhang, X.; Cai, W.; Cao, F.; Schreibmann, E.; Wu, Y.; Wu,
J. C.; Xing, L.; Chen, X. 18F-labeled bombesin analogs for
targeting GRP receptor-expressing prostate cancer. J. Nucl. Med.
2006, 47, 492-501.

(6) Stewart, J. M.; Gera, L.; Chan, D. C.; York, E. J.; Simkeviciene,
V.; Bunn, P. A_; Taraseviciene-Stewart, L. Combination cancer
chemotherapy with one compound: pluripotent bradykinin
antagonists. Peptides 2005, 26, 1288-91.

(7) Aina, O. H.; Sroka, T. C.; Chen, M. L.; Lam, K. S. Therapeutic
cancer targeting peptides. Biopolymers 2002, 66, 184—-199.
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library chemistry was pioneered by synthesis of the first
limited peptide library using multipin technology in 1984.%
and has since become a powerful tool that not only facilitates
the drug discovery process but also provides important
information for the fundamental understanding of molecular
recognition. To date, there are six general methods of
preparing and screening combinatorial libraries: (i) the
biological peptide library method (e.g., phage-display peptide
library),”™"! (ii) the spatially addressable parallel library
method,'*"? (iii) combinatorial library methods requiring
deconvolution,'*!> (iv) the affinity selection method,'® (v)
the OBOC combinatorial library method,'”'® and (vi) self-
assembled peptide nucleic acid (PNA) encoded chemical
microarrays.'® Biological peptide libraries can typically
accommodate only the 20 natural amino acids. In contrast,
synthetic peptide libraries have the potential to incorporate
D-amino acids and other unnatural amino acids, as well as
specific secondary or scaffolding structures that may enhance
biologic activity. In addition to amino acids, other macro-
molecular components subunits such as monosaccharides,

(8) Geysen, H. M.; Meloen, R. H.; Barteling, S. J. Use of peptide
synthesis to probe viral antigens for epitopes to a resolution of
a single amino acid. Proc. Natl. Acad. Sci. U.S.A 1984, 81, 3998—
4002.

(9) Scott, J. K.; Smith, G. P. Searching for peptide ligands with an
epitope library. Science 1990, 249, 386-90.

(10) Cwirla, S. E.; Peters, E. A.; Barrett, R. W.; Dower, W. J. Peptides
on phage: a vast library of peptides for identifying ligands. Proc.
Natl. Acad. Sci. U.S.A. 1990, 87, 6378-82.

(11) Devlin, J. J.; Panganiban, L. C.; Devlin, P. E. Random peptide
libraries: a source of specific protein binding molecules. Science
1990, 249, 404-6.

(12) Frank, R. Spot-synthesis: an easy technique for the positionally
addressable, parallel chemical synthesis on a membrane support.
Tetrahedron 1992, 48, 9217.

(13) Fodor, S. P.; Read, J. L.; Pirrung, M. C.; Stryer, L.; Lu, A. T.;
Solas, D. Light-directed, spatially addressable parallel chemical
synthesis. Science 1991, 251, 767-73.

(14) Houghten, R. A.; Pinilla, C.; Blondelle, S. E.; Appel, J. R.;
Dooley, C. T.; Cuervo, J. H. Generation and use of synthetic
peptide combinatorial libraries for basic research and drug
discovery. Nature 1991, 354, 84-6.

(15) Brown, B. B.; Wagner, D. S.; Geysen, H. M. Using Electrospray
Tonization Mass Spectrometry and a New Photolabile Linker -
3-Amino-3-(2-Nitrophenyl)Propionic Acid. Mol. Diversity 1995,
1, 4-12.

(16) Songyang, Z.; Carraway, K. L.; Eck, M. J.; Harrison, S. C.;
Feldman, R. A.; Mohammadi, M.; Schlessinger, J.; Hubbard,
S. R.; Smith, D. P.; Eng, C.; Lorenzo, M. J.; Ponder, B. A. J;
Mayer, B. J.; Cantley, L. C. Catalytic Specificity of Protein-
Tyrosine Kinases Is Critical for Selective Signalling. Nature
1995, 373, 536-539.

(17) Lam, K. S.; Salmon, S. E.; Hersh, E. M.; Hruby, V. J;
Kazmierski, W. M.; Knapp, R. J. A New Type of Synthetic
Peptide Library for Identifying Ligand-Binding Activity. Nature
1991, 354, 82-84.
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nucleotides, lipids, or even small organic moieties can be
used. For detailed comparison of these library methods,
please refer to our previous review.?° Of these six methods,
only the biological peptide library method and the OBOC
method have been applied to the discovery of cancer cell
surface targeting ligands.

Phage-Display Peptide Library. Bacteriophage are single-
stranded DNA viruses that infect bacteria. The phage genome
codes for DNA replication—proteins pll and pX, DNA
binding protein pV; major coat protein pVIII, viral assembly
proteins pl, pI'V, and pXI, and minor coat proteins pIIl, pVI,
pVII, and pIX.?' About five copies of pIIl protein are
displayed on the infectious end of the virus. Smith developed
the “fusion phage” in the mid 1980s by inserting foreign
DNA fragments into the encoding gene of the plII protein.??
This led to the expression of L-amino acid containing peptide
on the virion surface, which did not affect virus infectivity.
The M13 phage is the most widely used phage-display
system because of its high capacity for replication and the
ability to receive large DNA inserts into its genome.
Trinucleotide sequences that encode specific amino acids can
be constructed and inserted into the phage genome either to
increase diversity or introduce a bias into the clone popula-
tion. Linear libraries can be constructed by elimination of
trinucleotide coding sequences for cysteines, whereas cyclic
libraries can be constructed with even numbered cysteine
coding sequences. This extremely powerful method enables
the researcher to routinely generate 1 x 10% to 1 x 10°
different phages. Furthermore, the size of the grafted peptide
or protein is not limited by the constraints of synthetic
chemistry, as in the case of the synthetic peptide library. In
addition, the library can be easily generated by simply
growing the microorganisms. Moreover, the biological library
method can take advantage of known protein folds (e.g.,
immunoglobulin fold, zinc-finger fold, or conotoxin fold) by
grafting random oligopeptides on such tertiary folds. How-
ever, this biologic approach suffers from major disadvan-
tages, such as (i) only the natural L-amino acid peptide
libraries (20 eukaryotic amino acids) can be incorporated
into these libraries; (ii) complicated bicyclic, compact
scaffolding, branched structures, or molecules with special
chemistry of cyclization are impossible; and (iii) screening
assays of the biological libraries are generally limited to the
binding assays (e.g., panning) and some functional assays
such as protease substrate determination.

Spatially Addressable Parallel Library Method. In this
method, a collection of compounds is synthesized in a

(20) Liu, R.; Enstrom, A. M.; Lam, K. S. Combinatorial peptide
library methods for immunobiology research. Exp. Hematol.
2003, 317, 11-30.

(21) Rodi, D. J.; Mandava, S.; Makowski, L. In Drug Discovery
Series/3: Phage Display in Biotechnology and Drug Discovery;
Sachdev, S. S., Ed.; Taylor & Francis/CRC Press: Boca Raton,
FL, 2005; pp 1-61.

(22) Smith, G. P. Filamentous fusion phage: novel expression vectors
that display cloned antigens on the virion surface. Science 1985,
228, 1315-7.

spatially addressable format. The library is screened, depend-
ing on the library method used, either by a direct solid phase
binding assay or by a solution phase assay. The positive
compound is then located and its chemical structure deter-
mined. Because the structure of each of these compounds is
predetermined, decoding is not needed. The major drawback
of this method is that only limited number of compounds
can be synthesized and therefore the library is very small.
The spatially addressable parallel library method includes
multipin technology,® SPOT synthesis,”® NanoKan,***> and
chemical microarray.?®%’

Combinatorial Library Methods Requiring Decon-
volution. In this method, mixtures of compounds are first
synthesized and then subjected to biological testing. This
library approach includes the iterative approach,'*?® the
positional scanning approach,? the orthogonal partition
approach,®® the recursive deconvolution approach,®! and the
dual recursive deconvolution approach. The major advantages
of this approach are that a large number (1 x 10° to 1 x
10®) of peptides can be synthesized and screened and many
existing biological assays, including functional assays, can
be adapted to this screening process (if it is a solution phase
assay). In addition, because the structure of the active
compounds can be deduced without need for further structure
elucidation, decoding is not needed. However, in general,
additional synthesis and testing, which are time-consuming,

(23) Frank, R. The SPOT-synthesis technique. Synthetic peptide arrays
on membrane supports--principles and applications. J. Immunol.
Methods 2002, 267, 13-26.

(24) Nicolaou, K. C.; Xiao, X. Y.; Parandoosh, Z.; Senyei, A.; Nova,
M. P. Radiofrequency Encoded Combinatorial Chemistry. An-
gew. Chem., Int. Ed. 1995, 34, 2289-2291.

(25) Moran, E. J.; Sarshar, S.; Cargill, J. F.; Shahbaz, M. M.; Lio,
A.; Mjalli, A. M. M.; Armstrong, R. W. Radio Frequency Tag
Encoded Combinatorial Library Method for the Discovery of
Tripeptide-Substituted Cinnamic Acid Inhibitors of the Protein
Tyrosine Phosphatase Ptplb. J. Am. Chem. Soc. 1995, 117,
10787-10788.

(26) Fodor, S. P. A.; Read, J. L.; Pirrung, M. C.; Stryer, L.; Lu, A. T.;
Solas, D. Light-Directed, Spatially Addressable Parallel Chemical
Synthesis. Science 1991, 251, 767-773.

(27) Lam, K. S.; Renil, M. From combinatorial chemistry to chemical
microarray. Curr. Opin. Chem. Biol 2002, 6, 353-358.

(28) Geysen, H. M.; Rodda, S. J.; Mason, T. J. A priori delineation
of a peptide which mimics a discontinuous antigenic determinant.
Mol. Immunol. 1986, 23, 709-15.

(29) Dooley, C. T.; Houghten, R. A. The use of positional scanning
synthetic peptide combinatorial libraries for the rapid determi-
nation of opioid receptor ligands. Life Sci. 1993, 52, 1509-17.

(30) Deprez, B.; Williard, X.; Bourel, L.; Coste, H.; Hyafil, F.; Tartar,
A.; Maia, H. L. S. Self-deciphering, orthogonal combinatorial
libraries of soluble organic compounds: Discovery of a potent
V2 vasopressin antagonist. Peptides 1994 1995, 455-456.

(31) Erb, E.; Janda, K. D.; Brenner, S. Recursive deconvolution of
combinatorial chemical libraries. Proc. Natl. Acad. Sci. U.S.A.
1994, 91, 11422-6.

(32) Fenniri, H.; Ding, L. H.; Ribbe, A. E.; Zyrianov, Y. Barcoded
resins: A new concept for polymer-supported combinatorial
library self-deconvolution. J. Am. Chem. Soc. 2001, 123, 8151—
8152.
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H,N-Q Resin beads

Split
Cycle 1 IA L lK
A Q LQ K-Q
1) Mix | 2) Split
Cycle 2 JA L K
(9 dipeptides) AL LA- PR
AL-Q LL—Q KL-Q
AK-Q LK—Q KK-Q
1)Mix| 2) Split
Cycle 3 JA lL lK
(27 tripeptides)
AAAQ LAAQ KAAQ
AAL—Q LALQ KAL—Q
AAKQ LAK—Q KAK-Q
ALAQ LLA—Q KLA—Q
ALL-Q LLL-Q KLL—Q
ALKQ LLK-Q KLK-Q
AKA—Q LKA—Q KKA—Q
AKL-Q LKL-Q KKL-Q
AKK-Q LKK-Q KKK—-Q

Figure 1. The “split-mix synthesis” method to generate a
one-bead one-compound combinatorial library. A, L,
and K are building blocks (in this case, amino acids).

are needed to reach a final solution. This method works quite
well only if there is one predominant motif for the target
protein. Targets with multiple binding motifs likely lead to
scrambled and sometimes uninterpretable results.

Affinity Selection Method. In this method, an affinity
column with immobilized receptor is used to select the ligand
from a solution library (mixture), which is usually synthe-
sized with a “split-mix” synthesis method (Figure 1)'*!'7-%
to obtain an equimolar mixture of random compounds. After
thorough washing, the bound ligands are eluted and structure
determined.** This method has been applied successfully for
combinatorial oligodeoxynucleotide libraries but with only
limited success in peptide libraries larger than 10000
peptides. Major concerns about this method include (i)
nonspecific binding, and (ii) if more than one predominant
motif is present in the mixture, the result may be uninter-
pretable. This is because concurrent microsequencing of the
retrieved peptide mixture is performed rather than sequencing
individual peptides. There is no simple method of isolating
a single peptide for sequencing from a large library.

OBOC Combinatorial Library Method. OBOC library
is synthesized on solid phase beads using a “split-mix”
synthesis method (Figure 1) such that each bead displays
only one chemical entity.'”'® Each 80100 zm bead contains

(33) Furka, A.; Sebestyen, F.; Asgedom, M.; Dibo, G. General method
for rapid synthesis of multicomponent peptide mixtures. Int. J.
Pept. Protein Res. 1991, 37, 487-93.

(34) Zuckermann, R. N.; Kerr, J. M.; Siani, M. A.; Banville, S. C.;
Santi, D. V. Identification of Highest-Affinity Ligands by Affinity
Selection from Equimolar Peptide Mixtures Generated by
Robotic Synthesis. Proc. Natl. Acad. Sci. U.S.A. 1992, 89, 4505—
4509.

(35) Lam, K. S.; Liu, R.; Miyamoto, S.; Lehman, A. L.; Tuscano,
J. M. Applications of one-bead one-compound combinatorial
libraries and chemical microarrays in signal transduction research.
Acc. Chem. Res. 2003, 36, 370-377.
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approximately 100 pmol of the same compound. The OBOC
library, consisting of millions of beads, is then subsequently
subjected to mass screening. The methods of screening
include on-bead binding and functional assays,* as well as
solution phase biological assays. For the on-bead binding
assays, standard enzyme-linked colorimetric assays, fluo-
rescent assays, or radionuclide assays can be used. Another
approach is the use of a color probe for library screening,
thus taking advantage of the ease with which positive beads
may be identified by using color change. The OBOC method
has also been successfully utilized in identification of cell
surface binding ligands, using whole-cell binding assays (see
below). In this assay, OBOC library is incubated with living
cells; the resulting beads coated with a monolayer of cells
are then handpicked as positive beads and characterized.
Another application of the OBOC library method has been
in the identification of protease substrates and inhibitors.*®*>°
Here, highly porous resins such as PEGA [bis(2-acrylami-
doprop-1-yl) poly(ethylene glycol) cross-linked dimethyl
acrylamide and mono-2-acrylamidoprop-1-yl [2-aminoprop-
1-y1] poly(ethylene glycol)] (Calbiochem-Novabiochem, San
Diego) were used for the peptide library construction because
it allowed the enzyme to gain access to the bead interior.
Besides binding assays, the OBOC method has been adapted
to solution phase assays. An elegant and potentially powerful
approach to screen the OBOC libraries is the in situ solution
phase releasable assay,***? in which the compound-bead
libraries are immobilized in a thin layer of agar. Compounds
from each bead are then released to the immediate vicinity

(36) Meldal, M.; Svendsen, I.; Breddam, K.; Auzanneau, F. I. Portion-
Mixing Peptide Libraries of Quenched Fluorogenic Substrates
for Complete Subsite Mapping of Endoprotease Specificity. Proc.
Natl. Acad. Sci. U.S.A. 1994, 91, 3314-3318.

(37) Meldal, M. The one-bead two-compound assay for solid phase
screening of combinatorial libraries. Biopolymers 2002, 66, 93—
100.

(38) Olivos, H. J.; Bachhawat-Sikder, K.; Kodadek, T. Quantum dots
as a visual aid for screening bead-bound combinatorial libraries.
Chembiochem 2003, 4, 1242-5.

(39) Juskowiak, G. L.; Stachel, S. J.; Tivitmahaisoon, P.; Van
Vranken, D. L. Fluorogenic peptide sequences--transformation
of short peptides into fluorophores under ambient photooxidative
conditions. J. Am. Chem. Soc. 2004, 126, 550-6.

(40) Salmon, S. E.; Liu-Stevens, R. H.; Zhao, Y.; Lebl, M.; Krchnak,
V.; Wertman, K.; Sepetov, N.; Lam, K. S. High-volume cellular
screening for anticancer agents with combinatorial chemical
libraries: a new methodology. Mol. Diversity 1996, 2, 57-63.

(41) Jayawickreme, C. K.; Sauls, H.; Bolio, N.; Ruan, J.; Moyer, M.;
Burkhart, W.; Marron, B.; Rimele, T.; Shaffer, J. Use of a cell-
based, lawn format assay to rapidly screen a 442,368 bead-based
peptide library. J. Pharmacol. Toxicol. Methods 1999, 42, 189—
97.

(42) Silen, J. L.; Lu, A. T.; Solas, D. W.; Gore, M. A.; MacLean,
D.; Shah, N. H.; Coffin, J. M.; Bhinderwala, N. S.; Wang, Y.;
Tsutsui, K. T.; Look, G. C.; Campbell, D. A.; Hale, R. L.; Navre,
M.; DeLuca-Flaherty, C. R. Screening for novel antimicrobials
from encoded combinatorial libraries by using a two-dimensional
agar format. Antimicrob. Agents Chemother 1998, 42, 1447—
53.
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surrounding each bead for solution phase screening in the
semi-solid matrix.

The main advantages of the OBOC method include (i) a
large number (1 x 10° to 1 x 10®) of compounds can be
synthesized and screened rapidly, using either one or a
combination of both on-bead binding and solution phase
assays; (ii) it does not require deconvolution where multistep
synthesis and screening are generally required; (iii) multiple
peptide ligands with completely different motifs can often
be identified in a single screen. One major disadvantage of
the OBOC method is that each library compound is tethered
to the solid support via a linker such as polyethylene glycol,
and may result in steric hindrance between the cellular
receptor and the library compound. However, in some
instances, the linker may be beneficial, e.g., the linker can
be used as a convenient handle to link the cancer targeting
ligand to the therapeutic payload.

Self-Assembled PNA-Encoded Chemical Microar-
rays. In this method, the PNA-encoded peptide or small
molecule library is prepared by the “split-mix” synthesis
method and cleaved from the resin to form an encoded
solution-phase library such that each library compound is
tethered to a PNA code via a hydrophilic linker.'® The library
is then mixed with the target protein and later exposed to a
planar oligonucleotide microarray of predetermined se-
quences. Alternatively, the encoded soluble library can be
hybridized to the oligonucleotide microarray prior to incuba-
tion with the target protein. The identity of the positive library
compound that interacts with the target protein can be
determined by knowing the nucleic acid sequences of the
oligonucleotide microarrays. Like the OBOC method, a
whole cell binding assay can also be applied to the encoded
planar chemical microarrays, although this has never been
reported.

Phage-Display Peptide Libraries as Source
of Cancer Targeting Ligands

The process of selecting phage clones that bind a specific
target (also known as “panning”) has been applied (i) in vitro
to purified proteins that are often immobilized on Petri dish
or beads; or to whole cells from various origins, and (ii) in
vivo in experimental animal models and human. Ligands
identified through in vitro protein or cell panning need to
be validated and evaluated for in vivo targeting. A by-no-
means exhaustive list of phage peptides identified to different
cell types and proteins are shown in Table 1.

In Vitro Panning with Cancer-Associated Cell Sur-
face Receptor Protein Targets. Common technical consid-
erations in screening and selection of phage-display libraries
include presentation of the target protein in native form,
number of phages used, stringency of selection process,
competitive selection, and subtractive panning.** Complete
step-by-step protocols for in vitro screening can be found

(43) Dennis, M. In Drug Discovery Series/3 “Phage Display in
Biotechnology and Drug Discovery”; Sidhu, S. S., Ed.; Taylor
& Francis (CRC press): Boca Raton, FL, 2005.

in the article by Kay et al.** El-Mousawi et al. screened a
linear 16-mer peptide phage-display library with immobilized
recombinant Flt-1 and identified NXXEIEXYXWXXXXXY as
a motif that binds with high affinity to this VEGF receptor®
They showed that this peptide could inhibit the effects of
VEGEF on human endothelial cells. Peptides that bind to CD-
21 B-Cell lymphoma cell surface marker has also been
identified by in vitro phage panning.** One of the five
peptides identified (RMWPSSTVNLSAGRR) was evaluated
for potential chemotherapeutic targeting by conjugating this
peptide to a copolymer drug carrier Hydroxypropylmethacry-
lamide (HPMA). The connection between FGF, angiogenesis
and cancer was made over a decade ago.*”**® FGF is thought
to induce endothelial proliferation and angiogenesis, which
in turn can lead to rapid tumor growth. In various studies,
FGF antagonists have been shown to decrease angiogenesis
and reduce tumor growth.*=>! Panning of a 26-mer peptide
M13-phage library with purified extracellular domain of
FGF-R and Sf9 cells led to the identification a novel peptide
agonist of FGF-R (“C-19”), which was different from known
members of the FGF family.>?

In Vitro Panning with Live Cancer Cells. Panning of a
phage-display library with living cells is advantageous for

(44) Kay, B. K.; Kasanov, J.; Yamabhai, M. Screening phage-
displayed combinatorial peptide libraries. Methods 2001, 24,
240-6.

(45) El-Mousawi, M.; Tchistiakova, L.; Yurchenko, L.; Pietrzynski,
G.; Moreno, M.; Stanimirovic, D.; Ahmad, D.; Alakhov, V. A
vascular endothelial growth factor high affinity receptor 1-specific
peptide with antiangiogenic activity identified using a phage
display peptide library. J. Biol. Chem. 2003, 278, 46681-91.

(46) Ding, H.; Prodinger, W. M.; Kopecek, J. Identification of CD21-
binding peptides with phage display and investigation of binding
properties of HPMA copolymer-peptide conjugates. Bioconjugate
Chem. 2006, 17, 514-23.

(47) Czubayko, F.; Liaudet-Coopman, E. D.; Aigner, A.; Tuveson,
A. T.; Berchem, G. J.; Wellstein, A. A secreted FGF-binding
protein can serve as the angiogenic switch in human cancer. Nat.
Med. 1997, 3, 1137-40.

(48) Jouanneau, J.; Plouet, J.; Moens, G.; Thiery, J. P. FGF-2 and
FGF-1 expressed in rat bladder carcinoma cells have similar
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mice prostate®®
vasculature of various tumors®*

tumor lymphatics'#®

SMSIARL, VSFLEYR
CGSLVRC, CGLSDSC

Ligands to Lymphatics
CGNKRTRGC
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Table 1. Cell Targeting Peptides Identified by Phage-Display Library Methods
in vivo
sequence imaging therapy
Ligands to Normal Organs/Cells/Body Fluids
muscle'® ASSLNIA
lung'™® QPFMQCLCIYDASC, RNVPPIFNDVYWIAF
VFRVRPWYQSTSQS
sperm'2© XLWLLXXG
microglia'?? SFTYWTN
synovium'22 CKSTHDRLC
urothelium'2® I/LGSGL
pancreatic islets'2* CVSNPRWKC, CHVLWSTRC
cardiomyocytes'2® WLSEAGPVVTVRALRGTGSW
plasma'2® CGLIIQKNEC, CNAGESSKNC
Ligands to Specific Tumor Cells
breast cancer tissue®® PRP, SSSPL, SPW, PHSK, KHST, TLLS, SSTA, TSAH, LSAN
lung cancer®® VSQTMRQTAVPLLWFWTGSL MTVCNASQRQAHAQATAVSL 61
RGDLATLRQLAQEDGVVGVR
bladder cancer®” CXNXDXR(X)/(R)C
squamous cell carcinoma®? CGKRK, CDTRL
pancreatic islet cell carcinoma®” RSR, KAA, RGR
medullary thyroid cancer®® HTFEPGV, SRESPHP
neuroblastoma'®” VPWMEPAYQRFL 128
medullary thyroid carcinoma'29-68 HTFEPGV, SRESPHP
colon carcinoma®® VHLGYAT
invasive colon cancer'3° CPIEDRPMC 96
hepatocellular carcinoma'®" TACHQHVRMVRP
sup-88 human b-cell lymphoma'®2 KNGPWYAYTGRO,NWAVWXKR, YXXEDLRRR,
XXPVDHGL
LNCaP prostate cancer'33 DPRATPGS
wac-2 human neuroblastoma'?” HLQLQPWYPQIS
chronic lymphocytic lymphoma (CLL)'3 LVRSTGQFV, LVSPSGSWT, ALRPSGEWL, AIMASGQWL,
QILASGRWL, RRPSHAMAR
DNNRPANSM, LQDRLRFAT, PLSGDKSST
HL 60 human lymphoma & B-16 mouse IELLQAR
melanoma'®
head & neck carcinoma'®® TSPLNIHNGQKL
Ligands to Cell Surface Receptors/Proteins
avp3, avp5'¥ (RGD-4C) CDCRGDCFC 107
A3 GRDSPK-Cypate 86, 95
a5p1138 GACRGDCLGA (cyclic)
aBp113® FGRIPSPLAYTYSFR, HRWMPHVFAVRQGAS
VSWFSRHRYSPFAVS
VEGF-R14® NXXEIEXYXWXXXXXY, ATWLPPR RRKRRR,
ASSSYPLIHWRPWAR
CD- 2146 RMWPSSTVNLSAGRR, PNLDFSPTCSFRFGC,
GRVPSMFGGHFFFSR
FGF-R®%? AESGDDYCVLVFTDSAWTKICDWSHFRN
aminopeptidase P14° CPGPEGAGC
aminopeptidase N4 CNGRCVSGCAGRC CVCNGRMEC, NGRAHA
prostate specific antigen (PSA)'*2 CVEXXXYXXC, CXFXXXYXYLMC CVXYCXXXXCYVC,
CVXYCXXXXCWXC
Ligands to Vasculature
human vasculature'*® RGD 144
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the following reasons. First, the cell surface receptors are
presented in the context of a natural biological cell mem-
brane. Second, novel peptide ligands can be identified to
unknown cell surface receptors. In addition, one has the
option of selecting for phages that bind and internalize inside
the cells. Selection of cell surface binding phage as opposed
to internalized phage can be accomplished by modifying the
washing techniques.’ Kolonin et al. recently reported the
screening of phage-display peptide libraries with the NCI
panel of 60 cell lines.>® In this study, tri-peptide ligands that
bound across multiple cell types were identified. It was
observed that the similarity in ligand binding among these
various cell types correlated with gene expression profiles
of their cell surface receptors. In other recent studies,
investigators have used the phage-display technique to
identify peptides against DU-145 and PC-3 human prostate
carcinoma,> malignant human glial cancers,>® human blad-
der cancer,”” human colon cancer,”® breast cancer,”’ and
human lung cancer.®® Zitmann er al>® identified DUP-1
peptide through screening a prostate cancer cell line and
demonstrated that the targeting peptide was internalized into
the cells after 1hr. The biodistribution of '*'I labeled DUP-1
in mouse xenograft models showed accumulation in the
tumors within 5 min with a %ID/g of 5 and 7 for DU-145
and PC-3 tumors, respectively. Except for the kidney, the
tumor-to-organ ratio in perfused DU-145 tumor-bearing mice

(53) McGuire, M. J.; Samli, K. N.; Chang, Y. C.; Brown, K. C. Novel
ligands for cancer diagnosis: selection of peptide ligands for
identification and isolation of B-cell lymphomas. Exp. Hematol.
2006, 34, 443-52.

(54) Kolonin, M. G.; Bover, L.; Sun, J.; Zurita, A. J.; Do, K. A.;
Lahdenranta, J.; Cardo-Vila, M.; Giordano, R. J.; Jaalouk, D. E.;
Ozawa, M. G.; Moya, C. A.; Souza, G. R.; Staquicini, F. L;
Kunyiasu, A.; Scudiero, D. A.; Holbeck, S. L.; Sausville, E. A.;
Arap, W.; Pasqualini, R. Ligand-directed surface profiling of
human cancer cells with combinatorial peptide libraries. Cancer
Res. 2006, 66, 34—40.

(55) Zitzmann, S.; Mier, W.; Schad, A.; Kinscherf, R.; Askoxylakis,
V.; Kramer, S.; Altmann, A.; Eisenhut, M.; Haberkorn, U. A
new prostate carcinoma binding peptide (DUP-1) for tumor
imaging and therapy. Clin. Cancer Res. 2005, 11, 139-46.

(56) Samoylova, T. L.; Petrenko, V. A.; Morrison, N. E.; Globa, L. P.;
Baker, H. J.; Cox, N. R. Phage probes for malignant glial cells.
Mol. Cancer Ther. 2003, 2, 1129-37.

(57) Lee, S. M.; Lee, E. J.; Hong, H. Y.; Kwon, M. K.; Kwon, T. H.;
Choi, J. Y.; Park, R. W.; Kwon, T. G.; Yoo, E. S.; Yoon, G. S.;
Kim, I. S.; Ruoslahti, E.; Lee, B. H. Targeting bladder tumor
cells in vivo and in the urine with a peptide identified by phage
display. Mol. Cancer Res. 2007, 5, 11-9.

(58) Zhang, Y.; Chen, J.; Hu, Z.; Hu, D.; Pan, Y.; Ou, S.; Liu, G.;
Yin, X.; Zhao, J.; Ren, L.; Wang, J. Panning and identification
of a colon tumor binding peptide from a phage display peptide
library. J. Biomol. Screening 2007, 12, 429-435.

(59) Shukla, G. S.; Krag, D. N. Selection of tumor-targeting agents
on freshly excised human breast tumors using a phage display
library. Oncol. Rep. 2005, 13, 757-64.

(60) Oyama, T.; Sykes, K. F.; Samli, K. N.; Minna, J. D.; Johnston,
S. A.; Brown, K. C. Isolation of lung tumor specific peptides
from a random peptide library: generation of diagnostic and cell-
targeting reagents. Cancer Lett. 2003, 202, 219-30.

was greater than 2. Lee ef al. screened cyclic CX,;C peptide
phage libraries with cells isolated from a human bladder
cancer (HT-1376) xenograft.’” It is important and interesting
to note that in this study, the selected peptide “CSNRD-
ARRC” bound not only to bladder cancer cells isolated from
a xenograft tumor but also to carcinogen-induced bladder
tumors. It is specific for tumors and does not bind normal
mouse bladder cells, normal rat kidney cells, or HUVEC
cells. Selectivity of this peptide for tumor cells was also
validated by testing primary tissue samples from patients with
transition cell carcinoma. This peptide also bound to exfo-
liated cells isolated from the urine of a bladder cancer patient.
Oyama et al.*® identified certain 20-mer peptides that seemed
relatively specific to certain lung cancer cells. These peptides
exhibited nonlineage specific characteristics. Rather, they
seemed to bind cell types with similar kinds of cell surface
receptors (referred to as landscapes). The H1299 binding
peptide “VSQTMRQTAVPLLWFWTGSL” (H1299.1) was
found to have the highest selectivity for large cell lung
cancer. Synthetic forms of the isolated phage-display peptides
presented in a tetrameric form were shown to have an
increased affinity for their cognate receptor. Doxorubicin
conjugated H1299.1 peptide have been used for specific
chemotherapeutic targeting® (see section on therapeutic
targeting). A similar tetrameric H1299 binding peptide
(H1299.2) “SGYAAWPASGAWTGTAPCSAGTASGSAK”
was biotinylated and conjugated to streptavidin-coated Qdots
for in vitro fluorescence imaging of these cells.

Ex Vivo Selection of Tumor Binding Phages. Screening
of phage-display peptide libraries with dissociated cells
obtained from biopsy lesions has been referred to as ex vivo
panning.®> However, phage selection in this study was
performed with isolated cells and not with intact tissue
sections. For decades, physiologists and pharmacologists
have been using isolated perfused organs for their studies.
Technically, it should not be difficult to perfuse isolated
organs or tumor with phage-display libraries through the big
vessels. This system may enable one to screen phage-display
libraries in a much more controlled fashion, such as adding
high concentrations of blocking agents against certain
receptors in the absence of blood cells or plasma.

In Vivo Selection of Tumor Targeting Phages Using
Xenograft Models. Work pioneered by Ruoshlahti, Arap,
Koivunen, and Pasquilini on selection of phages that bind
to tumor vasculature has resulted in numerous publications
and therapeutic studies 63-66 1t seems, however, that the
focus is now shifting from using xenograft mouse models
to transgenic and clinically relevant disease models. In recent

(61) Zhou, X.; Chang, Y. C.; Oyama, T.; McGuire, M. J.; Brown,
K. C. Cell-specific delivery of a chemotherapeutic to lung cancer
cells. J. Am. Chem. Soc. 2004, 126, 15656-17.

(62) Hoffman, J. A.; Giraudo, E.; Singh, M.; Zhang, L.; Inoue, M.;
Porkka, K.; Hanahan, D.; Ruoslahti, E. Progressive vascular
changes in a transgenic mouse model of squamous cell carci-
noma. Cancer Cell 2003, 4, 383-91.

(63) Pasqualini, R. Vascular targeting with phage peptide libraries.
Q. J. Nucl. Med. 1999, 43, 159-62.
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studies by the Ruoslahti group, in vivo screening of cyclic
peptide phage-display libraries with transgenic mouse models
of squamous cell carcinoma (SCC) led to the identification
of specific peptides that bound either dysplastic/premalignant
skin lesions (“CSRPRRSEC”) or malignant SCC tumors
(CGKRK and CDTRL).%* Using a similar approach, re-
searchers screened transgenic mice with the RIP1-Tag2
pancreatic islet cell carcinoma tumors with phage to identify
peptide sequences that bound selectively to hyperplastic
lesions (“RSR”) in comparison to tumors (“KAA”).®” These
peptides (RSR, KAA, and RGR) which colocalized with
endothelial and pericyte cell markers, could potentially be
used for imaging of preneoplastic lesions. Another interesting
point in this study is that although cyclic libraries were used
for screening, the peptides identified were linear. This is
because the peptides were truncated as a result of stop codons
within the random insert and frameshift mutations that
changed cysteine to valine. Studies by Bockman et al.
focused on using the transgenic mouse models of the RET
proto-oncogene induced medullary thyroid cancer (MTC) to
identify phage-display peptides for potential gene therapy
and tumor targeting.®® They found that the initial peptide
lead, HTFEPGYV, identified as human MTC targeting peptide
was different from SRESPHP, which targeted transgenic
mouse MTC; and that HTFEPGV actually bound nonspe-
cifically to nontargeting organs in this mouse model. In an
effort to optimize clinical phage screening techniques, a new
in vivo phage screening strategy has recently been described
by Kolonin et al.*® Using a “synchronous selection” tech-
nique, panning for multiple organs was done simultaneously,
and the data were subjected to complex statistical analysis
to identify tripeptide motifs that bind selectively to each
organ. A different in vivo peptide phage panning approach
has also been reported by Newton et al, in which a

(64) Arap, W.; Pasqualini, R.; Ruoslahti, E. Cancer treatment by
targeted drug delivery to tumor vasculature in a mouse model.
Science 1998, 279, 377-80.

(65) Arap, W.; Haedicke, W.; Bernasconi, M.; Kain, R.; Rajotte, D.;
Krajewski, S.; Ellerby, H. M.; Bredesen, D. E.; Pasqualini, R.;
Ruoslahti, E. Targeting the prostate for destruction through a
vascular address. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 1527—-
31.

(66) Rajotte, D.; Arap, W.; Hagedorn, M.; Koivunen, E.; Pasqualini,
R.; Ruoslahti, E. Molecular heterogeneity of the vascular
endothelium revealed by in vivo phage display. J. Clin. Invest.
1998, 102, 430-7.

(67) Joyce, J. A.; Laakkonen, P.; Bernasconi, M.; Bergers, G.;
Ruoslahti, E.; Hanahan, D. Stage-specific vascular markers
revealed by phage display in a mouse model of pancreatic islet
tumorigenesis. Cancer Cell 2003, 4, 393—403.

(68) Bockmann, M.; Hilken, G.; Schmidt, A.; Cranston, A. N.;
Tannapfel, A.; Drosten, M.; Frilling, A.; Ponder, B. A.; Putzer,
B. M. Novel SRESPHP peptide mediates specific binding to
primary medullary thyroid carcinoma after systemic injection.
Hum. Gene Ther. 2005, 16, 1267-75.

(69) Kolonin, M. G.; Sun, J.; Do, K. A.; Vidal, C. L; Ji, Y.; Baggerly,
K. A.; Pasqualini, R.; Arap, W. Synchronous selection of homing
peptides for multiple tissues by in vivo phage display. FASEB
J. 2006, 20, 979-81.
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“micropanning assay” was used to identify phage clones that
bound preferentially to PC-3 prostate carcinoma cells over
human embryonic kidney cells. The resulting phage clone
(G-1) with the sequence “IAGLATPGWSHWLAL” was
fluorescently labeled with the near-infrared fluorophore
AlexaFluor 680 and evaluated for in vitro and in vivo
targeting of PC-3 prostate carcinomas in SCID mice.””

In Vivo Selection of Phages in Patients with
Cancers. In a recent study by Krag er al.,”' patients with
late stage melanoma, breast, and pancreatic cancer were
infused with random phage-display peptide libraries or
phage-display short chain Fv antibodies in either single or
multiple panning experiments. In one of the breast cancer
patients, one of the peptides identified, GSPQCPGG-
FNCPRCDCGAGY, occurred with very high frequency and
warrants further characterization and studies on the identity
of the target protein. One peptide clone with the sequence
MRIRCAAAWRATGTHCSLRA identified from a mela-
noma patient appeared to be specific to that individual
patient’s tumor, and did not bind human melanocytes and
other melanoma cell lines except SK-MEL-5. This peptide
showed a sequence homology to human EGF-like protein.
In principle, phage-display selection can be performed on
individual patients, leading to “personalized” therapeutics.
However, performing pharmacology—toxicology studies on
each peptide isolated for each patient will pose tremendous
logistic and regulatory problems.

Discovery of Cancer Cell Surface Targeting
Ligand through OBOC Combinatorial Library
Methods

Phage-display peptide libraries are commercially available;
the method is highly efficient, inexpensive, amenable to both
short and long peptides, and can be carried in most molecular
biology laboratories. However, as mentioned above, one
major drawback of phage-display peptide libraries is that only
the 20 eukaryotic L-amino acid peptides can be displayed
on phages. L-Amino acid peptides are generally highly
susceptible to proteolysis, particularly if the N- and C-termini
are not blocked. Converting a phage-display peptide into a
proteolytic stable form that still retains a high binding activity
and specificity to the cell surface receptor is not trivial.
OBOC combinatorial libraries, on the other hand, are based
on synthetic chemistry; therefore, one may easily incorporate
D-amino acids, unnatural amino acids, many other organic
building blocks, and secondary structures into the library
design. Furthermore, the OBOC method can be used for rapid
optimization of the initial lead compounds. For example, we

(70) Newton, J. R.; Kelly, K. A.; Mahmood, U.; Weissleder, R.;
Deutscher, S. L. In vivo selection of phage for the optical
imaging of PC-3 human prostate carcinoma in mice. Neoplasia
2006, 8, 772-80.

(71) Krag, D. N.; Shukla, G. S.; Shen, G. P.; Pero, S.; Ashikaga, T.;
Fuller, S.; Weaver, D. L.; Burdette-Radoux, S.; Thomas, C.
Selection of tumor-binding ligands in cancer patients with phage
display libraries. Cancer Res. 2006, 66, 7724-33.
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1) Swell in water, 24 h
2) Fmoc-OSu (0.2 eq. to resin) /DIEA,
DCM/ether (55/45), 30 min
H,N -

b)

(80%) HyN

1) Swell in water, 24 h H.N
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Figure 2. (a) Preparation of bilayer bead using PAP bilayer approach. (b) Preparation of bilayer bead using PAD
bilayer approach. (¢) Photomicrograph of the topographically segregated bifunctional bead. Free amines at the inner
core of each bead stained blue because they reacted with bromophenol blue.

have succeeded in using a highly focused and encoded
OBOC peptidomimetic library and a high stringency screen-
ing assay to identify a high-affinity (ICsyo = 2 pM) and high-
specificity peptidomimetic compound that bind to activated
a4f1 integrin of lymphoid cancers.”?

OBOC Combinatorial Peptide and Peptidomimetic
Library Synthesis and Encoding. As mentioned above, the
OBOC combinatorial peptide and peptidomimetic libraries
can be generated using a “split-mix” synthesis approach. For
OBOC libraries used for on-bead binding assay (e.g., whole
cell binding as described below), we prefer to use TentaGel
resin (Rapp Polymere, Tubingen, Germany) as solid support
because of its uniformity in size and “nonstickiness”, as well
as its suitability in a wide range of organic solvents and
water.

For the OBOC peptide libraries that are comprised of
sequenceable a-amino acids (including 20 eukaryotic, many
amino acid derivatives, and unnatural amino acids), the
synthesis is straightforward by using a standard solid-phase
peptide synthesis method. 9-Fluorenylmethoxycarbonyl (Fmoc)/
tert-butyl (-Bu) chemistry and N-hydroxybenzotriazole (HOBt)/
N, N'-diisopropylcarbodiimide (DIC) coupling are preferable
because the reaction is mild and usually gives cleaner results.
In the case of difficult coupling, 2-(/ H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU),
benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexaflu-
orophosphate (PyBOP), or 2-(/ H-9-azabenzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) in
the presence of N, N-diisopropylethylamine (DIEA) might be
used. Positive compound beads identified during the screen-
ing assays are physically isolated for structure determination.
An automatic protein sequencer (e.g., Procise 494, Perkin-
Elmer/Applied Biosystems) is routinely used via Edman
chemistry to determine the amino acid sequence of these
a-amino-acid-containing peptides. For peptides without a free
N-terminus (e.g., cyclic peptides utilizing the N-terminal
amino group for cyclization), branched peptides, peptides
with one or more nonsequenceable building blocks (e.g., -
and y-amino acids), or peptidomimetics containing a small
molecule moiety, the OBOC library synthesis requires a
different synthetic strategy and chemical encoding. Chemical
coding tags are added to the bead during the synthetic steps

so that the synthetic history of each compound bead in the
chemical library can be recorded. The coding tag can then
be decoded by either Edman microsequencing or mass
spectrometry. If both the library compounds and their
corresponding coding tags coexist at the bead surface where
the interaction between target proteins and library compounds
occurs, the coding tags may interfere with the screening. To
eliminate such interference, the coding tags should be in the
bead interior. We have recently developed two simple, yet
highly robust, methods to prepare topologically segregated
bilayer beads. The first method is called the partial amine-
protection (PAP) bilayer approach.”® In this method, the
TentaGel resin bead is first swollen in water and the outer
layer of the bead is exposed to a mixture of dichloromethane
(DCM) and diethyl ether containing an amine-derivatizing
reagent (e.g., N-(9-fluorenylmethoxycarbonyloxy) succin-
imide (Fmoc-OSu)). Meanwhile, the bead interior remains
in water without any derivatizing reagent. As a result,
derivatization is confined to the outer layer of the bead
(Figure 2a). The thickness of the outer layer (Fmoc-protec-
tion percentage) of beads is dependent on the amount of
FmocOSu used (e.g., 0.2 equiv.) to resin total loading.
Another approach is called the partial Alloc-deprotection
(PAD) bilayer method.” In this method, the amino groups
of the TentaGel beads are reacted with N-(allyloxycarbon-
yloxy) succinimide (Alloc-OSu) to achieve full protection
with the Alloc group and then thoroughly swollen in water,
followed by deprotection with palladium in DCM for a
predefined limited time. This results in beads with a
deprotected outer layer (free N-termini) and an Alloc-

(72) Peng, L.; Liu, R.; Marik, J.; Wang, X.; Takada, Y.; Lam, K. S.
Combinatorial chemistry identifies high-affinity peptidomimetics
against alphadbetal integrin for in vivo tumor imaging. Nat.
Chem. Biol. 2006, 2, 381-9.

(73) Liu, R.; Marik, J.; Lam, K. S. A novel peptide-based encoding
system for "one-bead one-compound” peptidomimetic and small
molecule combinatorial libraries. J. Am. Chem. Soc. 2002, 124,
7678-80.

(74) Wang, X.; Peng, L.; Liu, R.; Gill, S. S.; Lam, K. S. Partial alloc-
deprotection approach for ladder synthesis of "one-bead one-
compound” combinatorial libraries. J. Comb. Chem. 2005, 7,
197-209.
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b 3) Side chain deprotection b
HoN II(X3CAX2X1

RCONH
Coding tag

Figure 3. Synthetic and encoding approach for an OBOC peptidomimetic library (an example). Xi, Xo, X3, and Cp
stand for sequenceable amino acids. Ua represents nonsequenceable amino acids, which are encoded by Ca K

stands for L-lysine. R = alkyl or aryl.

protected inner core. Figure 2b illustrates the method for the
generation of bilayer beads by the PAD bilayer approach.
The thickness of the outer layer (Alloc-deprotection percent-
age) of beads is dependent on the duration of deprotection.
Figure 2c shows photomicrograph of the topographically
segregated bifunctional bead, with the inner core free amine
stained with bromophenol blue. It is important to point out
that for both methods the “bilayer-step” can be employed at
any stage of the library synthesis and can be repeated
multiple times.

With the above-mentioned bilayer beads on-hand, we have
successfully developed several encoding methods to encode
non-sequenceable peptide, peptidomimetic, and even small
molecule libraries.”*"”>’® In our encoding systems, the library
compounds display on the outer layer of the bead and the
coding tags reside in the bead interior. Such a configuration
not only facilitates the encoding process but also allows us
to minimize interference by the coding tags during screening.
The coding tag can then be decoded by either Edman
microsequencing or mass spectrometry. An example of a
peptide-encoded peptidomimetic library is shown in Figure
3. The advantage of microsequencing decoding is that no
cleavage and retrieval of coding tags are needed. However,
Edman sequencing is time-consuming and expensive com-
pared with mass spectrometry analysis. In addition, microse-
quencing is not as readily available to most laboratories as
mass spectrometry is.

“Ladder-sequencing and “ladder-synthesis are the
two common MS decoding methods for OBOC peptide

s 77 » 78
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libraries. The major disadvantage of the “ladder-synthesis”
method is the presence of peptide ladders on the bead surface,
which interferes with biological screening. The “ladder-
sequencing” method is restricted to libraries with sequence-
able peptides or peptoids (N-substituted oligoglycine). Re-
cently, we reported on the application of both “ladder-
synthesis” and bilayer bead concepts to encode OBOC
nonsequenceable peptide and peptidomimetic libraries.”
Figure 4 shows the general synthetic scheme and MS-based
decoding strategy of such peptide libraries. Prior to library
synthesis, we assembled a cleavable linker (CL) comprised
of methionine (cleavage site by CNBr), arginine (for easily
protonation), 3-(4-bromophenyl)-S-alanine (to generate a
characteristic isotopic doublet for mass peaks), and 2,2'-
ethylenedioxy-bis(ethylamine) monosuccinamide (Ebes, as
a spacer, for improved solubility, and to produce a big mass
shift for each compound beyond the noise region of matrix
ions). During library construction, the PAD bilayer step was
employed prior to each Fmoc—amino acid coupling cycle.
As a result, we were able to remove the Alloc protecting
group, layer by layer, from the bead surface to the bead
interior. By the end of library construction, each peptide bead
carried a complete library compound (Xs5X4X3X,X;) on the
outer layer, and four truncated ladder members (XsX4X3Xo,
Xs5X4X3, X5X4, and Xs) in the bead interior. The advantages
of the newly developed “ladder-synthesis” approach include
that (i) only a single building block is used for coupling
during each coupling step, therefore eliminating the problems
caused by the differential coupling rates of two different
building blocks (as in standard “ladder-synthesis” method);
(i1) this method can apply to peptides comprising of both
sequenceable and non-sequenceable building blocks; (iii) the
undesirable interference of ladder tags with the biological
screening can be avoided; and (iv) the library beads generated
by this method are amenable to both MALDI-TOF MS and
Edman microsequencing if the compound is a sequenceable
peptide.

From our experience in using OBOC combinatorial
libraries, even weak ligands can be readily identified because
of a high local concentration of ligands on the surface of
the TentaGel bead (~100 mM). Therefore, to identify high
affinity compounds from focused libraries, we increase the
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Figure 4. Synthesis of MS-encoded OBOC peptide library using newly developed ladder-synthesis method. Met,
L-methionine. Arg, L-arginine. Pbf, 2,2,4,6,7-pentamethyldihydro-benzofuran-5-sulfonyl. A(Br), 3-(4-bromophenyl)-5-alanine.

Ebes, 2,2'-ethylenedioxy-bis(ethylamine) monosuccinamide.

stringency of the screening conditions by lowering the
concentration of target protein (probe) or incorporating
soluble competing ligands in the screening buffer.””> An
alternative approach is to lower the concentration of ligands
on the bead surface by blocking a predetermined portion of
the amino group within the bead. However, by doing so,
there will be an insufficient quantity of peptide or coding
tags left in each bead for structure determination. By taking
advantage of bilayer beads, we can prepare OBOC combi-
natorial libraries that are down-substituted on the bead
surface but fully substituted in the bead-interior. This
configuration enables one to screen the library at a much
higher stringency and yet retain full (100%) substitution in
the bead interior for structure decoding (see below).”®
OBOC Library Screening for Cell Surface Ligands. We
have developed a screening method in which living cells are
incubated with a library of beads to identify compounds or
ligands that bind to cell-surface receptors. This technique
can be applied to both suspension and adherent cell cultures,
as well as fresh cancer cells isolated from patient blood,
ascitic fluid, pleural fluid, or biopsy specimens. The screening

(79) Wang, X.; Peng, L.; Liu, R.; Xu, B.; Lam, K. S. Applications
of topologically segregated bilayer beads in ‘one-bead one-
compound’ combinatorial libraries. J. Pept. Res. 2005, 65, 130—
138.

process begins with extensive washing of the bead library
followed by harvesting and washing of the cells. Trypsin
can be used to strip the adherent cells off the culture flask.
However, it is important to minimize the exposure time of
the cells to the enzyme in order to avoid damaging some
cell surface receptors that are required for ligand binding.
The cells are then incubated with the beads in tissue-culture-
treated plates under favorable growth conditions. Gentle
agitation is sometimes necessary to increase the “contact
time” between beads and cells. Beads with the appropriate
ligands that bind to the cell surface receptors will be coated
by a monolayer of cells and considered as “hits”, as shown
in Figure 5. Such beads can be identified and isolated under
a microscope with a hand-held micropipette. Because there
are hundreds of different macromolecules on the cell surface
and more than 100 000 distinct compound beads are screened,
it is expected that some of the hits are due to nonspecific
binding. We have developed two ‘“‘subtraction screening”
methods to eliminate such false positive beads. In the first
method, we first screen the OBOC library with cancer cells,
isolate the beads coated with cancer cells, and then recycle
the bead by stripping the cells off the bead with 8§ M
guanidium chloride followed by thorough washing. The
recycled beads are then tested for binding with normal cells.
Those beads that bind to both cancer and normal cell types
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Figure 5. Photomicrographs of a positive bead (“hit”) identified from screening random OBOC combinatorial peptide
libraries with (A) adherent cancer cells and (B) nonadherent cancer cells.

Figure 6. Photomicrograph of “dual-color screening method”. Green arrow points to a bead that bound only the
fluorescent labeled cells (“true positive”); white arrow points to a bead that bound both unlabeled “control” cells and

labeled cells.

are considered false positive. The second method is called a
dual-color screening method which involves tagging the
cancer cells with a fluorochrome (e.g., calcein AM) and
mixing them with unlabeled control cells prior to screening
the bead-library. Those beads that only bind to the fluorescent
cells are considered “true positive” beads (Figure 6). In
addition to assaying for cell binding ligands, one may also
screen OBOC libraries for both cell attachment and cell
function. In our earlier work, we noticed that in some beads,
the bound cells remained round, whereas in other beads, the
cell attached and then flattened out on the surface of the
beads. Besides screening for specific cell morphological
changes, we have also screened for peptides that induce
specific cell function such as cell signaling or apoptosis. For
example, we may use a GFP transfected cell line in which
GFP will be expressed upon activation of a specific cell
signaling pathway. For the discovery of pro-apoptotic
peptides, we may add caspase-3 fluorescent substrate to the
bead library to identify beads that are coated with cells
undergoing apoptosis.
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Cancer Cell Surface Targeting Ligands Identified by
the OBOC Method. In the last few years, we have reported
the use of the whole-cell bead binding assay to identify cell
surface ligands against a number of different cancer cell lines,
including both adherent and nonadherent cells. We have also
performed experiments on fresh cancer cells isolated from
patients. Some of the peptide libraries consist of all L-amino
acids, but the majority of our work was performed on cyclic
peptide libraries containing both L- and D-amino acids. We
have also screened all b-amino acid peptide libraries. The
surface of a living cell is generally negatively charged due
to the sialic acids and phospholipid head groups. Therefore,
polylysine has been commonly used to immobilize living
cells. To avoid nonspecific anionic—cationic interactions
between the cells and the peptide-bead surface, we purposely
lower the amount of basic amino acids (lysine and arginine)
in our library construction. We generally do not eliminate
these basic residues totally because a basic residue may be
required for binding. This is certainly true for the RGD motif
for avf33 integrin. Upon further optimization with focused
libraries, we have found that unnatural amino acid substitu-
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Table 2. Cancer Targeting Ligands Identified by OBOC Combinatorial Library Methods

ligands to specific tumor cell surface receptors

sequence in vivo imaging

WEHI-231 murine lymphoma cell ling”"'4®
WEHI-279 murine lymphoma cell line”"'4®

XWY (D/T/V), wGeyixvx, lwxxpewi, kwxGpxw
RWID, RWFD, xtxGmxkx, xGrfxswx

a3-integrin ovarian adenocarcinoma (CaOV-3, ES-2, ¢(d/D)GXGXXc 82
SKOV-3, OVCAR-3); glioblastoma (A172) and metastatic
breast cancer (MDA-MB 231)83

a3-integrin NSCLC'#” cNGXGXXc

a4p1 integrin Jurkat T-cell lymphoma”-'48

XXXpLD(I/F/V), XLDFpXXX, cXLD(I/V/F)c, cXXLDIc,

cLDIXXc, cWDXXXc, xxxxp-Nle-DIxxxx

0441 integrin Raji B-cell lymphoma

cLDYWDc, cWDLDHHec, sppLDIn, eapLDId, fypLDFf,

FSIpLDI, QSYpLDF

a4p1 integrin Jurkat T-cell lymphoma”
o4p1 integrin ES-2 ovarian adenocarcinoma

“LLP2A” peptidomimetic and a series of analogues
c-Nle-DWEEc, c-Nle-DVDEc, c-Nle-D-Chg-YMc,

72,149

cSD-Nle-D-Chg-c, yminp-Nle-Dldnhh, vswap-Nle-Digspd,
vagp-Nle-Dlafvl, vgnvp-Nle-Diggea, wdinp-Nle-Dlgsfn,
wsrip-Nle-Dlgeps

o4p1 integrin SKOV-3 ovarian adenocarcinoma

cLDI-Chg-Hyp-Yc, c-Nle-D-Chg-NDFc,

c-Nle-D-Nle-PhgDc, cDEL-Nle-EWc

a6p1 integrin DU145 prostate cancer cell line'%°~15"

LNNIVSVNGRHX, DNRIRLQAKXX, kmviywkaG,

kGGrhykfG, yiknrkhhG, kikmviswkG

tion and/or addition of organic moieties often lead to the
development of ligands with higher affinity and specificity.
The results of OBOC peptide library screening performed
in our laboratory are summarized in Table 2. Some of the
ligands identified have interesting biological properties other
than cell binding. For example, wGeyidk peptide, in tet-
rameric form, was able to induce specific tyrosine phospho-
rylation of a few cellular proteins when attached to the
WEHI-231 murine lymphoma cell surface. The hybrid
peptide kikmviswkG (HYD-1), based on overlapping se-
quences of some of the positive peptides identified for
DU145 prostate cancer cell, was able to block the attachment
of DUI145 cells to anti-f1 antibody, fibronectin, laminin 1,
laminin 5, and collagen IV. In addition, it also inhibited the
tumor cell attachment to immobilized dermal fibroblast.*
Very recently, we have performed a structure—function
relationship of this hybrid peptide on PC3N prostate cancer
cells, and determined that the most potent element of HYD1
necessary to support cell adhesion was kmvixw, to block
cell migration, it was xkmviswxx and to inhibit ERK cell
signaling, ikmviswxx was required.®!

We recently reported on the use of a highly focused
peptidomimetic library (based on the preferred building block
in each residue) and high stringency screening to identify a
high-affinity peptidomimetic ligand (ICs) = 2 pM) that target
activated a4f1 of T- and B-lymphoma xenografts with high
sensitivities and specificities.”” The chemical structure of this
novel targeting agent, LLP2A, is shown in Figure 7A.
Because there is an organic moiety at the N-terminus and

the tripeptide entirely consists of unnatural amino acids, the
molecule is highly resistant to proteolysis because there was
no sign of degradation in human plasma when incubated at
37 °C for 18 days. Using similar methods, we have developed
a D-amino acid containing cyclic octa-peptide ligand (OA02)
against the o3f1 integrin of ovarian cancer. This ligand
(Figure 7B), when conjugated to Cy5.5 or Alexa680 near
infrared fluorescent dye, was able to image 03 integrin
expressed in ovarian adenocarcinoma xenografts in nude
mice.*?

Use of OBOC Combinatorial Library
Approaches To ldentify and Optimize
Ovarian Cancer Targeting Peptides

Identification of Ovarian Cancer Targeting Ligands
through OBOC Random Cyclic Peptide Library. To
identify novel peptide ligands against ovarian cancer cell
surface receptors, we used SKOV-3 ovarian adenocarcinoma
cell line to screen four random OBOC cyclic peptide libraries
(cXec, cXqc, c¢Zgsc, and c(U/Z)s 7 c¢); wherein X = 19
L-amino acids except cysteine, ¢ = D-cysteine, U = 8§
unnatural amino acids, ‘Z = 17 L-amino acids (no arginine
(R), cysteine (C), or lysine (K)). On the basis of the common
motif identified from these random libraries, we synthesized
and screened four focused cyclic libraries: ¢c(N/D)G (U/X)(U/
Z)(U/Z)(U/Z)c, cNGXGXZc, and cX* GX*3GX*sX*¢c,
wherein X* = 42 amino acids (mostly unnatural), N =
L-asparagine, D = L-aspartic acid, G = glycine). Peptide bead

(80) DeRoock, I. B.; Pennington, M. E.; Sroka, T. C.; Lam, R. S.;
Bowden, G. T.; Bair, E. L.; Cress, A. E. Synthetic peptides inhibit
adhesion of human tumor cells to extracellular matrix proteins.
Cancer Res. 2001, 61, 3308-3313.

(81) Sroka, T. C.; Marik, J.; Pennington, M. E.; Lam, K. S.; Cress,
A. E. The minimum element of a synthetic peptide required to
block prostate tumor cell migration. Cancer Biol. Ther. 2006,
5, 1556-1562.

(82) Aina, O. H.; Marik, J.; Gandour-Edwards, R.; Lam, K. S. Near-
Infrared Optical Imaging of Ovarian Cancer Xenografts with
Novel alpha3-Integrin Binding Peptide "OA02". Mol. Imaging
2005, 4, 439-47.

(83) Aina, O. H.; Marik, J.; Liu, R.; Lau, D. H.; Lam, K. S.
Identification of novel targeting peptides for human ovarian
cancer cells using "one-bead one-compound” combinatorial
libraries. Mol. Cancer Ther. 2005, 4, 806—13.

VOL. 4, NO. 5 MOLECULAR PHARMACEUTICS 643



reviews

Aina et al.

A) COOH

g M
@NiNm :
H H

Oﬁ H

N

H

03\\ 0

0 NH H COOH

. N

HN N o)V
OA02-DOTA

Oj/‘j\/\o o

NH

? ﬂ)\ /—\ /—COOH
[N

*gr

IZ
@)

b

N N
HOOC— \__/ “—COOH

Figure 7. Chemical structures of selected cancer-targeting ligands.

libraries were incubated with ovarian adenocarcinoma cell
lines as previously described and beads covered with single
or multiple layers of cells were isolated. Once the peptide
bead sequences were determined, they were resynthesized
and further characterized. Structure—activity relationship
studies (e.g. alanine-walk) were performed on three of the
isolated peptides to determine which amino acid residues
are crucial for receptor-ligand interaction. Molecular model-
ing was also performed to predict the secondary structure
of these peptides. NMR measurements of four representative
cXGXGXXc cyclic peptides supported the molecular mod-
elling results. The calculations predicted a S-turn-like
structure at the N-terminal end of the molecule involving
the first four amino acids ¢XGX, whereas conformation of
the C-terminal end appeared to be more variable.®?
Optimization of Ovarian Cancer Targeting Ligands.
By using focused OBOC peptide libraries containing un-
natural amino acids as well as more stringent library
screening methods, we identified several novel cyclic peptide
ligands with the following motif: (cdG [Cha/Chg/Phe/Tyr/
Nle/Cit/HCit]G[HCit/Hyp/Phe]X-c). Sequences containing
unnatural amino acids and D-isomers identified from the
“focused” peptide bead library screening are shown in Table
3. In our primary (random, all L-isomer peptide) library
screening, cell binding to 100% surface-substituted beads
was observed usually after 6-24 h, about 0.01% of the total
beads screened were positive with 15-20 cells bound per
bead. Using the 100 and 20% surface-substituted “focused”
cX1GX;3GXsXec libraries described here, cell binding was
observed within 30 min with 25-35 cells bound per bead in
all the ovarian cancer cell lines screened. From a sample of
200 uL (~150 000 beads) of the focused-library beads

644 MOLECULAR PHARMACEUTICS VOL. 4, NO. 5

screened (24 h post incubation), an average of 60 beads total
(0.04%) were positive for all cell lines tested. We selected
seven representative peptides from the new motifs identified,
resynthesized these peptides at 100 and 10% surface
substitution on TentaGel beads, and tested binding to a panel
of tumor as well as “normal” cell lines (SKOV-3 ovarian
cancer, ES-2 ovarian cancer, Raji lymphoma, Ul18MG
glioblastoma, K562 promylecytic leukemia, Jurkat lym-
phoma, MDA-MB 231 mammary adenocarcinoma, N87
gastric carcinoma, SKMEL-3 melanoma, A2058 melanoma,
and IMR-90 normal human lung epithelium). The results are
shown in Table 4. The data shows that ovarian adenocarci-
nomas as well as the U118MG glioblastoma, A2058 mela-
noma, and MDA-MB231 breast cancer cell lines bind very
strongly to all of the peptides. Results shown are after 24 h
incubation with the peptide beads. The glioblastoma and
A2058 melanoma cells seem to bind more strongly than the
ovarian cancer cells to the surface down-substituted beads
(10% substitution). Jurkat and Raji lymphoma cells showed
no binding to the beads, and N87 gastric showed weak
binding. IMR-90 lung epithelial cell binds preferentially to
three of the seven peptides.

It is interesting to note that in Table 3, there was a bias
towards the dGMG motif by CaOV-3 ovarian cancer cells.
This has led us to believe that although these peptides bind
to the same integrin receptor, there may be subtle differences
in the integrin conformation or activation state among
different normal and cancer cell lines. It has been suggested
that the differences may be due to glycosylation patterns of
the receptor, which is one of the conclusions from the article

by Lee et al.”’
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Table 3. Seven Distinct Motifs Identified from Screening 100% Substitution® and 20% Substitution Focused cXGXGXXc
OBOC Combinatorial Peptide Libraries with Ovarian Cancer Cell Lines, CaOV-3, ES-2, OVCAR-3, and SKOV-3; Peptide
Cyclization via the —SH Groups of the Flanking b-Cysteines

motif 1 motif 3 motif 5 motif 6
cdG-Cha-G-Chg-Qc cdG-Phe'-GQ-Phe*-c cdG-Tyr'-GTMc' cdGLGWGc
cdG-Cha-G-HCit-Qc cdG-Phe'-GTYc cdG-Tyr?-G-Aic-Qc cdGLGQ-Bta-c
cdG-Cha-G-HCit-Sc? cdG-Phe?-G-Aib-Sc cdG-Tyr?-G-Phe*-Lc cdGLG-Phe*-Tc
cdG-Cha-GITc? cdG-Phe®-GP-Cha-c? cdG-Tyr3-Gl-Pra-c cdG-Nle-GIAc
c¢DG-Cha-G-Hyp-Nc cdG-Phe?-GT-Pra-c? cdG-Tyr?-G-Phg-Mc cdG-Nle-G-Phe'-Phe*-c

cdG-Tyr?-G-Pra-Gc? cdGIGPQc?

cdG-Tyr?-G-Nle-Gc

motif 2 motif 4 (CaOV-3 only) motif 7
cdG-Chg-G-Hyp-Nc cdGMG-HoSer-Nle-c cdG-Cit-G-Phe®-Mc
cdG-Chg-G-Hyp-Yc cdGMGS-Cha-c cdG-HCit-GPQc**

cdGMGSGc cdG-HCit-GT-Nva-c

2 Sequences identified from the 100% surface substitution library; all others are from the 20% surface substitution library. Single-letter
representation for amino acids is according to standard convention, except for those amino acids without single letter representation: Bta

= benzothienylalanine, Cha = cyclohexylalanine, Chg = a-cyclohexylglycine, HCit = homocitrulline, Hyp = hydroxyproline, Phe’
= 3-chlorophenylalanine, Phe? = 4-methylphenylalanine, Phe® = 3,4-di chlorophenylalanine, Phe* = 4-nitrophenylalanine, Aib =
a-aminoisobutyric acid, Pra = propargylglycine, HoSer = homoserine, Tyr' = 4-methyltyrosine or 4-methoxyphenylalanine, Tyr? =

3-nitrotyrosine, Aic = 2-aminoindane-2-carboxylic acid, Phg = Phenylglycine, Nle = norleucine, Cit = Citrulline, Nva = Norvaline, **
“OA02”".

Table 4. Binding Specificities of Seven Representative Peptides from Each Identified Motif (from Table 3) Tested against a
Panel of Cancer Cell Lines and Normal Lung Epithelial Cell?

peptide % SKOV-3 ES-2 Raji K562 Jurkat U118-MG MDA-MB 231 N87 SKMEL-3 A2058 IMR-90
cdG-Cha-G-HCit-Qc 100  ++++ ++++ —  — - oo 4+ ++ - o+
cdG-Chg-G-Hyp-Nc 100  ++++ ++++ —  — - Pib F++ ++ - o+
cdG-HCit-GPQc 10 ++ ++ - - - PEb o+ + - +H++
cdGIGPQc 100 ++++  +++H+ - - - P F++ + - +H++ +
cdGLGQ-Bta-c 100 ++++  ++++ - - - Tttt ++++ ++ O+ Tttt
cdG-Phe®-GP-Cha-c 10  ++ ++ -+ - o+ ++++ + +++ -
cdG-Tyr?-Gl-Pra-c 100 ++++ ++++ —  — - Tt ++++ ++ - +HH+ -

2 Semiquantitative relative binding activity: ++++ = very strong binding, +++ = strong binding, ++ = moderate binding, + = weak
binding, — = no binding; % denotes surface substitution of peptide on the bead surface. (SKOV-3 ovarian, ES-2 ovarian, Raji lymphoma,
K562 myeloma, Jurkat lymphoma, U118MG glioblastoma, MDA-MB 231 mammary adenocarcinoma, N87 gastric carcinoma, SKMEL-3
melanoma, A2058 melanoma, and IMR-90 normal human lung epithelium).

In Vivo PET Imaging of Ovarian Cancer in octereotide-near-infrared fluorescent dye conjugate and opti-

Xenograft Model Using the Optimized cal imaging to image pancreatic tumors.* Many investigators
Ovarian Cancer Targeting Ligand use the well-known cyclic RGD peptides that target ov33

as the imaging probes.®*™® Conti’s group in 2004*° dem-

In Vivo Imaging with Peptides. '''In-labeled octreotide,
a cyclic peptide against somatostatin receptor, has been used
for clinical imaging of neuroendocrine tumors for many
years. Clinical evaluation of **™Tc-RGD as an imaging agent

(85) Becker, A.; Hessenius, C.; Licha, K.; Ebert, B.; Sukowski, U.;
Semmler, W.; Wiedenmann, B.; Grotzinger, C. Receptor-targeted
optical imaging of tumors with near-infrared fluorescent ligands.

to detect malignant melanoma in patients diagnosed with Nat. Biotechnol. 2001, 19, 327-31.

metastatic disease showed high rates of detecting nodal (86) Achilefu, S.; Bloch, S.; Markiewicz, M. A.; Zhong, T.; Ye, Y.;
metastasis.** In the last decade, many investigators have Dorshow, R. B.; Chance, B.; Liang, K. Synergistic effects of
begun to evaluate the in vivo imaging potential of various light-emitting probes and peptides for targeting and monitoring

integrin expression. Proc. Natl. Acad. Sci. U.S.A. 2005, 102,
7976-81.

(87) Chen, X.; Tohme, M.; Park, R.; Hou, Y.; Bading, J. R.; Conti,
P. S. Micro-PET imaging of alphavbeta3-integrin expression with

cancer targeting peptides in xenograft model with a number
of different imaging modalities: optical, PET, SPECT, and
MRI. Some investigators used known peptide hormone

analogues. For example, Becker et al. reported the use of 18F-labeled dimeric RGD peptide. Mol. Imaging 2004, 3, 96—
104.
(84) Sivolapenko, G. B.; Skarlos, D.; Pectasides, D.; Stathopoulou, (88) Haubner, R.; Wester, H. J.; Burkhart, F.; Senekowitsch-
E.; Milonakis, A.; Sirmalis, G.; Stuttle, A.; Courtenay-Luck, Schmidtke, R.; Weber, W.; Goodman, S. L.; Kessler, H.;
N. S.; Konstantinides, K.; Epenetos, A. A. Imaging of metastatic Schwaiger, M. Glycosylated RGD-containing peptides: tracer for
melanoma utilising a technetium-99m labelled RGD-containing tumor targeting and angiogenesis imaging with improved bio-
synthetic peptide. Eur. J. Nucl. Med. 1998, 25, 1383-9. kinetics. J. Nucl. Med. 2001, 42, 326-36.
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onstrated that RGD-Cy5.5 conjugate could be used to image
ovf3 integrin expressing glioblastoma xenografts. Many
reports have since followed on optical imaging of av/33
integrin and pharmacokinetics studies of RGD multimers and
analogues in various xenograft models.”' 3 In a recent article
by Liu et al., ®™Tc-labeled RGD peptide was used for
SPECT imaging of avf3 expressing MDA-MB-435 breast
cancer xenografts in nude mice.*® The images and biodis-
tribution data from these experiments showed improved
uptake of the tetrameric RGD ligand in comparison to the
monomer or dimeric analogues. Others have used ligands
identified through phage-display peptide libraries. For ex-
ample, Weissleder et al. reported on the use of an a541
binding peptide “RPMC”-Cy5.5 conjugate for the imaging
of orthotopically transplanted HT29 colon tumors in a mouse
model.”

PET Imaging with Ovarian Cancer Targeting
Peptide. With the advent of small animal PET imaging
technology, major strides have been made in development
of PET reporter probes that enable research of biological
processes.”” PET imaging has been used successfully for
detection and staging of many cancers in humans.””-*® Small
animal PET imaging technologies enable us to (i) evaluate
novel imaging agents, (ii) perform sequential studies in the
same animal (monitor therapeutic response), and (iii) use far

(89) Liu, S.; Hsieh, W. Y.; Jiang, Y.; Kim, Y. S.; Sreerama, S. G.;
Chen, X.; Jia, B.; Wang, F. Evaluation of a (99m)Tc-labeled
cyclic RGD tetramer for noninvasive imaging integrin alpha(v)
beta3-positive breast cancer. Bioconjugate Chem. 2007, 18, 438—
46.

(90) Chen, X.; Conti, P. S.; Moats, R. A. Cancer Res. 2004, 64, 8009—
14.

(91) Cheng, Z.; Wu, Y.; Xiong, Z.; Gambhir, S. S.; Chen, X. Near-
infrared fluorescent RGD peptides for optical imaging of integrin
alphavbeta3 expression in living mice. Bioconjugate Chem. 2005,
16, 1433-41.

(92) Hsu, A. R.; Hou, L. C.; Veeravagu, A.; Greve, J. M.; Vogel,
H.; Tse, V.; Chen, X. In vivo near-infrared fluorescence imaging
of integrin alphavbeta3 in an orthotopic glioblastoma model. Mol.
Imaging Biol. 2006, 8, 315-23.

(93) Ye, Y.; Bloch, S.; Xu, B.; Achilefu, S. Design, synthesis, and
evaluation of near infrared fluorescent multimeric RGD peptides
for targeting tumors. J. Med. Chem. 2006, 49, 2268-75.

(94) Gurfinkel, M.; Ke, S.; Wang, W.; Li, C.; Sevick-Muraca, E. M.
Quantifying molecular specificity of alphavbeta3 integrin-targeted
optical contrast agents with dynamic optical imaging. J. Biomed.
Opt. 2005, 10, 034019.

(95) Bloch, S.; Xu, B.; Ye, Y.; Liang, K.; Nikiforovich, G. V.;
Achilefu, S. Targeting Beta-3 integrin using a linear hexapeptide
labeled with a near-infrared fluorescent molecular probe. Mol.
Pharmaceutics 2006, 3, 539-49.

(96) Kelly, K.; Alencar, H.; Funovics, M.; Mahmood, U.; Weissleder,
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fewer animals than required for traditional biodistribution
studies. Radiolabeled peptides have been used as PET
reporter probes. For example, RGD peptides that target the
ovf3 integrin (in monomeric, dimeric or tetrameric form;
pegylated or glycosylated; conjugated to '8F or ®*Cu) have
been used for PET imaging of nonsmall cell lung cancer,
glioblastoma, melanoma, and breast cancer xenografts.%’gg*103
Natural peptides, e.g., somatostatin and bombesin, have also
been used in PET imaging of receptor overexpressing
tumors.'® 1% The use of radiolabeled multimeric RGD
ligands was recently reviewed by Liu.'®” We have developed
the “OA02” peptide into a PET imaging probe and evaluated
its potential use in in vivo PET imaging of ES-2 ovarian
carcinoma xenografts. This work will be briefly discussed
below.

Synthesis and ®**Cu Loading of Cyclic cdG-HCit-
GPQc-Ebes-Ebes-K(DOTA)-NH, (OA02-DOTA). The
chemical structure of OA02-DOTA is shown in Figure 7C.
Standard Fmoc chemistry was used for solid phase synthesis
of ¢dG-HCit-GPQc-Ebes-Ebes-K (Alloc) on Rink amide
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Figure 8. Coronal and sagittal sections of MAP reconstructed MicroPET images of ovarian cancer (ES-2) and
lymphoma (Raji) bearing mouse. (A) An image of the mouse two hours postinjection with [**Cu] DOTA-OA02 showing
high signal in the ES-2 tumor; (B) An image taken 24 h after injection showing some signal still in the ES-2 tumor; (C)
Picture of an anesthetized nude mouse on the imaging bed showing both tumors and (D) Image of the same animal
injected with ['®F] FDG 24hours after the initial [**Cu] DOTA-OAOQ2 injection showing high signal in the Raji tumor and

low signal in the ES-2 tumor.

resin. The hydrophilic linker Fmoc-Ebes-OH was synthesized
as previously described.'?® The Alloc protecting group was
removed from the lysine side chain with tetrakistriph-
enylphosphine palladium, and DOTA-NHS ester was coupled
to the lysine. Side-chain protecting groups of amino acids
were removed with a trifluoroacetic acid:triisopropylsilane:
1, 2-ethanedithiol:water mixture. The peptide was then
cyclized via the flanking D-cysteines to form a disulfide bond.
The compound was lyophilized, purified, and analyzed with
HPLC, and verified with MALDI-TOF mass spectrometer.
%4Cu (5.0-10 mCi; specific activity 20-200 mCi/ug ') was
incubated with OA02-DOTA (0.5-1 mg) in ammonium
acetate, pH 7, at 40 °C for 60 min. Ethylenediamine
tetraacetic acid (EDTA) was added to scavenge nonspecifi-
cally bound ®*Cu. The product was purified and evaluated
by TLC.

MicroPET Imaging of Ovarian Cancer Xenografts
with OA02-DOTA-[**Cu]. MicroPET images acquired at
15 min showed radioactivity in the kidneys and bladder.
Figure 8 shows a representative maximum a posteriori (MAP)
reconstructed image of an ovarian cancer bearing mouse two
hours post injection with [**Cu] DOTA-OAO02 (Figure 8A).
It shows high radioactivity in the ES-2 tumor, kidney, and

(108) Song, A.; Wang, X.; Zhang, J.; Marik, J.; Lebrilla, C. B.; Lam,
K. S. Synthesis of hydrophilic and flexible linkers for peptide
derivatization in solid phase. Bioorg. Med. Chem. Lett 2004, 14,
161-5.

(109) McCarthy, D. W.; Shefer, R. E.; Klinkowstein, R. E.; Bass, L. A;
Margeneau, W. H.; Cutler, C. S.; Anderson, C. J.; Welch, M. J.
Efficient production of high specific activity 64Cu using a
biomedical cyclotron. Nucl. Med. Biol. 1997, 24, 35-43.

liver. No radioactivity was observed in the negative control
Raji tumor in all the mice scanned. The 24 h post injection
scans showed residual radioactivity at liver, kidney, and ES-2
tumor (Figure 8B). A picture of the mouse on the scanner
bed shows both Raji lymphoma and ES-2 ovarian tumor
xenografts (Figure 8C). ['®*F] FDG scans of all the animals
showed high activity in the Raji tumor, kidney, bladder, brain
and heart; with moderate activity in the bone, muscle and
brown fat (Figure 8D). Very little radioactivity was seen in
the ES-2 tumors. In one experiment, a mouse developed a
small metastatic lesion at the right brachial lymph node after
i.p. injection with SKOV3 ovarian cancer cells (Figure 9A).
Interestingly, this lesion was easily detected with [**Cu]
DOTA-OAQ?2 as the imaging probe (Figure 9B), but not with
the ['®*F] FDG scans (Figure 9C). Upon histological exami-
nation, there were signs of nodal invasion with tumor
cells.

Cell Surface Ligand as Capturing Agent for
Circulating Cancer Cells

We have previously reported the use of polystyrene
microbeads coated with ovarian cancer targeting ligand to
isolate OVCAR-3 ovarian cancer cells from whole blood that
had been spiked with these cells.** More recently, we
demonstrated that LLP2A, the high affinity lymphoma
targeting ligand,’”> when coated on beads, can be used as a
tool to isolate lymphoma cells from whole blood. In this
experiment, Jurkat T-lymphoma cells were first labeled with
10 uM calcein AM (Becton Dickinson, Bedford, MA) for
one hour at 37 °C. The labeled Jurkat cells were then washed
and resuspended in culture medium. Peripheral blood mono-
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Figure 9. (A) Ovarian cancer xenograft bearing mouse (i.p. injection with SKOV-3) with metastastatic lesion to the
right brachial lymph node (arrow). (B) Coronal sections of MAP reconstructed MicroPET images of the mouse after
i.v. injection with [®*Cu] DOTA-OA02 cyclic peptide, with good radio-uptake to the right brachial lymph node. (C)
Same mouse was imaged with ['®F] FDG 24 h after the [**Cu] scan, with obvious lack of radio-uptake in the brachial
lymph node, but high uptake in brain and heart.

reviews

Figure 10. An LLP2A-coated bead captured Jurkat cells among a mixture of Jurkat cells and PBMC cells at 1:100 000
dilution. Jurkat cells were first labeled with calcein AM to make them appear green under fluorescence microscope.
Calcein-labeled Jurkat cells were mixed with PBMC at 1:100 000 dilutions. LLP2A beads were added, incubated with
the cell suspension for one hour with gentle shaking, and examined under a fluorescent microscope, with (A) full
background white light and (B) little background light. Two Jurkat cells (white arrow and arrowhead) bound to the
middle bead appeared green while the background PBMC at the bottom of the plate did not have any fluorescence.
One fluorescent cell (white arrowhead) is out of focus and behind the bead.

coated beads could be used to retrieve Jurkat cells from a
PBMC preparation that had been spiked with a small num-
ber of Jurkat cells (1:1 x 10° Jurkat:PBMC ratio) (Figure

nuclear cells (PBMC) were obtained from peripheral blood
of healthy volunteers using Ficoll-hypaque density centrifu-
gation method. Calcein AM-labeled Jurkat cells were mixed

with unlabeled PBMC at varying ratios (1:10 to 1:1 x 10°).
The cell mixture (1 x 107 cells) was then incubated in a 60
mm culture dish with approximately 1500 LLP2A-coated
beads (LLP2A synthesized on 90 um TentaGel beads),
shaken gently for 1 h at room temperature and examined
under a fluorescence microscope. We found that calcein AM-
labeled and unlabeled Jurkat cells bound to LLP2A beads
equally well, but calcein-labeled and unlabeled PBMC did
not. Furthermore, we were able to demonstrate that LLP2A-
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Therapeutic Targeting

As indicated in the Introduction, peptides, peptidomimet-
ics, or small molecules represent excellent alternative cancer-
targeting agents, besides monoclonal antibodies, to deliver
radioactive or cytotoxic payloads to the tumor. The final
ligand-drug could be formulated at a small monomeric form,
an intermediate size oligomeric form, or a large polymeric
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form. The payload could be small, such as a radionuclide
(e.g., 1317), a radiometal chelate (e. 2., [*°Y]-labeled DOTA),
or a doxorubicin molecule, or it could be larger, such as a
drug-loaded liposome or drug-loaded nanoparticle. Most
investigators use one single kind of ligand as a delivery
vehicle, but the incorporation of multiple different ligands
into the same drug conjugate may increase tumor targeting
specificity and affinity.

The avf3 integrin (overexpressed in neovascular endo-
thelial cells) is a popular target for cancer-targeting studies.
EMD 121974 (Cilengitide), a cyclic RGD peptide have been
used in clinical trials for glioblastoma and other cancers.''*'"!
In recent preclinical studies on vascular targeting of peptides,
NGR and RGD conjugated to doxorubicin have been shown
to decrease tumor burden, reduce toxicity, as well as enhance
the efficacy of Doxil in human breast cancer xenografts,®>' %113
More recently, dimeric RGD peptide conjugated to Paclitaxel
has also been used to evaluate therapeutic activity in a
metastatic model of breast cancer.''*

As mentioned earlier, peptides identified from screening
lung cancer cells H1299 and H2009 have been conjugated
to doxorubicin for therapeutic targeting.®' The results from
this study show good potential of specific therapeutic
targeting of specific tumor cells. In doxorubicin-H1299.1-
treated cells, H1299 cells showed the largest decrease in
viability. The same was the case for the H2009.1 peptide,
which targeted H1648 cells. The most encouraging result
from this study is that normal lung fibroblasts, which were
very sensitive to treatment with free doxorubicin, were
unaffected by the doxorubicin-peptide conjugates. Another
novel peptide identified from phage library screening of
nasopharyngeal carcinoma, “RLLDTNRPLLPY”, has been
used in experimental targeting of doxorubicin in SCID mouse
xenograft models of this tumor."' In this study, a significant
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decrease in tumor burden was observed in mice treated with
the peptide-Lipo-dox when compared to treated control mice.

Perspective

Cancer-specific cell surface ligands identified from com-
binatorial libraries can be used for drug delivery, imaging,
or diagnostics. These ligands are also useful for cell adhesion
and cell signaling studies and as substrates for tissue
engineering. A good portion of the peptides identified through
screening random combinatorial libraries (phage-display or
OBOC methods) are integrin-binding ligands. This is not
surprising as integrins tend to bind to short sequence motifs
and they are abundant on the cell surface. Through screening
random OBOC peptide libraries, we have also identified
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many ligands that do not bind to integrins; however, the
identity of many of their targets remains undetermined. One
way to identify the cell surface receptor to which these
ligands bind is to evaluate the ability of a series of antibodies
against various cell surface proteins to inhibit cell binding
to the peptide-bead. An alternative method is to use the
ligands to prepare photo- or chemical-affinity probes so that
the receptors can be tagged and subsequently identified with
mass spectrometry.

In addition to facilitating lead compound identification,
combinatorial chemistry can be used to rapidly optimize the
initial lead molecules (identified from library screening) or
compounds that are known to bind to the receptor. On the
basis of the structural information of these lead compounds,
highly focused chemical libraries can be designed and
screened under high stringency conditions. These approaches
often lead to the discovery of ligands with higher affinity.
Binding specificity can also be built into the screening steps,
such as dual-color screening (Figure 6), in order to eliminate
binding of ligands to normal cells. Both the phage-display
peptide and OBOC combinatorial library methods are
distinct, and they each have unique advantages and disad-
vantages. The phage-display library method affords the
screening a larger number of peptides and also longer
peptides, whereas the OBOC method allows one to use
unnatural amino acids and organic moieties. Although not
yet reported in the literature, it is certainly advantageous to
combine these two powerful methods in cell surface ligand
identification. For example, 15-mer all L-amino acid cancer
cell surface ligands identified with the phage-display method
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can be used as a template to develop focused OBOC libraries
that include D-amino acids, unnatural amino acids, and
organic moieties for subsequent lead optimization. The
screening of phage-display peptide libraries in cancer pa-
tients’" is a bold move and its utility in the identification of
useful cancer-targeting peptides against human cancers
remains to be proven.

In the past decade, there have been great advances in the
molecular imaging field. Cancer cell surface targeting ligands
developed through modification of known peptide hormones
or identified through screening combinatorial libraries will
undoubtedly play an important role as molecular imaging
probes in clinical cancer detection and staging in the future.
The use of these ligands as vehicles to deliver therapeutic
agents or radionuclides to tumors, however, remains prob-
lematic. For example, many in vivo imaging studies with
RGD containing peptides have demonstrated good tumor
uptake, but undesirable uptake in liver, kidney, and some-
times GI tract is a concern. For the targeting ligands to be
effective as vehicles to deliver cytotoxic drugs, radionulcides,
or toxins to the tumor, the ligands’ nonspecific uptake into
normal organs must be eliminated. There is a need to
discover RGD-containing ligands that target only tumor
blood vessels and not liver cells. Our recently reported
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LLP2A peptidomimetic ligand for malignant lymphoma
targets lymphoma xenografts with high specificity.”* Even
though liver uptake of LLP2A was very low, kidney uptake
remains rather high. Some of the solutions to lower renal
uptake are to increase the hydration of the animal and to
give drugs that interfere with renal uptake of the peptides
that have filtered through the glomeruli. Alternative ap-
proaches are to develop cleavable linkers (between the
peptide and the therapeutic payload) that are labile in the
kidney''® or cleavable on demand, using an exogenous
agent.'!” Identification of such cleavable linkers can also be
accomplished through combinatorial chemistry.
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bromide; **Cu = copper-64; DCM = dichloromethane; DIC
= diisopropylcarbodiimide; DIEA = N,N-diisopropylethyl-
amine; DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid; Ebes = N-(9-fluroenylmethoxycarbonyl)-
4-{2-[2-(2-amino-ethoxyl) ethoxy] ethylamino}—4-oxo-
butanoic acid (N-Fmoc-2,2'-(ethylenedioxy)bis(ethylamine)
monosuccinamide; EDTA = ethyleneditetraacetic acid; 18p
= fluorine-18; FDG = fluorodeoxyglucose; Fmoc = 9-fluo-
renylmethoxycarbonyl; Fmoc—OSu = N-(9-fluorenylmethoxy-
carbonyloxy) succinimide; HATU = 2-(1/ H-9-azabenzotriazole-
1-y1)-1,1,3,3-tetramethyluronium hexafluorophosphate; HBTU
= 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate; HOBt = N-hydroxybenzotriazole; MALDI-TOF
= matrix assisted laser desorption—ionization-time of flight; MRI
= magnetic resonance imaging; MS = mass spectroscopy; NIR
= near infrared; OBOC = one-bead one-compound; PAD =
partial alloc deprotection; PAP = partial alloc protection; PEGA
= bis(2-acrylamidoprop-1-yl) poly(ethylene glycol) cross-linked
dimethyl acrylamide and mono-2-acrylamidoprop-1-yl [2-ami-
noprop-1-yl] poly(ethylene glycol); PET = positron emission
tomography; PNA = peptide nucleic acid; PyBOP = benzot-
riazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophos-
phate; RGD = arginine—glycine—aspartic acid; SCID = severe
combined immuno deficient; SPECT = single photon emission
computed tomography.
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