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Abstract

Cancer is one of the major and leading causes of death worldwide. Two of the greatest challenges
infighting cancer are early detection and effective treatments with no or minimum side effects.
Widespread use of targeted therapies and molecular imaging in clinics requires high affinity,
tumor-specific agents as effective targeting vehicles to deliver therapeutics and imaging probes to
the primary or metastatic tumor sites. Combinatorial libraries such as phage-display and one-bead
one-compound (OBOC) peptide libraries are powerful approaches in discovering tumor-targeting
peptides. This review gives an overview of different combinatorial library technologies that have
been used for the discovery of tumor-targeting peptides. Examples of tumor-targeting peptides
identified from each combinatorial library method will be discussed. Published tumor-targeting
peptide ligands and their applications will also be summarized by the combinatorial library
methods and their corresponding binding receptors.

Keywords

Tumor-targeting peptide; Biological library; Phage-display peptide library; One-bead one-
compound peptide library; High throughput screening; Cell surface receptor

1. Introduction

Breakthrough advances have been achieved in cancer diagnosis and treatment in the last
decade including the recently FDA-approved immunotherapeutic agents, which have
provided patients with new hope. However, cancer continues to be the second cause of death
in the US (584,881 vs611,105 in heart disease from the 2015 Fast Stats provided by CDC),
and it is expected to surpass heart disease to become the No. 1 killer by 2030. Conventional
chemotherapies have low specificity towards cancer cells and therefore exhibit serious toxic
side effects. Target-specific delivery of chemotherapeutic drugs to the tumor cells can help
improve the outcome of existing anti-cancer drugs. Widespread use of targeted therapies and
molecular imaging in the clinic requires high affinity, tumor-specific agents as effective

*This review is part of the Advanced Drug Delivery Reviews theme issue on “Peptides and Peptide Conjugates in Medicine”.
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targeting vehicles to deliver therapeutics and imaging probes to the tumor sites. Tumor-
targeting agents can be antibodies, proteins, peptides, peptidomimetics, glycopeptides,
peptoids, aptamers or small molecules. Several cell surface-targeting antibodies have been
approved by the FDA as vehicles to deliver radionuclides (e.g. Zevalin or Bexxar, anti-CD20
antibodies loaded with 90Y or 1311, respectively), toxins (e.g. Adcetris, an anti-CD30
antibody-MMAE conjugate directed against systemic anaplastic large cell lymphoma and
Hodgkin's lymphoma), or cytotoxic chemotherapeutic agents (e.g., Trastuzumab emtansine)
to the cancer cells. Cancer-targeting antibodies have proven success in the clinic, but they
also suffer some limitations because (i) the Fc region of the antibodies binds to the
reticuloendothelial system resulting in significant toxicities to liver, bone marrow, and
spleen; (ii) antibodies against the cancer cells have difficulty in infiltrating the entire tumor
mass due to their large size (M.W. ~160,000 Da); (iii) they are difficult to manufacture in
large-scale; therefore, they are expensive. Tumor-targeting peptides are efficient alternative
vehicles for selective delivery of high dose of chemotherapeutic drugs or diagnostic agents
to tumor sites while sparing normal tissues. Several peptide hormones have already been
used for tumor targeting. For example, octreotide, a cyclic octapeptide analogue of
somatostatin, has been used for radiotargeting of neuroendocrine tumor [1]. AN-152, a
linear peptide analogue of LHRH, has also been used to target LHRH receptor of ovarian
cancer, breast cancer and prostate cancer [2]. Peptides consisting of only eukaryotic amino
acids in general are not stable /n vivo, but their stability against proteolysis can be
significantly improved if they contain D-amino acids and unnatural amino acids, are
cyclized, and/or are A-and C-terminally blocked. Advantages of peptides over currently-
used biomolecules such as antibodies are their rapid blood clearance, increased diffusion and
tissue penetration, chemical stability, and ease of synthesis in large scale. In addition, they
can be readily conjugated to cytotoxic drugs, radionuclides, or toxins in a chemically
defined manner.

The subject of using combinatorial libraries to discover tumor-targeting ligands has been
reviewed by us and other investigators in the past [3-9].Inthis review, we attempt to give an
update on combinatorial library technologies and newly identified tumor-targeting peptides.
Additionally, we categorize the peptide ligands according to their interacting receptor(s) and
library screening.

2. Overview of approaches to discover tumor-targeting peptides

Tumor-targeting ligands generally target one of the following three sites: (i) cancer cell
surface receptors, (ii) the tumor's extracellular matrix, and (iii) tumor vessel endothelial cell
surface receptors. Many of these targeting molecules can be developed through (i) the use of
native ligands or their analogues such as octreotide against somatostatin receptors,
bradykinin analogues against bradykinin receptors, AN-152 against LHRH receptors, and
folic acid against the folate receptor; (ii) computer-aided design if the X-ray crystallographic
structure of the cancer-associated receptor or a related receptor is known, in combination
with medicinal chemistry, and/or (iii) screening combinatorial libraries. The combinatorial
library method allows rapid identification of tumor-targeting ligands from a large humber of
diverse compounds. In this review, we shall focus on different library technologies and their
use for discovery of tumor-targeting peptide ligands. The phage-display peptide library [10]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 March 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 3

and the OBOC combinatorial peptide library [11] are the two most popular approaches that
have been successfully applied to discover tumor-targeting peptides. Other biological-
display peptide libraries such as yeast-display, bacteria-display, ribosome-display, and
mRNA-display peptide libraries have also been used but are less common. In addition to
OBOC library, peptide nucleic acid (PNA)-encoded solution phase peptide library and
peptide microarrays are two other synthetic chemical libraries that have been used for the
discovery of tumor-targeting ligands. The former takes advantage of its ease in decoding
(see below). Peptide microarrays have been mainly used for ligand optimization and
structure—activity relationship studies. Other synthetic combinatorial library methods such as
positional-scanning peptide library have also been used to discover cancer targeting pep-
tides but are much less often applied. A summary of the advantages and disadvantages of
different library approaches is shown in Table 1. Live cancer cells or cancer-related proteins
are commonly used as probes to screen combinatorial libraries. The advantages of using live
cells for library screening include (i) the target receptors on cell surface are in the native
state; (ii) cloning, expression, and purification of cell surface targets are not needed,; (iii) the
cell surface target can be an unknown receptor; (iv) targeting ligands with cell-penetrating
ligands can be identified; and (v) functional ligands that trigger downstream signaling can be
readily identified, particularly with the OBOC method. Therefore, most cancer-targeting
peptides target cancer cell surface and have been discovered from cell-binding assays.
Soluble cancer-associated proteins, if available, can also be used as probes for identification
of ligands, although their specificity against other proteins needs to be verified. The
technology of biological-display, OBOC, PNA-encoded solution-phase peptide libraries and
peptide microarray, as well as their applications in the discovery of cancer-targeting peptides
will be discussed below.

3. Biological library methods

The surface profile difference between cancer cells and their nonma-lignant counterparts can
serve as an excellent molecular address for targeted delivery of therapeutic agents,
diagnostic agents or both to cancer cells. The biological-display system is an efficient tool in
discovering novel tumor-targeting peptides via high-throughput screening. The peptide-
displaying microbes can be considered as peptide-covered micro-particles. The peptides
displayed on the surface of the microbes can be directly used to screen live cancer cells
and/or purified receptor proteins. The sequence of the peptide hits can be easily determined
by DNA sequencing of the microbial plasmid. The biological-display system includes
phage, yeast, bacteria, ribosome, mMRNA, and mammalian cell-display [12]. Phage-display
peptide library remains the most commonly used combinatorial library technique to discover
tumor-targeting peptides. To the best of our knowledge, mammalian cell-display has not
been applied to the discovery of tumor-targeting peptides so far; therefore, it will not be
discussed in this review.

3.1. Phage-display peptide library method

3.1.1. Methodology—A phage-display peptide library is comprised of a heterogeneous
mixture of billions of bacteriophage clones, each carrying a different foreign DNA insert and
therefore displaying a different peptide on its surface [10]. Peptides are typically displayed
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at the N-terminus of the plll or pVIII proteins [4,13]. Inverted pVIII proteins have been used
to display peptide with free carboxy terminus [14]. The pVIII “landscape” (all pVIII
proteins express peptides) has also been used as peptide-displaying coat proteins [4].
Techniques for generating chimera phage with both peptide-displaying coat proteins and
normal wild-type coat protein have been developed. The M13 filamentous phage is the most
widely used phage-display system due to its high capacity for replication and ability to
accommodate large foreign DNA. The fd filamentous phage, which is closely related M13
phage, is also commonly used for plll and pVIII display [10,15]. The less commonly used
T7 lytic phages that lyse their bacterial hosts have also been used for peptide library display.
In T7 phage, peptide sequences are typically displayed as C-terminal fusions of the 10B
capsid protein. T7 libraries exhibit less bias than filamentous phage libraries and longer
peptide libraries (12-20mer) are most often used for the discovery of cell binding peptides.
In contrast, short peptide libraries (7-12mer) are more popular in M13 phage display.

The phage-display library method has several advantages: (i) it can display combinatorial
peptide libraries with huge permutations (10°); (ii) the size of the grafted peptide is not
limited by the constraints as in the case of a synthetic peptide library; (iii) it can take
advantage of known protein folds (e.g. zinc-finger fold, conotoxin fold, immunoglobulin
fold, or cystine-knot) by grafting random oligopeptides on such tertiary folds; (iv) the
method is highly efficient, inexpensive, and amenable to both short and long peptides, linear
and simple cyclic peptides (disulfide formation with two L-cysteines), and can be carried out
in most molecular biology laboratories; (v) phage-display peptide libraries are commercially
available, e.g., Ph.D.-7, Ph.D.-12 and Ph.D.-C7C (cyclic with a disulfide bond) libraries can
be purchased from New England Biolabs (Ipswich, MA, USA); (vi) phage-displayed
libraries can be screened with /in7 vivo selection techniques in xenograft models; (vii) the
standard library can be easily generated by simply growing the microorganisms; (viii) usage
of this method may identify novel ligands even without prior knowledge about the identity
of the target receptor on cell surface; and (ix) recent advances in chemical modification of
phage-display libraries with thiol-reactive compounds or crosslinkers prior to screening
enable introduction of limited cyclization and derivatization to the displayed peptides
[16-18].

However, despite the many advantages, this biological library approach suffers some
important limitations: (i) only the natural L-amino acid peptide libraries (comprised of 20
eukaryotic amino acids) can be incorporated into the phages. Such peptides are generally
susceptible to proteolysis particularly if the A-and C-termini are not blocked; (ii) because of
bias in genetic codons, the peptide library is not totally random; (iii) screening assays of the
phage-display libraries are generally limited to binding and a few functional assays such as
protease substrate determination; (iv) complicated bicyclic, compact scaffolding, branched
structures, or molecules with special chemistry of cyclization are more difficult with this
method; and (v) optimizing a phage-display peptide into a proteolytic stable molecule while
still retaining a high binding activity and specificity to the cell surface receptor is not a
trivial matter.

Fig. 1 illustrated the process of selecting phage clones that bind a specific target, which is
called “biopanning” including /n vitro, in vivo, and ex vivo biopannings. Kay et al. have
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published a step-by-step screening protocol which facilitates new investigators to learn this
technology [19]. The following factors need to be taken into account because they may
affect the quality of hits identified from screening phage-display libraries: the number of
phages used, stringency of selection process, the number of selection rounds, competitive
selection and subtractive panning. Panning of a phage-display library with living cells
provides the option to select phages that bind and internalize inside the cells, which can be
achieved by optimizing the washing techniques [20]. Decoding of peptide ligands identified
from phage-display libraries can be achieved with DNA sequencing, which is simple and
inexpensive.

3.1.2. Discovery of tumor-targeting peptides from phage-display peptide
library—Tumor-targeting peptides can be discovered from phage-display libraries via one
of the three screening approaches: in vitro, in vivo or ex vivo selections (Fig. 1). Cancer-
associated proteins, specific cancer cell lines, patient tissues, and tumor xenograft mouse
models have been successfully used as screening probes. /n vivo selection of phages has
recently shifted from using xenograft mouse models to transgenic and clinically relevant
patient-derived xenograft (PDX) models.

Unbiased bio-panning of phage-displayed peptide libraries has yielded a number of peptides
that bind cancer cells and cancer-associated antigens presented on cancer cell surface, tumor
vasculature or tumor lymphatic vessels. Different peptide ligands have been identified for a
variety of tumor types including breast, lung, thyroid, head and neck, liver, prostate, bladder,
colon and gastric cancers, osteo-sarcomas, as well as pancreatic ductal adenocarcinomas and
squamous cell carcinoma. Table 2 lists some tumor-targeting peptides that were identified
from J/n vitro selection of phage-display peptide library using purified receptor as a screening
probe. Examples of tumor-targeting peptides that target specific receptor(s) using live cells,
tissues, or tumors as screening probes are listed in Table 3. Phage-display library screening
also yields many tumor-targeting peptides of which the binding partners have not yet been
identified. This latter group of pep-tides will not be covered here but can be found in other
reviews [3-7].

3.1.2.1. Epidermal growth factor receptor (EGFR)-binding peptides: EGFR is a cell
surface protein that binds to epidermal growth factors and is over expressed in a variety of
human cancer cells, thus making it an excellent target for drug delivery. Li et al. screened a
phage-display peptide library and identified a peptide named GE11 (YHWYGYTPQNVI)
that binds to EGFR specifically and efficiently with a dissociation constant (Kp) of
approximately 22 nM [21]. GE11 has a much lower mitogenic activity towards EGF. GE11
is internalized preferentially into cancer cells with high expression level of EGFR and is
furthermore accumulated in EGFR over expressing tumor xenografts /in vivo after i.v.
administration. In gene delivery studies, GE11-conjugated polyethylenimine (PEI) was
found to deliver genes efficiently into EGFR over expressing cells and tumor xenografts.
Taken together, GE11 could be potentially used as a safe and efficient tumor-targeting
vehicle for selective drug delivery mediated through EGFR.

Hamzeh-Mivehroud et al. recently identified two short peptide ligands (SYPIPDT and
HTSDQTN) against EGFR from screening of a phage-display peptide library Ph.D.-7 [22].
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EGFR expressing A-431 cells were used as the matrix in a cell-based subtractive biopanning
approach. The identified peptides were able to inhibit the EGF-induced phosphorylation of
EGFR in a concentration-dependent manner. The results of affinity binding experiments
showed that EGF was able to inhibit competitively the binding of peptide-bearing phage to
A-431 cells.

3.1.2.2. a-vp6 integrin-binding peptides: Integrin avp6 is highly expressed in many
malignancies but is usually expressed at low or undetectable levels in normal adult tissues. It
supports epithelial cell proliferation during inflammation, fibrosis, wound healing and
carcinoma progression [23]. Overexpression of integrin avp6 usually correlates with
malignant potential and poor prognosis [24]. Integrin avB6 can also increase cancer
metastasis by promoting cancer cell invasion and migration. Because the expression pattern
of integrin a-vp6 is restricted to tumors and other pathological tissues, it has become a
promising diagnostic and therapeutic target.

A peptide specifically targeting lung cancer cells, named H2009.1
(RGDLATLRQLAQEDGVVGVR), was isolated by Oyama et al [25] through panning of a
Ph.D.-20 peptide library. However, its cellular receptor target was not identified at that time.
Later, Elayadi et al. found out that integrin avf6 is the binding receptor of this peptide [24].
H2009.1 is able to mediate cell-specific uptake of a fluorescent nanoparticle via this
receptor. Nothelfer et al. identified a shorter avp6-targeting peptide, namely, HBP
(SPRGDLAVLGHK), through screening a Ph.D.-12 phage-display peptide library against
HNO223 head and neck squamous cell carcinoma cell (HNSCC) line [26]. HBP-1
(SPRGDLAVLGHKY) with a tyrosine added to the C-terminal of HBP for easy
radiolabeling with 131| showing preferential binding to avp6 over avp3 integrin. 129]-
labeled HBP-1 showed binding to 5 different HNSCC cell lines. [*311]-Labeled HBP-1
accumulated rapidly in 2 different HNSCC tumor xenografts, with stable uptake until 45 min
after intravenous administration. Peptide histochemistry by HBP-1 was positive for HNSCC
tissue sections but negative for normal tissues. Goodman and co-workers reported the
discovery of an unexpected non-RGD recognition motif for integrin avp6 [27]. They
compared the recognition profiles of recombinant a-vp6 and avp3 integrins by screening
Ph.D.-7 and Ph.D.-12 peptide libraries. As predicted, phages binding strongly to avp3 were
found to contain ubiquitous RGD sequences. However, in addition to RGD-containing
phages, one-quarter of the phages isolated from the Ph.D.-12 library contained the
distinctive consensus motif DLXXL for avp6. A synthetic DLXXL peptide,
RTDLDSLRTYTL, was determined to be a selective inhibitor of RGD-dependent ligand
binding to a-vp6 in an isolated receptor assay (IC5q = 20 nM), and in a cell adhesion assay
(IC50 = 50 uM). DLXXL peptides were specific inhibitors of avp6-fibronectin interaction
since synthetic scrambled or reversed DLXXL peptides were inactive. Further studies
revealed that a 7-mer peptide sequence RG/TDLXXL is the minimum motif required for
high affinity and selectivity towards avp6 and additional flanking amino acids resulted in
further improvement in binding affinity and specificity.

Because linear peptides may suffer from /n vivo instability and rapid /n vivo clearance,
several peptides cyclized by disulfide bond have been recently developed that exhibit high
affinity for avp6 [28]. Several avp6-targeting ligands have been labeled with radionuclides
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for in vivoPET or SPECT imaging in animal models of cancer and other diseases. For a
review, please refer to ref. [29].

3.1.2.3. Neuropilin-1 (NRP-1)-bindingpeptides: NRP-1 is a membrane-bound receptor and
plays an essential role in normal neuronal and vascular development [30,31]. NRP-1 has also
been implicated as a novel mediator of the primary immune response [32]. The expression of
NRP-1 can be stimulated in response to tissue injury or hypoxic conditions [33]. NRP-1 was
found to be highly expressed in a variety of solid tumors, such as prostate, breast, pancreatic,
lung, ovarian, and gastrointestinal carcinomas [34]. In addition, the expression of NRP-1 is
elevated in acute lymphoblastic leukemia (ALL) and acute myelogenous leukemia (AML)
[35], and is correlated with poor survival of AML patients [36]. NRP-1 expression was
found increased in the bone marrow of ALL and AML patients compared with normal bone
marrow. Ligands that bind to NRP-1 should potentially exhibit an increased homing
specificity towards leukemic bone marrow. Increased expression of NRP-1 was found
correlated with tumor growth and vascularization /n vivo and with invasiveness in human
cancer. Therefore, NRP-1 could serve as an excellent target for effective receptor-mediated
drug delivery. Teesalu et al. reported discovery peptide RPARPAR from ex vivo screening
with T7 phage. NRP-1 was found to be the cellular receptor of this peptide [37]. Wang and
colleagues isolated two peptide sequences GGKRPAR (P4) and RIGRPLR (P7) with
superior binding affinity and specificity relative to the RPARPAR peptide by using a
microfluidic phage selection (MiPS) system [38]. Compared to conventional biopanning
methods, the MiPS is a more efficient system to identify peptides with higher affinity and
specificity by applying stringent selection conditions against minimal amount of target cells
[38]. By screening of human T-cell lymphoma Molt-4 cells with a phage-display peptide
library CX7C, Karjalainen et al. discovered a motif F(F/Y)XLRS (X = any amino acids)
targeting NRP-1 [35]. A cyclic peptide CGFYWLRSC, when linked to a pro-apoptotic
peptide (klaklak), (wherein small letters stand for D-amino acids) decreased cell viability at
a relatively low uM level in human leukemia and lymphoma cell lines, while the control, a
mixture of peptides CGFYWLRSC and (klaklak),, did not show cell killing effect at the
same concentration.

3.1.2.4. avp3 integrin-binding peptides: The avp3 integrin is a receptor expressed on the
surface of various normal and cancer cells, and binds to extracellular matrix proteins
displaying the RGD sequence [39]. It plays a key role in angiogenesis and metastasis of
human tumors. Peptide ligands targeting a-vp3 integrin have great potential for developing
cancer targeting therapy and imaging. Phage-display peptide library screening has
successfully been used to identify peptide ligands targeting avp3 integrin. By screening a
phage-display library, a nonapeptide named RGD-4C (CDCRGDCFC) was identified to be
highly selective against av integrins [40]. Witt et al. screened phage-display peptide
libraries with a human rhabdomyosarcoma (RMS) cell line RD, and discovered RMS-I
(CQQSNRGDRKRC) targeting a-vp3 integrin expressed on the RD cells [41]. This peptide
binds to RMS and other tumor cell lines, but not to normal skeletal muscle cells and
fibroblasts. Sugahara et al. screened a cyclic CX7C peptide library displayed on T7 phage
against tumor blood vessels in metastasis mouse models of human prostate cancer [42].
After three rounds of ex vivo selection with cell suspensions from bone tumors, followed by
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one /n vivo selection for homing to the bone tumors, a tumor-homing peptide named iRGD
(internalizing RGD) with sequence CRGDKRGPDC was discovered. It has been proposed
that iIRGD homes to tumors involving three steps: first iRGD bound to av integrins on
tumor endothelium via RGD motif, and was then cleaved by proteolysis to expose a binding
motif for neuropilin-1 (NRP-1), which mediates penetration into tissue and cells [42]. MRI
imaging with iRGD peptide-decorated superparamagnetic iron oxide nanoworms in mice
bearing 22Rv1 orthotopic xenograft has shown significantly improved sensitivity in tumor
imaging. /n vivo anti-tumor efficacy study with iRGD-coated Abraxane demonstrated that 8-
fold more Abraxane was found accumulatedinthe tumors than that of non-targeted-
Abraxane. iRGD was able to bind to tumor vessels and then spread into the extravascular
tumor parenchyma, whereas conventional RGD peptides only delivered the cargo to the
blood vessels.

Optimization of RGD cyclopeptides through changing the ring size and amino acid chirality,
and introducing constrained building blocks such as A-methylated amino acids led to the
discovery of Cilengitide, a head-tail cyclic peptide with sequence [RGDf-N(Me)V-] [43-45].
Cilengitide binds strongly and relatively selectively to avp3 integrin. Preclinical studies of
Cilengitide in mice demonstrated efficacious tumor regression [46]. Phase |1 studies also
demonstrated that Cilengitide is a potential monotherapy in patients with recurrent
glioblastoma [47]. However, in a phase 111 clinical trial investigating Cilengitideas anti-
tumor therapyin combination with standard chemo-radiotherapy, it did not improve overall
survival in patients with newly diagnosed glioblastoma [48]. Nevertheless, avp3 integrin
remains a potential therapeutic and imaging target for cancer. RGD peptides could still be
developed as vehicles to deliver drug payload or imaging probes to tumor sites. Cilengitide,
however, is a head-to-tail cyclic peptide without any handle for attachment. One residue will
need to be modified to introduce a handle.

3.1.2.5. Interleukin 13 receptor a2 (IL-13Ra?2)-binding peptides: IL-13Ra?2 is a plasma
membrane receptor that is over-expressed in a majority of patients with glioblastoma
multiforme (GBM) but not found in normal brain [49]. Debinski's group screened a
disulfide-constrained heptapeptide phages display library, and identified several peptide
ligands; one of these peptides, CGEMGWYVRC, was found to bind to IL-13Ra.2 with the
highest specificity [50]. Surprisingly, the linear form of this peptide bound to IL-13Ra2
even more avidly than the disulfide-cyclized form. Furthermore, they found this linear
peptide is capable of homing to both subcutaneous and orthotopic human GBM xenografts
expressing IL-13Ra2 when administered intravenously [50].

3.1.2.6. Vascular endothelial growth factor receptor 3 (VEGFR-3)-binding

peptides: VEGFR-3 belongs to class 111 receptor tyrosine kinase family and is initially
expressed in all embryonic endothelia, but its expression in the blood vessel endothelium
decreases during development. Human VEGFR-3 is up-regulated in a variety of human
cancers. Inhibiting the signal pathway of VEGFR-3 could prevent the growth and metastasis
of tumor [51,52]. To identify novel ligands with specific binding capabilities to VEGFR-3,
Qin and coworkers screened a phage-display peptide library against VEGFR-3 and
discovered a consensus peptide motif CSDXXHXWC (X is any amino acid). Peptide P1,
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CSDSWHYWC, exhibited the highest affinity to VEGFR-3 in phage ELISA. Chemically
synthesized P1 can bind to VEGFR-3 positive carcinoma cells with specificity [53].

3.1.2.7. Platelet-derived growth factor receptor B (PDGFRp)-binding peptides: The
PDGFR is a transmembrane glycoprotein in the receptor tyrosine kinase family. It is an
important factor for regulating cell proliferation, cellular differentiation, cell growth and
development. PDGFR{ is implicated in tumor growth through angiogenesis activation and in
early stages of fibrosis. PDGFR is upregulated in various solid tumors, and its signaling
plays a key role in the regulation of tumor interstitial fluid pressure [54]. This receptor
represents an attractive and potentially valuable target for treatment and molecular imaging
in oncologic and fibrotic diseases.

Peptide IPLPPPSRPFFK targeting PDGFRp has been identified through biopanning with a
Ph.D.-12 library against the recombinant extracellular domain of PDGFRp [55]. PDGFR-P1
(IPLPPPSRPFFKY-NH>) is a synthetic peptide with a tyrosine was added to the C-terminal
of the identified peptide for radiolabeling = with 1251 or 1311, /n vitro studies demonstrated a
higher binding to PDGFRp-expressing BXPC3 and MCF7 cells as well as PDGFR-
transfected-HEK cells in comparison to negative control wtHEK293 and CalX-transfected
HEK cells. Binding was inhibited up to 90% by the unlabeled PDGFR-P1 peptide. /n7 vivo
biodistribution experiments were performed in subcutaneous BXPC3 tumor mouse model in
Balb/c nude mice. Ex vivo distribution studies revealed a higher accumulation in BXPC3
tumors than in most normal organs. Therefore, PDGFR-P1 is a promising candidate for
targeting human PDGFR.

3.1.2.8. Protein tyrosine phosphatase receptor type J (PTPRJ)-binding

peptides: Mutations or overexpression of protein tyrosine kinases (PTKS) often result in cell
malignant transformation [56]. Protein tyro-sine phosphatases (PTPs) that antagonize the
oncogenic PTK signaling are considered potential tumor suppressors and, consequently,
potential targets for novel anticancer therapies [57]. PTPRJ is a receptor protein tyrosine
phosphatase whose expression is strongly reduced in many cancer cell lines and tumor
specimens [58]. Using PTPRJ-His-6 recombinant protein as a probe to screen a phage
display library Ph.D.-C7C, Paduano et al. isolated two peptide ligands PTPRJ-pep19
(CHHNLTHAC) and PTPRJ-pep24 (CLHHYHGSC), which could induce mitogen-activated
protein kinase (MAPK) dephosphorylation and inhibit cell growth of HeLa and human
umbilical vein endothelial cell (HUVEC) cells [59]. In a subsequent work, they developed a
panel of nonapeptide analogues based on the sequence of PTPRJ-pepl9; one of this
PTPRJ-19.4 (CHHALTHAC) was able to dramatically reduce cell proliferation and
effectively trigger apoptosis of both HeLa and HUVEC cells, as well as inhibiting /n vitro
tube formation on Matrigel [60].

3.1.2.9. VAV3-binding peptides: VAV3 is a guanine nucleotide exchange factor and
activates the Rho GTPase pathway to promote invasion, proliferation, and survival.
Expression level of VAV3 in recurrent glioblastoma is higher than that of primary
glioblastoma [61]. Elevated VAV3 expression correlates with higher grade tumor and poor
prognosis. Self-renewing glioma-initiating cells (GICs) in glioblastoma were found to
express high level of VAV3, at the apex. Targeting VAV3 by ribonucleic acid interference
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decreased GIC growth, migration, invasion and /7 vivo tumorigenesis. A VAV 3-targeting
peptide SSQPFWS was identified by the Rich group through /n vivo biopanning of the
Ph.D.-7 library in mice implanted subcutaneously with patient-derived glioblastoma
xenografts [61]. This peptide specifically internalized into GICs. When labeled with a
fluorescent dye, this peptide was found to be able to identify and sort functional GIC cells
from bulk and unsorted glioma culture using FACS.

3.2. Yeast-display peptide library

3.2.1. Methodology—Yeast-display technique was first published by the Wittrup lab [62].
Like other directed evolution display technologies, yeast-display relies on an intimate
linkage between genotype (plasmid encoding the gene) and phenotype (protein scaffold
expressed on the cell surface) [63]. Among different yeast strains and many cell wall
anchors that have been reported inyeast-display, Aga2 subunit of the mating protein a-
agglutinin in Saccharomyces cerevisiae is most commonly used. In this system, mutant
proteins or library peptides are displayed as fusion protein with Aga2p, which in turn are
covalently linked via two disulfide bonds to Agalp subunit that anchors on the yeast cell
wall. Incorporation of a hemagglutinin (HA) and/or c-myc tag adjacent to the displayed
protein/peptide enables easy detection with immunoflu-orescence (see Fig. 2). In a yeast-
display library, each yeast cell displays ~50,000 copies of the mutant proteins or peptides; in
some cases, the expression level may be lower.

Library screening in general involves incubation of the library with target-coated magnetic
beads or fluorescently labeled soluble target, followed by isolation of the positive yeast
through magnetic separation or fluorescence activated cell sorting (FACS) [64] (Fig. 3).

3.2.2. Discovery of tumor-targeting peptides from yeast-display peptide library

3.2.2.1. a-vp3 integrin-binding peptides: Silverman et al. replaced a six amino acid loop in
agouti-related protein (AgRP) with a nine amino acid loop containing an RGD motif,
created a yeast surface display library by randomizing the residues flanking the RGD
sequence, and identified six clones with high affinity for avp3 integrins [65]. Binding data
showed that the engineered AgRP peptides bound to cells expressing avp3 integrins with
affinities ranging from 15 nM to 780 pM and were highly specific for avp3 over other
integrins [65].

3.2.2.2. Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)-binding

peptides: CTLA-4, an inhibitory receptor expressed by T lymphocytes, has emerged as a
target for the treatment of metastatic melanoma. In a recent research, Maap et al. isolated ten
different cystine-knot peptides that bind to the extracellular domain of CTLA-4 from
knowledge-based combinatorial library based on the cystine-knot peptide McoTI-II.
Cystine-knots (also known as knottins) are small, compact peptides (typically 20-60 amino
acids) that consist of a core of at least three disulfide bonds that are interwoven into a “knot”
conformation [66]. The most potent peptide MC-CT-010
(SPRCKYSHVPCRRDSDCPGKCICRGNGYCG) containing four cyclic loops was
conjugated with neutravidin, and fused to antibody Fc domain or the oligomerization
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domain of C4b binding protein, resulting in enhanced dissociation constants in the nM range
[67].

The tumor-targeting peptides identified by the yeast-display library method are summarized
in Table 4.

3.3. Bacteria-display peptide library

3.3.1. Methodology—Display of heterologous peptides on the surface of bacterial cells
was reported as early as 1986 [68]. Bacteria-display library (up to 1011 different peptides)
utilizing membrane flagella to display random pep-tides enables bound clones to be readily
eluted from the immobilized target by mechanical shearing of the flagella even if the
peptide-target interaction is very strong. In contrast, elution of phages can only be achieved
by breaking the peptide-target interaction, which could be problematic if the affinity is
extremely high. Furthermore, bacteria are easier to cultivate with a selection marker that
helps to prevent library contamination [69]. In bacteria-display peptide libraries, peptides are
typically fused to the C- or A-terminus, or inserted into the middle of one of the four
bacterial proteins (FIiTrx, CPX, OmpA, or invasion). Bacterial surface display is a well-
established methodology for the discovery and optimization of peptides with desired
activities such as binding to cancer cells [70]. The subject of bacteria-display library has
previously been reviewed [71-73]. A step-by-step protocol of the design and screening of
bacteria-display peptide library has been published by the Daugherty group [74]. Bacteria-
display combines the advantages of phage- and yeast-display since large libraries can be
constructed efficiently in Escherichia coli[75]. E. coliis ideal for display libraries because it
grows quickly and is easy to manipulate. Similar to yeast-display, bacteria that display
target-binding peptides can be enriched from large libraries using sequential magnetic-
activated cell sorting (MACS) and FACS [76]. A screening process of bacteria-display
peptide is shown in Fig. 4.

3.3.2. Discovery of cancer targeting peptides from bacteria-display peptide
library

3.3.2.1. Vascular endothelial growth factor (VEGF)-binding peptides: VEGF is a potent
angiogenic factor and an essential growth factor for vascular endothelial cells [77]. VEGF is
up-regulated in many tumors and plays important role in tumor angiogenesis and vascular
permeability. VEGF-mediated signaling occurs in tumor cells, and this signaling contributes
to key aspects of tumorigenesis, including the function of cancer stem cells and tumor
initiation. Combination therapies using anti-VEGF therapies with chemotherapy and/or
radiotherapy are effective against many types of tumor. To identify peptide ligands specific
for VEGF, Kenrick and Daugherty constructed and screened bacteria-display peptide
libraries, which were displayed on E. coli strain MC1061 on the A-terminus of circularly
permuted OmpX (CPX) [76], by one round of Magnetic selection (MACS) followed by four
rounds of FACS. They discovered a core motif of WE/DWE/D that conferred binding to
VEGF from a random 15mer peptide library. A focused library XgW(E/D)W(E/D)Xg was
constructed and screened. The resulting pep-tides from screening exhibited a consensus of
CSR(F/L)(VIL)MWEWECEF (account for 12 of 19 amino acid positions). A third library was
constructed based on the consensus from the second generation of the form X,CX4(M/
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)W(E/D)W(E/D)C(I/L/M/F)X3. A potent peptide named 3.30
(WPVRCSRFVMWEWECFLRA, Kp = 470 nM) was identified. This peptide has a
comparable binding affinity to peptide v114 (VEPNCDIHVMWEWECFERL, Kp =230
nM), which was affinity-matured using phage-display library approach. These two peptides
share a high consensus motif CXXXVMWEWECFXR(A/L).

The tumor-targeting peptides identified by the bacteria-display library method are
summarized in Table 5.

3.4. Ribosome-display and mRNA-display peptide libraries

3.4.1. Methodology—Ribosome-display is an /n vitro selection and evolution technology
for large libraries of proteins and peptides [78]. An important feature of this technology is
that the RNA encoding the peptide library is translated /n vitro while peptides and their
corresponding RNA remain associated with the ribosome. The sequence information for the
peptide of interest can be selected by affinity purification of the resulting peptide-ribosome—
mRNA (PRM) complex [79]. Kawasaki first reported this technology in a patent application
in 1991 [80]. In 1994, Mattheakis et al. used it to select peptide ligands against an antibody
[81]. Heyduk et al. recently reported the improvement of ribosome-display method by using
next generation sequencing (NGS) for decoding of the isolated PRMs [82]. A single NGS
analysis can reveal the identity of millions of sequences in complex nucleic acid mixtures.
Read count of a given pep-tide sequence is proportional to the relative abundance of a
sequence in thesample. This method greatly reduces the number of selection rounds that
were required to identify specific ligands. Since ribosome-display procedures are performed
entirely /n vitro, there are two main advantages over other biological-display technologies.
First, the diversity of the peptide library is not limited by the transformation efficiency of
bacterial cells but only by the number of ribosomes and different MRNA molecules present
in the test tube. Second, random mutations can be introduced easily after each selection
round. Fig. 5 demonstrates generation and screening of ribosome-display peptide library.

In mRNA-display library method, the mRNA is first ligated to a PEG linker connected to
puromycin and translated /n7 vitro [83]. The ribosome stalls at the junction between RNA and
DNA. Puromycin then binds to the A-site of ribosome and attacks the peptidyl-tRNA at the
P-site. The nascent peptide is thereby transferred to puromycin. The resulting covalently
linked MRNA—peptide complex has the puromycin-linker-mRNA on one side of the tunnel,
and the peptide on the other side of the tunnel. It is then reverse transcribed and used for
selection. The DNA strandisrecovered from target-bound complexes by hydrolyzing the
complementary mRNA at high pH, and then amplified by PCR [83]. Since all the steps of
mRNA-display are /in vitroand cell-free, library size is not limited by the need to transform
bacteria and in principle can reach as large as ~1013. Furthermore, using synthetic tRNAs
pre-charged with desired unnatural amino acids, the PURE (protein synthesis using
recombinant elements) system [84] enables the incorporation of D-, a-hydroxyl and A-
methyl amino acids, A-substituted glycines (peptoid building blocks), and amino acids with
reactive side chains for library cyclization into the macrocyclic or linear peptide libraries.
Fig. 6 demonstrates generation and screening of ribosome-display peptide library. Since the
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peptide and mMRNA are not topographically segregated, the mRNA can potentially interfere
with the peptide.

3.4.2. Discovery of tumor-targeting peptides from ribosome-display peptide
library—Rong and Wen reported a ribosome-display system to isolate specific anti-tumor
peptides from a designed random DNA library with affinity to membrane model [85]. Pore-
forming peptides Mast21 and MastoparanX were chosen as positive control peptides to
optimize the artificially synthesized tumor liposome cell membrane model. After 6 rounds of
successive selection with improved membrane model (PE/PS, 3:7) and ribosome-display
system, several peptides were obtained. Anti-tumor effects of the isolated peptides on non-
small cell lung cancer cell line NCI-H460 were analyzed with MTT assay. /n1 vitro
experiment confirmed that two peptides SeqA3
(MKYDWEGVRDMFRRCLWISLRSWCVH) and SeqB3
(MKYDWRCLAGHAIKGWALRSHLAVYD) showed anti-tumor effects against NCI-H460
cells, with IC5q of 22.5 UM and 11.3 pM, respectively, compared to that of normal human
fibroblast cell line CCD-27SK at a concentration greater than 100 pM.

3.4.3. Discovery of tumor-targeting peptides from mRNA-display peptide
library

3.4.3.1. Interleukin-6 (I1L-6)-binding peptides: IL-6 is a multifunctional cytokine and
plays an important role in the host immune defense and the modulation of growth/
differentiation in various malignancies [86—88]. Clinical studies have revealed that increased
serum IL-6 concentrations in patients are associated with advanced tumor stages and short
survival in patients [86]. Therefore, blocking IL-6 signaling is a potential targeted
therapeutic strategy for cancer (i.e., anti-IL-6 therapy). Kobayashi et al. isolated a novel
peptide inhibitor against IL-6 by /n vitro selection using mMRNA-display technology. Of a
total of 39 clones analyzed, 12 had an identical sequence of NQQLIEEIQILHKIFEIL,
which was named CA11. After the amino acid sequence of CA11 was partially randomized
and submitted for further selection, a new peptide RA07 (INTLLSEINSILLDIISLL) was
obtained. RAQ7 specifically interacted with 1L-6 and prevented the IL-6/IL-6R complex
from binding to gp130 [89].

3.4.3.2. Vascular endothelial growth factor receptor 2 (VEGFR2)-binding

peptides: Suga's group recently selected inhibitors of VEGFR2 from libraries produced in a
PURE translation system with 16 natural amino acids and four backbone-modified unnatural
amino acids (cycloleucine, D-phenylalanine, D-tyrosine, A-methyl-histidine, and A-methyl-
phenyl-alanine) [90]. The most potent compound L1 is a cyclic head-to-tail thioether
macrocyclic peptide, which showed relatively high serum stability and was much more
potent than previously reported small molecule (“monomer”) antagonists obtained from
combinatorial libraries [91-93]. It blocked VEGF-induced HUVEC proliferation with an
IC5q of 60 nM and inhibited angiogenesis as measured by the HUVEC tube formation assay.

The tumor-targeting peptides identified by the ribosome- or mRNA-display library method
are summarized in Table 6.
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4. OBOC peptide library

4.1. Design, synthesis and decoding of OBOC peptide library

Unlike phage-display technology, which limits the peptide library to L-amino acids and
simple configuration structure, the OBOC technology offers a lot more structural
possibilities, e.g. linear, cyclic, branch and macrocyclic peptide libraries, as well as peptide
libraries comprised of both natural and unnatural amino acids (L-/b-, a-/p-/--y-amino acids
and amino acids with posttranslational modifications such as phosphorylation and
glycosylation). Fig. 7 shows examples of different peptide libraries that can be constructed
and encoded using OBOC library approach. OBOC library is synthesized on solid phase
such as TentaGel resin beads from Rapp Polymere (Tubingen, Germany). Standard solid
phase peptide synthesis employing Fmoc-chemistry and split-mix strategy are commonly
used for the synthesis of OBOC peptide libraries (Fig. 8) [11,94]. Each 80-100 um bead
displays only one chemical entity and contains approximately 100 pmol of the same
compound.

To successfully apply OBOC peptide library approach to the discovery of cancer-targeting
peptides, good library design is important. Since the peptide concentration on bead surface is
very high that may lead to identification of low-affinity ligands, a down-substitution method
[95,96] employing topologically segregated bi-layer beads [97] has been developed to
reduce loading only on bead surface while keeping full loading in the bead interior for
decoding. Cell surface is generally negatively charged due to presence of the sialic acids and
phospholipid head groups. To avoid non-specific anionic—cationic interactions between the
cells and the peptide—bead surface, the amount of basic amino acids (i.e. lysine and arginine)
in the library construction can be lowered, but not eliminated because basic residues may be
required for binding or internalization. This is certainly true for the RGD motif of avp3,
avp5 or a5p1 integrin and many cell-penetrating peptides. To reduce the rate of false
positive beads, Kodadek's group introduced the concept of redundant OBOC libraries, in
which more than one bead displays an identical compound [98]. If compounds isolated from
the screening of a redundant library are present more than once, they are likely to be high
quality ligands. While useful, redundant libraries limit the number of unique compounds that
can be synthesized and screened at one time.

Tumor-targeting ligands can be discovered through screening OBOC libraries with live
cancer cells (see below) or with an extracellular domain of cell surface receptors. In general,
fully random peptide libraries (i.e., each amino acid has an equal chance to present in the
library) are screened for the discovery of initial hits. Subsequent lead optimization can be
achieved through screening-focused libraries, e.g. using motifs of the initial hits. Positive
beads are picked up manually under a stereo-microscope or by automated sorting with a
COPAS instrument [99]. If the target is a protein, it can be used to decorate magnetic
nanoparticles, which in turn can be used as probes to detect and isolate positive beads with
magnetic bead sorting [100,101]. After positive beads are isolated, chemical decoding can
be performed directly with Edman microsequencing if coding tag consists of a-amino acids
[102]. Alternatively, coding tag can be released from a bead for decoding via mass
spectrometry (MS) [103,104]. A third method is partial Edman degradation-mass
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spectrometry (PED-MS) method developed by Pei et al. [104], in which partial Edman
chemistry is performed on beads prior to release of “ladder sequences” for MS analysis. For
OBOC peptide library comprising long sequence (e.g., >15mer), huge permutation or
complex structure, decoding by MS remains a significant challenge. In that case, traditional
automatic Edman microsequencing may be preferred, but it is slower and more expensive.

The main advantages of the OBOC method are (i) a large number (108-108) of compounds
which can be rapidly synthesized and screened concurrently without the need for any special
equipment, and therefore can be employed in any chemical or biochemical laboratory; (ii)
OBOC library can be screened using either one or a combination of both on-bead binding
and solution phase functional assays (via a cleavable linker) [105]; (iii) both binding and
functional ligands (e.g., pro-apoptotic agents) [106,107] can be discovered. OBOC library
can also be used for discovery of cell penetrating peptide ligands, but a cleavable linker and
a reporting probe are needed in between the library compound and beads; (iv) OBOC
combinatorial libraries are based on synthetic chemistry; therefore, it enables incorporation
of D-amino acids, unnatural amino acids, many other organic building blocks, and
investigation of cyclic, turned or branched peptides and secondary structures which can
confer enhanced resistance to proteolytic degradation, a key requirement for clinical
applications; (v) tumor-targeting ligands identified by OBOC library approach are not
limited to peptides, but also A~methylated peptides [108], glycopeptides [109-111], peptide
tertiary amides [112,113], peptidomimetics [114,115], and peptoids [116]; and (vi) the
OBOC method can be used for rapid optimization of the initial lead compounds, whether
they are native or identified from biological or synthetic peptide libraries. In OBOC method,
each library compound is tethered to the solid support via a linker such as polyethylene
glycol. In tumor imaging and drug delivery applications, the linker could be used as a
convenient handle to connect the cancer targeting ligand with the therapeutic or diagnostic
payload. However, unlike phage-displayed libraries, it is technically difficult to screen
tumor-targeting ligand in live animals with OBOC technology.

4.2. Screening of OBOC library

4.2.1. Screening of OBOC library with live cancer cells—To identify ligands that
bind to the surface of cancer cells, the direct way is to incubate OBOC library beads with
live cancer cells and inspect under a microscope for cell-bound beads (Fig. 8). The screening
process includes 5 steps: extensive washing of the library beads, incubating beads with cells,
isolating positive beads, stripping of the cells from beads and decoding the peptide sequence
of each positive bead. Beads with the appropriate ligands that bind to the cell surface
receptors will be coated by a monolayer of cells and considered as “hits”. In order to
eliminate the false “hits” due to non-specific binding, Lam and co-workers have developed
two “subtraction screening” methods [117]. In the first method, the OBOC library beads are
first screened with cancer cells, the positive beads coated with cancer cells are picked and
recycled by stripping the cells off with 8 M guanidine hydrochloride followed by thorough
washing. The recycled beads are then incubated with “normal” cells. Those beads that bind
to both cancer and normal cell types are considered false positive. The second method is
termed “dual-color screening method” which involves labeling the cancer cells with a
fluorochrome (e.g. calcein AM) and mixing them with unlabeled “control” cells prior to
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screening the bead-library. Those beads that only bind to the fluorescent cells are considered
“true positive” beads. In addition to screening for cell binding ligands, OBOC libraries can
screen for both cell attachment and cell functions (e.g., cell signaling or apoptosis). One may
use a green fluorescent protein (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, caspase-3 fluorescent substrate may be used to identify beads that are coated with
cells undergoing apoptosis. This OBOC library method can be applied to both suspension
and adherent cells, as well as fresh cancer cells isolated from patient blood, pleural fluid,
ascites, or biopsy specimens.

Traditionally, positive beads identified from screening of OBOC library are picked up
manually with a micropipette. However, it could be tedious and time-consuming if there
were too many beads to pick. To speed up the screening process, fluorescence-based sorting
platform such as the Complex Object Parametric Analyzer and Sorter (COPAS, from Union
Biometrica) has been developed. Lewis group reported high-throughput screening of OBOC
peptide libraries using intact cells. They evaluated a COPAS large particle biosorter for high-
throughput sorting of beads that were bound by MDA-MB-435 GFP breast cancer cells
[118]. When an OBOC library of GRGDXX was screened against human cancer cells that
express avp3 integrin, cells bound to beads were rapidly dissociated when sorted through
the COPAS instrument. However, after the bound cells were reversibly cross-linked onto the
beads with 3% formaldehyde, they have successfully sorted positive beads together with
cells. This approach should facilitate screening of OBOC library with live cells to identify
novel peptide ligands against cell surface targets in their native state. Major drawbacks of
COPAS screening are that the equipment is expensive and generally not available in most
laboratories, and formaldehyde fixation may preclude sequential screening with other cells.
Furthermore, overfixation can potentially destroy the coding tags.

4.2.2. Screening of OBOC library with cancer-associated protein—Cancer-
associated soluble proteins can be screened for binding to OBOC peptide libraries. For target
protein that cannot be visualized directly through a microscope, a reporter system such as an
enzyme, fluorophore, colorimetric dye or radionuclide conjugated to the target protein is
needed to identify the interacting beads. A general approach is to use biotinylated protein
and probe with streptavidin-alkaline phosphatase (AP) employing an enzyme-linked
colorimetric assay. The selection process is relatively simple and involves the catalysis of the
colorimetric substrate bromochloro-indolyl phosphate (BCIP) by the bead-bound AP,
turning the positive beads turquoise (Fig. 8). A two-step subtraction approach is used to
eliminate false positive beads that bind to streptavidin [117]. If an antibody to the target
protein is readily available, a secondary antibody conjugated to AP can be used as the
reporter system. The success of OBOC library screening is dependent on the stringency of
the screening conditions and effective negative control. COPAS bead sorting can be used for
screening of OBOC library with soluble proteins [119]. Alternatively, bead sorting can be
achieved with the aid of streptavidin-coated magnetic nano-particles. Bulk magnetic
separation can be performed on the bench of any lab at low cost without the need for
expensive specialized equipment.
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4.3. Discovery of tumor-targeting peptides from OBOC peptide library

We and other researchers 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 non-adherent cells.We have also performed experiments on fresh cancer cells
isolated from patients. A variety of peptide libraries have been designed, synthesized and
screened including libraries consisting of all L-amino acids or -, both L- and p-amino acids.
Some of these libraries are linear; others are cyclic (Fig. 7). Upon further optimization with
focused libraries, we have found that unnatural amino acid substitution and/or addition of
organic moieties often lead to the development of ligands with higher affinity and specificity.
Tumor-targeting ligands identified from OBOC peptide library are summarized in Table 7.

4.3.1. a3p1 integrin-binding peptides—Overexpressionofa3p1 integrin has been
reportedinseveral cancer types, such as glioblastoma [120], ovarian cancer [121], breast
cancer [122-124], lung cancer [125], and melanoma [126], and has been associated with
poor prognosis, tumorigenesis, tumor metastasis, invasion, and resistance to cancer
treatment [127-130]. Thus, a3p1 integrin has been investigated as a promising cancer-
specific biomarker and therapeutic target.

Through screening of random OBOC libraries, we previously discovered a cyclic motif
cDGXGXXc (c stands for D-cysteine) that binds to the a3 sub-unit of a3p1 integrin on
ovarian adenocarcinoma cell lines ES-2, SKOV-3, and CaOV-3. We subsequently
synthesized and screened two secondary libraries based on this motif and identified several
new peptides with higher affinity towards these cell lines including a cyclic peptide named
OAO02 with the sequence cdG-HoCit-GPQc (wherein HoCit is L-homaocitrulline) [131].
OAO02-decorated paclitaxel-loaded nanomicelles showed improved tumor-targeting in the
SKOV-3 mouse model compared with drug-loaded nanomicelles without OA02 [121]. We
subsequently synthesized four OBOC peptide libraries based on cdGXGXXc and screened
against MDA-MB-231 breast cancer cells. LXY1 with sequence cdGLG-Hyp-Nc (wherein
Hyp is L-hydroxyproline) was identified with high binding affinity (Kp = 0.4 uM) and
specificity to a3 integrin [132]. Based on the established SAR information, two highly
focused OBOC cyclic peptide libraries were further designed, synthesized, and screened
against MDA-MB-231 breast cancer cells under stringent conditions. A novel cyclic peptide
LXY3 (cyclic cdG-Tyr(3-NO,)-G-Hyp-Nc) with a high binding affinity (ICsg = 57 nM) was
identified [133]. Moreover, the targeting efficiency and specificity of LXY3 to the breast
adenocarcinoma tumors in mouse xenografts were further confirmed by /in vivo andexvivo
near-infraredfluorescence optical imaging. Using OBOC library approach followed by
optimization with medicinal chemistry, we have very recently developed a cyclic
nonapeptide ligand named LXY30 (cyclic cdG-Phe(3,5-diF)-G-Hyp-GcR), which showed
further improved /n vivo tumor targeting property [134]. Chemical structures of OA02 and
LXY30 are shown in Fig. 9. Tumor-targeting of LXY 30 has been verified by /in vitro binding
to SKOV3 cells (Fig. 10A) and clinical ovarian tumor tissue (Fig. 10B), as well as in vivo
tumor uptake in SKOV3 xenograft mouse model (/n vivoand ex vivo optical images are
shown in Fig. 10C and D, respectively).
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4.3.2. a4l integrin-binding ligands—a4p1 integrin is a non-covalent heterodimeric
transmembrane receptor, recognizing the QIDS and ILDV sequences in the vascular cell
adhesion molecule-1 (VCAM-1) and fibronectin, respectively [135, 136]. Activated a4p1
integrin is expressed in lymphomas, leukemias, sarcomas, and melanomas [137]. It
strengthens tumor cell adhesion to vasculature endothelium and facilitates tumor cell
extravasation, thus promoting dissemination of tumor cells to distal organs [137-139]. a4p1
integrin prevents the apoptosis of malignant chronic lymphocytic leukemia (CLL) cells
[140] and plays important roles in the drug resistance of both multiple myeloma [141] and
acute myelogenous leukemia [142]. Anti-a4 integrin antibody has been found to inhibit
multiple myeloma growth in a murine model [143]. Furthermore, a4p1 is expressed on
proliferating but not on quiescent endothelial cells in angiogenesis during tumor
development [144]. Therefore, a4p1 integrin is an attractive drug target against cancers,
especially lymphoid malignancies. High-affinity and high-specificity ligands of a4p1
integrin can be used to noninvasively image a4p1 integrin-expressing tumors and to develop
a4pl-targeting anti-cancer therapy.

Through screening random OBOC peptide libraries against live Jurkat T-lymphoid leukemia
cells, we have identified peptide ligands which contain LD(V/I/F) motif against a4f1
integrin [145]. However, these ligands from random peptide libraries have relatively low
affinity, and the binding is barely detectable on a4p1-expressing cells using radiolabeled or
fluorescence-labeled ligands. Using a highly focused OBOC combinatorial peptidomimetic
library in conjunction with a high stringency screening method, we have successfully
identified a high-affinity (1Csg = 2 pM) and high-specificity tri-peptide derived molecule
LLP2A (Fig. 9) that bind to activated a4p1 integrin of lym-phoid cancers [115]. LLP2A
provides an important tool to noninvasively monitor a4f1 expression and activity during
tumor progression and has been used successfully to detect a4f31-expressing tumors in vivo
[115,146-154].

4.3.3. avp3 integrin-binding peptides—Lam and colleagues have designed several
cyclic RGD-based OBOC peptide libraries and screened against avB3 integrin receptor
transfected K562 myeloid leukemia cells using whole cell on-bead screening. A new RGD
peptide, cGRGDdvc (LXW?7) [155], cyclized by a disulfide bond and with a built-in handle
at the carboxyl terminus, was identified. LXW?7 shows high specificity against avp3
integrin and comparable binding affinity (ICgo = 0.68 uM) to some of the well-known RGD
“head-to-tail” cyclic pentapeptide ligands reported in the literatures. It binds to both
U-87MG glioblastoma and A375M melanoma cell lines, both of which express high levels
of avp3 integrin. Optical /7 vivo imaging study with LXW?7-biotin/streptavidin-Cy5.5
complex showed higher tumor uptake in U-87MG glioblastoma and A375M melanoma
xenografts, and lower uptake by liver when compared to biotinylated RGD cyclo-
pentapeptide ligands. Further optimization of LXW?7 led to development of LXW64 with
sequence cGRGDd-nall-c (where nall stands for D-1-naphthylalanine). LXW64 exhibits
6.6-fold more potent binding affinity against avp3-expressing U-87MG cell /n vitroand
better /n vivotumor targeting compared to LXW?7 [108].

RGD-based peptides may affect the biology of tumors resulting in increased tumor
aggressiveness, invasiveness [156] and micrometastases [157]. Cancer cells treated with
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RGD-labeled iron oxide nanoparticles lose intercellular contacts and have decreased cell
adhesion [158]. Low concentrations of RGD peptide can enhance tumor growth /in vivo by
promoting VEGF mediated angiogenesis [159]. Therefore, there is a great need to identify
new non-RGD peptides that do not negatively affect tumor biology yet potently bind to
avB3 integrin. The Lewis group recently identified several non-RGD peptides against avp3
integrin containing a (K/H)_(K/H) motif, through screening an OBOC octapeptide library
via a multiplex “beads on a bead” library screening approach [160]. In this method, avp3
integrin was first biotinylated incompletely to average one biotin per molecule. The
biotinylated integrin was then immobilized to 2 pm streptavidin-coated beads that are both
magnetic (from iron oxide core) and fluorescent (from rhoda- mine), followed by incubating
with OBOC peptide library. The positive beads, with the highest affinity peptides for avp3,
were isolated by magnetic sorting and flow-based fluorescence separation. The positive
beads were further validated with binding to avp3 integrin-expressing live cells, prior to MS
decoding. The two peptides with the highest affinity, LCE62 (MAFKHKAH) and LCE64
(KTKKVHSQ), have Kpvalue of 10.8 £ 1.2 and 4.7 + 0.3 nM, respectively, against MDA-
MB-435 breast cancer cells that express avp3 integrin. No significant uptake of FITC-
LCE62 and FITC-LCE64 was observed in avp3-knockdown MDA-MB- 435 cells as well
as avPp3-low expression HT-1080 fibrosarcoma cells. Interestingly, peptides LCE62 and
LCE64 do not appreciably alter the morphology, cell adhesion, and cell spreading of MDA-
MB-435 cells, nor do they affect the tube formation of HUVEC cells /in vitro. Taken
together, non-RGD peptides LCE62 and LCE64 could be utilized as vehicles that effectively
deliver imaging and therapeutic agents to avp3-expressing tumor cells without negatively
affecting the biology of tumor cells.

4.3.4. Aminopeptidase N (APN)-binding peptides—APN is a cell membrane protein
that plays a key role in tumor angio- genesis [161]. Wang et al. reported a continuous-flow
microfluidic method for OBOC combinatorial peptide library screening [162]. They used an
integrated screening strategy based on a lab-on-chip system that included high-throughput
positive peptide isolation, magnetic bead sorting, single bead trapping, and /in situ MS
decoding. A 7mer OBOC peptide library containing ~2 x 10° peptide beads was screened
within 4 h, and 140 peptides targeting APN with a conserved YXXY sequence at the N-
terminal were discovered. Peptide AP-1 (YVEYHLC) has high affinity (Kp=37.5 nM) and
high specificity for APN. Ex vivoand /n vivo optical imaging demonstrated high tumor
uptake in a HepG2 liver cancer xenograft mouse model.

4.3.5. CD21-binding peptides—CD21 receptor is a cell surface marker of malignant B
cell lymphoma. The Kopecek group has identified four heptapeptide ligands of CD21
through screening a 7mer peptide OBOC library with a two-step fluorescence screening
method [163]. The binding affinities of selected peptides, YILIHRN (B1), PTLDPLP (B2),
and LVLLTRE (B3), were in the uM range as determined by a fluorescence quenching assay.
Peptide B1 was conjugated to N-(2-hydroxypropyl)-methacrylamide (HPMA) copolymer via
linkers with different lengths containing one to four repeats of the 8-amino-3,6-
dioxaoctanoic acid. The HPMA copolymer-B1 conjugates with three repeats of linker in the
spacer showed optimal bio-recognition by the CD21 receptor.
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5. PNA-encoded solution phase peptide library

5.1. Methodology

In 2004, Winssinger et al. reported a self-assembled PNA-encoded peptide library method
[164]. In this method, peptides were first prepared by the “split-mix” synthesis method and
then cleaved from the resin to form a PNA-encoded solution phase peptide library such that
each peptide was linked to a PNA coding tag via a hydrophilic linker. The peptide library
was then mixed with the protein of interest followed by exposure to a planar oligonucleotide
microarray of predetermined sequences [165]. Alternatively, the PNA-encoded soluble
peptide library can be first hybridized to the oligonucleotide microarrays and then mixed
with the target protein. Decoding can be achieved via direct read-out from the
oligonucleotide microarray. Svensen et al. recently reported a related PNA-encoded peptide
library, which allows the identification of versatile cell-penetrating homing peptides and/or
cell surface receptor ligands [166]. The PNA-tagged peptide library was first incubated with
cells, which were then lysed, PNA extracted and hybridized with random DNAs, followed
by amplification of the hybridized DNA for decoding v/a microarray hybridization readout.
The advantages of this method include easy decoding and only a tiny amount of tags are
needed for decoding. The disadvantage for this method is that since the peptide and PNA
code are not topographically segregated, interference by the PNA coding tag could be
problematic.

5.2. Discovery of tumor-targeting peptides from PNA-encoded solution phase peptide

library

5.2.1. avp5/avB3 integrins- and CCR6-binding peptides—Svensen and Bradley
reported discovery of peptide ligands targeting avp5/avp3 integrins and receptor CCR6 by
screening a PNA-encoded peptide library (Library-1) with human D54 cells (overexpressing
avp5 and avp3 integrins) and HEK293T-CCR6 (over-expressing CCR6) [166,167],
respectively. Library-1, Ac-FQX4X3YX2X1IK-PNA17-fluorescein, consisted of 10,000
nonapeptide-PNA conjugates with each variable amino acid (X = 10 I- or D-amino acids)
encoded by a PNA-triplet. Library screening identified two peptides with sequences of
FQSIYPpIK [166] and FQpIY 111K [167] bound to D54, and one peptide with sequence of
FQIPYIIIK [166] bound to HEK293T-CCR6 cells, respectively. Their binding to specific
cells was confirmed with flow cytometry analysis when cells were incubated with the FAM-
labeled peptides or with CCR6 antibodies. These three peptides did not show cytotoxicity at
100 pM as assessed with standard MTT assays.

6. Peptide microarray

6.1. Methodology

Peptide microarrays are usually prepared by printing peptides on a solid surface (e.g. glass
slides, cellulose sheets, polymer-based membranes, microchip, etc) through /n situ synthesis
(e.g., SPOT synthesis), /in sitzimmobilization, or chemical ligation. Details on this
technology can be found in the previous reviews [168,169]. Peptide microarrays enable
investigators to rapidly analyze, in parallel, molecular interactions between immobilized
molecules and complex biological mixtures. Screening is accomplished by a binding assay
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with cells or fluorescent-labeled protein. The peptide sequences of immobilized peptides on
microarrays are known; therefore, decoding is not required. Another advantage of peptide
microarray is peptides with different lengths or structures can be included in the same library
to achieve maximal structure-activity relationship (SAR) information. Peptide microarrays
enable rapid identification of critical amino acid residues for target binding and
determination of the minimal binding sequence. Although there is no report so far,
microfluidic technology holds the promise to prepare peptide microarray more efficiently.
Work is currently underway in our laboratory to develop microfluidic print-head [170,171]
that allows solid phase peptide synthesis on solid planar substrates using standard Fmoc-
chemistry.

One main drawback of peptide microarray is that only a relatively small number of peptides
can be generated and screened, therefore this technology is a medium throughput approach
and mainly used for ligand optimization and SAR studies. Immobilization of peptides on a
planar surface might influence their conformation, resulting in a decrease of their target
affinities. The results provided by an array might be biased by unequal peptide quantity
(concentration) or surface immobilization.

6.2. Discovery of tumor-targeting peptides from peptide microarray

6.2.1. PDGFRfi-binding peptides—Peptide microarrays have been successfully applied
for optimization of the PDGFRp binding peptide PDGFR-P1 (IPLPPPSRPFFKY), which
was originally identified from a phage-display peptide library [172]. A peptide array
randomizing PDGFR-P1 by replacement of each amino acid with 20 natural amino acids
was constructed via spotting. Fc-tagged PDGFRp and fibroblast growth factor receptor
(FGFR, as a negative control target) were incubated with the peptide arrays. After washing,
spot intensity was determined using an Fc-specific antibody conjugated to horseradish
peroxidase. Selected derivatives and fragments of PDGFR-P1 were chemically synthesized,
radiolabeled, and evaluated in cell-based assays, using PDGFRp-overexpressing BXxPC3
(human pancreatic carcinoma cells) and control MCF7 cells (human breast cancer
expressing FGFR). Through addition of a D-Tyr to the N-terminus and replacement of Ser at
residue 7 with Arg, the binding affinity of the resulting peptide yG2 (yIPLPPPRRPFFK,
wherein y = 125|-tyrosine) against BxPC3 cells was increased (Kp =0.57 pM for yG2 vs
3.43 pM for PDGFR-P1). Serum stability of yG2 was found to improve 20-fold (4, =80
min for yG2 and 4 min for PDGFR-P1).

7. Perspectives

Cancer cell-targeting peptides identified from combinatorial libraries are excellent vehicles
for delivery of therapeutic agents or imaging probes to the primary or metastatic tumor sites.
Therapeutic payload includes radionuclides, potent cytotoxic peptides such as MMAE,
therapeutic oligonucleotides such as siRNA and microRNA, biologics such as IL-2,
nanocarriers encapsulating chemotherapeutic agents, and therapeutic check-point blockade
antibodies. To be effective clinically, the cancer cell-targeting peptides need to have a high
affinity and a high specificity to their target tissue(s). Non-specific targeting of these
peptides to circulating blood cells, plasma proteins, or normal organs should be low. They
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should be stable in circulation and tissue proteases. For tumor imaging, uptake of the
imaging probes into the cancer cells may not be needed. However, for many of the
aforementioned therapeutic payloads, cancer cell uptake is essential. Although
nanotherapeutics without targeting ligands can be passively taken up by the tumors via the
“enhanced permeability retention (EPR)” effect, /n vivo xenograft studies demonstrated that
the addition of targeting ligands can enhance intra-tumoral distribution and cellular uptake
of the nanotherapeutics into the tumor cells, resulting in better tumor response [121].

Drug resistance often develops with cancer treatment. This could be due to the lack of
targeting to the “tumor stem cells”, emergence of mutant tumor cells that evade the targeting
ligands or therapeutic payloads, or regional inaccessibility of some parts of the tumor to the
therapeutic agent. Some of the solutions to this problem include (i) development of ligands
that target all tumor cells including “tumor stem cells”, (ii) the use of therapeutic
radionuclides that can exert “bystander effects”, (iii) the use of multiple different therapeutic
pay-loads, and (iv) the addition of immunotherapy, such as checkpoint blockade, resulting in
active targeting by the host's immune cells.

It is now clear that the tumor microenvironment plays a very important role in oncogenesis
and tumor progression. Thus, there is a need to develop peptides that target specific cellular
or acellular components within the tumor microenvironment. Therapeutic payloads against
these targets are probably very different from those used in cancer cell targeting.

There is an increasing interest in developing therapeutic peptides or proteins that block
intracellular protein-protein interactions. Peptide libraries have been used to discover such
blocking agents. However, /n vivo tumor-specific delivery of these peptides inside the target
tumor cells could prove to be challenging. Cell-penetration peptides (CPP) have been used
as the delivery agent, but CPPs are often nonspecific and they, together with the therapeutic
payloads, will likely be taken up by a large number of circulating blood cells before they
ever reach the tumor sites. One approach to overcome this hurdle is to use nanocarriers to
protect the CPP-drug conjugates during the circulation and release them at the tumor sites.
Another approach is to create “pro-CPP” that does not bind and enter circulating blood cells,
but can be enzymatically activated at the tumor sites to become CPP. To further enhance
tumor cell delivery of such drugs, one may incorporate both pro-CPP and tumor-targeting
peptides to the final drug conjugate. Development of trifunctional peptides equipped with (i)
tumor-targeting, (ii) CPP or pro-CPP, and (iii) protein-protein blocking functions could be
very challenging. One approach is to incorporate one or more of these functional motifs (e.g.
tumor-targeting and CPP functions) in the OBOC library design and screen for ligands that
bind strongly to the target protein. Ligands identified from such libraries are expected to be
able to target and penetrate target tumor cells in vivo as well as block specific protein-
protein interaction inside the tumor cells.

Although many short peptides (e.g. <20mer) identified from combinatorial library screening
are foreign to the host, they probably are not immunogenic unless they are conjugated to a
carrier protein and administered together with immune adjuvants.
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There is no set rule for optimal length and structure of peptides for receptor binding; it all
depends on the nature of the receptors and the corresponding ligands. For example, integrins
often bind to relatively short peptide motifs, such as -RGD-, which is the minimal binding
motif for avp3, avp5, avp6, avp3, and avpl integrin. Binding specificity and affinity of
this tripeptide motif to specific integrin(s) depend greatly on the nature and chirality of the
residues flanking the RGD sequence as well as the overall size of cyclization. Many peptides
with RGD motifs have been discovered by both OBOC and phage-display library methods
(Tables 2, 3, 4, 7).

Although structural information of the receptor is not needed in combinatorial library
approaches, it could be very helpful. Many related peptides are often discovered from
combinatorial library screening. If structural information of the receptor and binding affinity
of the peptides are available, computational chemistry can guide rational design of peptides
and focused peptide libraries; this can greatly facilitate the discovery process.

There have been great advances in the drug delivery field in recent years. Peptidic and non-
peptidic ligands that bind to target cells continue to play a very important role in this field.

In addition to cancer targeting, there are needsin other disease areas. For example, there is an
urgent need for targeted-delivery of antibiotics to bacterial biofilms or pathogens hiding
inside host cells. As stem cell biology advances, there is a great need for efficient delivery of
therapeutic stem cells to target organ sites [173]. Undoubtedly, combinatorial technologies
discussed in this review will play a significant role in the development of efficacious
vehicles for drug, nucleic acid, and cell deliveries in these therapeutic areas.
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Biopanning of phage-display peptide library.
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Table 1

Comparison of different combinatorial peptide library methods.

Page 54

Combinatorial library methods

Advantages

Disadvantages

Biological library

Chemical library

Phage-display

Yeast-display

Bacteria-display

Ribosome-or mRNA-display

OBOC

High capacity (up to 109)

Able to display long peptides
(e.g. 30 amino acids) with
tertiary folds possible

Multiple selection options (in
vitro, in vivo and ex vivo)

Libraries are commercially
available, or can be generated
in many laboratories

Easy to handle

Inexpensive

Offers easy secretion and
purification of displayed
peptides

Yeast grows rapidly and has
the ability to perform
posttranslational modification

Use of FACS for screening
because most libraries include
sequences for fluorescent
protein tag

Easy to manipulate

E. coli grows rapidly and
provides up to 101! peptide
entities

Only one host is needed

Quantitative screening can be
achieved with FACS when
bacteria is fluorescent-labeled

Library amplification does not
require reinfection

Commercially available

No need for cellular
transformation

Easy mutagenesis for PCR

Newer system can incorporate
unnatural amino acids

High library diversity

Not limited to natural amino
acids; highly efficient
synthesis and screening

Each peptide is spatially
separable, therefore multiple
different motifs can be
identified

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 March 16.

Not totally random
because of bias in genetic
codons

Typically limited to
peptide libraries with
eukaryotic amino acids

Unable to generate
complicated structures

Limited to binding and
simple functional assay
Two hosts (phage and
bacterium) are needed

Identification of consensus
sequences among phage
clones is unlikely

Limited library size

Unable to display highly
stable structures of long
peptides

Limited to /in vitro
biopanning screening

Library size is limited
(109) if other bacteria are
used rather than £. coli*
Complex bacterial cell
surface can interfere with
binding of displayed
peptide

Limited by access to a
flow cytometer with cell
sorting capabilities

Screening limited to
selection conditions that
keep the display complex
intact

Low display efficiency

Linker effect
unpredictable until tested

Chemical structure of
positive beads has to be
analyzed

Cannot be used for /in vivo
selection in animals
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Combinatorial library methods

Advantages

Disadvantages

PNA- encoded solution
phase peptide library

Peptide microarray

Applicable to both binding and
functional assays

Inexpensive

Lead ligand can be rapidly
optimized

Can be easily synthesized by
experienced peptide chemist

Built-in PEG linker can be
used to link diagnostic and
therapeutic agents

Multiple use possible

Library decoding on DNA
chip is highly efficient

Able to split-mix synthesis to
generate the library

Replicates of peptide chips can
be made

Microassay possible to save
expensive and precious assay
reagents

Peptide chips are
commercially available or can
be custom-- made

Moderately expensive

Library not commercially
available

Synthesis of PNA coding
tag is cumbersome

PNA cannot be amplified
by standard PCR

Library size is limited

Require special DNA chip
for decoding

Limited to binding and
simple functional assay

Not commercially
available

Library size is limited

Spotting technique is rapid
but requires synthesis of
individual compound
separately

In situ synthesis not
widely available

Limited to on chip binding
and some functional
assays

Peptide chip generally not
recyclable for subsequent
use

Possible linker effect

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 March 16.



Page 56

Liuetal.

[voz-toz'e6T]  [20z-002] 50 [e6T'OV] (or-a9y) 040a940ad ggao/egnao
- - Jawgt [s6T] (€d) SAVAASAYHYSIMSA 19970
(spndad onsLpuAS) VOOYMVY.LIHHOVD
- - otX0 [267] OVMVLIYEO
(epndad anauypuhs) vO1009HOVO
- - Jlawg [96T] 1009490 19570
[s6T] - /-aud [s6T] (£8) 14111s7 Y-
- [veT] /-aud [veT] (2d) 11v0O1d 494¢
- - /-ayd [e6T] (8dV) IdLMNOV 494e
- [e6T] /-aud [e6T] (21d) dAVVOSH 08494
- [t6T] /-aud [t6T] IHdMHYO
- _ Z1-aud [061] p/NISOLNAINAHO
[6s1-g81'c8T'TZ]l  [V¥8T'€8T] 2T-aud [tel (T7T39) IANDLADAMHA 493
- - Z1-"A'Hd [est] HSMV10S34S44 vy 0T-1I
- - Jawgt [te1] (2'5dS) AWDHLAMSAMIITAON (T-4) 1¥493A
- - Jawst [osT] (Td) H4OVSTINALSSIMINY 12-A0
[621] - 21-'a’ud [621] AHdH4dV149NL zalL
- - 2T-a'ud [821] (879) 1STYTLHYJYdS THiL
- - 2.0-'Q’ud [09] (61ded-CYd Ld) OVHLTVHHO
2/0-'a’ud [6s] (vzdad-r¥d Ld) DSOHAHHTO (6Tdad-CHd1d) OVYHLINHHO (¥d1d
- - 21-'a’ud [227] (dg-OXd) ¥dLYdHNNANINTT 90Md
- [sql 2T-a'ud [ssl N44dHSddd1dI gd49ad
(€09) 9 OMIINON;OHAADIV OV
- — 999%99%OV [oz1]  (209) 9409dIADDLONAMMOS,OV (T08) Dy ISMSIAS,ODATHOV,OV uluereD-g
[521] [5.7] Z1-aud [521] (1ddV q),,, 4HAOHALA®SAN 77-ad
- [r21] Z1-"a’ud [v21] (TdzTrl) T3LOMMISYTHA €0d9
Adesay Buibew|
uoneslddy Areaqi Jod ousnbas 101daday

's101da2as paiyiind 1surebe Buluuedolq o/ ur Aq saiieiqi) apndad Aejdsip-abeyd wouy paiynuapi sapndad Bunsbiel-lowny

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 March 16.



Page 57

Liuetal.

- [esel lwst  [tsz'0sz] (T-0€d) I14SVASMYAMEHMAI uabnue |
S (517414 Jawgt [2ve] (6V-£9) HAAT14LdOdIMSNOd (ZTD-€9) YMAJOAHLAIOILINY €-unosfe
- - lawgt [ovz] (9-2v) INNIOAS LONISADD
- [svel Jawgt [svel 74 LONOIHTADYIYS TMYAOdTAINOOHYJA
- Iyveevel Jawgt [evel (0T-€V) ONTTOIIMMANDLOAN 2LYOL
- - 2T-aud [evel 9TAADTMMIOS 'LMHOVSTOADIN
- - Jawoz [tyel (T-03) 459.1049MLSTIINTOMO LM
- - Jawg [ovel SWLHSIN ‘IMVEVIN “T19SHVYIN
- leez-Le2d Jawg [oge] (T°9d) 1SADDM
5(¢-2T-N) DIMSYVYOALNAQD
2(T-21-N) D8VOD19dA»MID
p¥2-92-1) DOMAMAADTdOD
Z1-a'ud [cez] p(61-92-7) DIDIVADSAIADAD
2(0EH) DIMOANOMODADDTOOV
- — 939%0%%OV [vez] 2(8H) 920 AHOMMALONAAD TS0V Z43H
- [eca] O'X0 [eez] OASAAASTO Sd
[eee] [tez] Z1-"aud [oge] (TANL) VIdONdSATANL yayd3
[6zz-222]  [9zz'seed 2T-"aud [veel (VSA) SWINAASAdAVSA IAILE!
- [ezal 2T-aud [ezal (Td-X1V2) AMdSTdAHNLNA X | aselpAyue d1uoged
- - Z1-Q'Hd [zzZ] gQAOLONLIASAVAT gIHIASHTIZLHM H49F/1IAE493
- [teel 2T-a'ud | (111 8pndad) SYAHY TN TMHM
- - 2/0-"a’ud [es] (Td) DMAHMSASD €-4493A
- - 21-aud [ozzl TLVMHHVYLAdOM VINSd
- - Z1-aud [612] INVHTdAATIMS unayped-3
- - 2T-'aud [stel HSOOSLATLMS uLisyped-N
- - /-aud [212] SUAVYNOT ‘MINGSAV €€TAD
[otz—z¢tz'9oz]l  [1TZ-902] 2X0 [90z] (112) OTL49MHLLD 6-dANIN
[soz] - 21-a'ud [22] ILALYTISAALy 9dao
Adeuaay Buibew|
uonesljddy Areaqi JEN| ,ouanbss 101d323y

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 March 16.



Page 58

Liuetal.

‘ago.d Buruued e se pasn sem qyw NH.Zm

‘aqoJd Buruued e se pasn sem qyw 9z-7

o

"Z13H 40 do3 sy 01 Buipuig sapndad U__ea_m_Q

"aqo.d Buruued e se pasn sem QW £ZHZT

q

‘ago4d Buluued e se pasn sem gy N@.w_u_mv

‘aueUIZRI-G'e T-|A0JA1R1I-G S TAQ paz1|oAd apndad o1joAd1g

't

"auazuaq(jAyrawowo.q)stii-G's TAq pazijaAo spndad o__o>o_m_%

"T71-Ad s18buey apndad siy1 Jo uoision-q 186ue1 Buiusaids se pasn sem T1-Ad 40 urewop AB| ay) Jo UoISIaA-Q 2118YIUAS “pasn sem AbBarenis Aejdsip abeyd abewi-1ouiN

¥

21[ell pue Pjog Ul PaJedIpul aJe SpUOg apINSIP W0 Yey) SanpIsal auIgisAD
-

- - 2T-'aud [89e] dAMVHINddMTY Tg-yiw-aid
- - L-aud [292] SSTISHS otd
[992] - ZT-'aud [992] (Tda-114dVS) YMINHAOV 1dVVY YdVY
- [soz] 2/0°'Q'ud [soz] (zaz) oavs.LyALD unosuoqLy g-urewopelx3
- - /-aud [roz] (97d4) INMTMIA €494
- - 2T-"'a’ud [ege] (T-d¥) VOOLMIASMdHM
- - L-aud [coz] (T-AD) VdMNIHL v¥A0
_ — 999XJ9XIV [t9z] (LTHYUN) 94OADONSH,ODOAYTLOV HHN TUIION
- - O°O"XOfXD [ogz] (7-0) DLMOHHIIDAVAD VSd
- - /-aud [6sz] SMLALTL Al udbejjod passaooid-zdININ
[8sel - /-aud [8sel dvO113l unod|es-3
- - Jawgt [252] D3V IHAdVOHTIVYHD
- - L-aud [osz] 1V1dT0W
- - lawgg [ssz] (6T2) NY4HSMADIMLMVYSALANTADAQADSIY 494
4(27110) ONMSSIDVNO
- [vszl 28X [vsel S(T1LD) D3INMONTOD  saxeduwion unaUOIqY-ULGIS
- - Jawgt [es] (0€-d) SASAVAMMJTIHEOH
Adeuaay Buibew|
uonesljddy Areaqi JEN| ,ouanbss 101d323y

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 March 16.



Page 59

Liuetal.

"(ByMNI9T) d u1gl04d :9Td "T yaloN ul uoibas Aloreinbas annebau “YHN
TY2ION @ ureyd 101dadal 9 uiynajaiu] :oyg9-T| ‘T 401dadas ULLIsysuRL UBwNY Y} ‘Z-101d32a] U{OWaYd DX :24IXD ‘WI040sI-D ‘7 nungns Aiojejnbas g asereydsoyd :\THzZddd ‘N asepndadouiwy
'NdV ‘eydje 101dagai QT-UNajIaIul uewny o OT-1 ‘aunas |Apneydsoyd :Sd ‘uabiueodA|b yalaiuapali4-usswoy] :usbnue | ‘g-uedldA| :£0d9 ‘saqoid Buiuued Joy pasn aiam 1010 ewse|d cmE:ck

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 March 16.



Page 60

Liuetal.

[ooel - Jaoued oLseD T06L09S  o4nuf 2T-a'ud [oo€] (TdAN9D) AdSTNLSTdVLT 8.dY49
[662'862] - BwouesIN VI2G999N  odn uf oZT-€X0 [s6] (evdad) OAIAADODATIVALD 8.dd9
- - BWIOJSEIGO1D Uy opnyl 21-aud [262] dANTddMVIAMS 1013931 [eAIAOUBPY
- [962] BLI021ES03)SO asvt oyl 21-"a'ud [962] (T-dSO) LA THSdSTVOSY gOdsH
- - ewoydwA ey omnu JX0 [seel JWMTHJ LD JHOI
TOVdA IM
- - 120ued [e30810100 ) pajodysuel] 190 TH-OHD o4 uf 2T-a'ud [vez] (2dN) SNATHIVO4H4D TOVdA
s1180 YN@od
- [os] nNgo -6TQUS pue zH-929 oA Ul 0.0-A'ud [os]  DUAMONTDD (11-SINY) dHUANVSHOMNDOND ZRYET-I
- [tv] ewodsesoAw-opgeyy ad  omny 20T-LXD [tv] (I-SINY) DUMHADANSOOD A_.msmv edno
(T-dGH) AMHOIAVIA9OYdS w
- [o2] 180UBD >93U puEe pesH €ZZONH  omnuy ZI-a'Hd [oz] (dgH) MHOTAY1AD¥dS (T'6002H) m
[e6z-88¢7] [282] OT0SN 600cH  omnuf 0z-'a'ud [sz've] HA-OAADAIOV10Y 1LY 1aDy W 9gao
[9sz] [s8z] 130Ued U0j0D 6¢LH  omnul ofx0  [98z's8zl (194NdY) DINdHATIdD nm 19570
- - elwNa T-lwnsey oAUy X0 2A4AIaTdD m 19y
[vsel - ewoueBIN CXaN-0T4-9Td o4 uf 2tX0 [vsz] OHHINLYSSO m.m;%mo
[ese] - BLUO0SEIGOIID S|[20 wals BWOND oA Uf L"aud [esz] SANTAOVY W unsaN
[zsz'182] - ELI0ISE| o1 ONL8-N ol Z1-A'Hd [0sz] (MLA) AMOAMYOALMIA Wom#_o
VVIADDIIA m
6/84 PUE 8/8) SAQLALdA £
saLeiql] Aejdsip SANSAsIMad M
[622'222] - Jaoues Jseaig L-40N  omuy  -abeyd adeospue  [g/z'2/¢] dIALDdNa __.m_om_%z
sa1hooydwA| -9 3
- - BWIOUBIBIN UM PRIn)nd0od s||d 91a 0/ uf X0 [o.2] DMV TINETO MS:_\,_
BWOUIDIED (zd) NLOAQS1H M
- - plowiapid3 TEVY oAyl L~aud [ee] (td) LadIdAs m
- [sz2] BWIOISEIO1D O L8-N o4yl 2T-aud [s.2] ddMOIMHNSNDS Y493
[v.e] - 180ued [e}9910]0D 9TTLOH oyl 21-"a'ud [v22] (72 LOHd) N1dVHTIAIANSS asejouz-o
[erz'e02]l  [esz'tied Jaoued Jsealg edaMs  oanuyl ~aud [osz'e97] AMdSALT 243H
Adessyl  Buibew adA) 480UED SI0WN) 10 S|[8D  UOND8|8S Areaqi JEN gddusnbas 101d809Y

Author Manuscript

"sjowiny Jo S99 Jaaued Buiusalas Aq sarielqil spndad Aejdsip-abeyd wouy paiynuapl sspndad Bunasbiey-iownt

Author Manuscript

€ 9|gel

Author Manuscript

Author Manuscript



Page 61

Liuetal.

SIMOT

"101da2a1 Je|Nn|[39 Emu_ccmoQ

*Olfe}l pUB P|Og Ul PaTedIpul aJe spuog Sp|NSIP W0 Jey) sanpisal mc_oum\Gm

‘N asepndadoulwe :NdV ‘T-uljidoinau :T-d4N :d asepndadoulwe :ddy ‘8, uislold paye|nfial-as0on|b :8/ 44O ‘ewouldied bunj

1077 ‘awloyNW ewoise|qol|B (gD ‘g0 101d3dal €T UINa|IBIU| iZPYET-T]] ‘BLiouId ea0uspe [2l1onp d11esidued :QvAd ‘suedA|foalold areyns uteday :9dSH ‘ureyd Aneay uiingoj-ounwiwi :QH9|

asnow gGd/sesy

- [oee'seel] ovad 3yl woly s Ovad oM XT /-'a’'yd [gee] (d1d) d1dT111LM T-unosid
[veel - 190UeD BJeIS0Id yeubousx GyTNA onin uf Jawiog [eel VH-D3HLNAIMAAdSNTLOHA MO
yeibouax 3
ewojse|qolb uabejjod m
- [19] XXX Al passaooid-zdININ onin uf 1-a'ud [19] SM4dOSS < enVA
osn 3
uf uay ‘asnow Burteaq oIn uf I
[652] - ewouloled fun| simen -lowny 9 0MA Uf o uy /-aud [652] SMLALTLP Al usbejjod asseootd-zdININ
b=
1elBouax ewourdsed ONIA Uf W
[eee] [ece] 130Ued 81e1S0id ajejsold vewny T-O0dd oMM X7 /-aud [2€] Hvdyvdd 2
[~
[sel - ewoydwA v-HON oyl 2X0 [sel JSHTIMALDD g
3+
(2d) ¥1d¥91d g
- - 192UEd 8181S0Id 1-0d  ogmnuyf /-aud [s€] (¥d) ¥VdUMOD ST-duN
=}
[cee'Tee] [reel 190U speIsold yeibousx e-0d  ommuy X2 [ev] (@9u1) 0adoUHaDAD mamu gdao
logel - 139U OLISED) jowmesd-zy  oMAUY /~a'ud [ogel SddIMMS SqTde
=}
sjown} 79219 <
ewolse|qol|h pue D77 paleipelr own} 3
l6eel [6zel suunui o7 ewolseiqolb s T921D pue DT PR oM Uy 1-Q'ud [6zel ASSDADY < edgeo
0NN Uf M
[2ze'sze]l  [8ze—sezel auuNW ‘D71 -8KZTTNS pue pajelped oniA uf [~aud  [seze'veel NASSOOAH N T-dIL
[eze-0ze'oT2] [tt2] Joueojsearg  yesbousx GEv-AIN-VAW oM xF 2.XD  [61e'8TE] (T-dA17) D9HLEMNNDD msmom\mmg
. . S
[2Te-60€'66T] - Jaoued jsealg  syelbousx Gev-AIN-VAW oniA uf 6x0  [80¢€'66T] (4ON) DHOVIOSADHOND (eTEO) Ndv
20Iw gbe
[20g] - slalsi onealoued  -TdIY Ul si9jsi dlusboibue o uy JLXD [90€] (49Y) LSHYOHD ¢9449ad
juaied
[sog] [Fog] ewsulngo|B-oloeW WQHASUSPIEAN uewiny e Wwo.Jj aeisold ONIN Uf oLXD [eog] 2S99OVHYOD DYIT-I
- - 199UE) ISEAIg anssi) Arewwely onn uy X0 [zog] 29V93d9dO ddv
[01W |
[tog] [toeg] ewol|f suniy u - sewol]B 19z parelpel| oA uf 1-Q'Ud [toel o4TdID 8.d49
Adesayl  Buibew adA) 430ue) SI0WN) 10 S|[3D  UONI3JS Areaqi JEN gdduanbas 101d329y

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Liuetal.

Table 4

Tumor-targeting peptides identified from yeast-display peptide library.

Page 62

Receptor Sequence Ref Library type
Mcl-1 RPEIWMTQGLRRLGDEINAYYAR (MS1) RPEIWLTQSLQRLGDEINAYYAR  [337] Bim-BH3 variants
(MS2)
RPEIWLTQHLQRLGDEINAY YAR (MS3)
RPEIWIAQEIDRIGDEVNAY YAR (MB1) [338] Bim-BH3
CTLA-4 SPR3CKYSHVP2CRRDSDICPGK3CI2CRGNGYICG (MC-CT010)4 (671 ~ oMCoTI-ll mutant
Sacchammyces cerevisiae
ayfs Integrin G*CVRLHES®CLGQQVPLC*CDPAAT3CY2CTGRGDEKLR2CY!CR (6C)* [65]  AgRP mutants Pichia
pastorfs
ayBs, ayps, and G3CPRPRGDNPPLT2CKQDSD!CLAG3CV2CGPNGFCG (EETI2.5F) [339] EETI-Il mutant S.
asp; Integrin cerevisiae
Bel-X, RPEIWVAQELKRNGDEFNAYYAR (BCL-X\) [338] Bim-BH3

aDisquide bonds formed between 1C and 1C, 2c and 2C, 3cand 3C, 4cand 4C, respectively. Mcl-1: myeloid cell leukemia 1. CTLA-4: cytotoxic

T lymphocyte-associated antigen 4.
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Table 6

Tumor-targeting peptides identified from mRNA-display peptide library.

Receptor  Sequence Ref Note

AKT2 ’Y”_VRNRLLRVD *CG (Pakti-Ll) [347] Inhibited Akt2 with |C50 of 100 nM, and exhibited 10- and 25-fold selectivity
over Aktl and Akt3, respectively

IL-6 NQQLIEEHNQILHKIFEIL (CA11) [89] RAO7 prevented the L-6/IL-6R complex from binding to gp130
INTLLSEINSILLDIISLL (RAQ7)

VEGFR *FVVVSTDPWVNGLYID C (L1) [90] Inhibited HUVEC tube formation. Inhibit VEGF-induced HUVEC growth with
1Cxg of 60 nM

SIRT2 *YSNFRIK(Tfa)RYSNSS *C (SZILS) [348] BOUH(:i and inhibited SIRT2 with |C50 of 38 nM and exhibited 10- and 100-fold
selectivity over SIRT1 and SIRT3, respectively

*
An N-terminal chloroacetyl-L-tyrosine or chloroacetyl-,L-phenylalanine and a cysteine are cyclized with a thioether bond. Tfa: trifluoroacetyl.
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