REVIEW

Human Vaccines & Immunotherapeutics 8:12, 1817-1828; December 2012; © 2012 Landes Bioscience

Phage display—A powerful technique for
immunotherapy
1. Introduction and potential of therapeutic applications

Justyna Bazan,'* Ireneusz Catkosinski? and Andrzej Gamian'

'Department of Medical Biochemistry; Wroclaw Medical University; Wroclaw, Poland; 2Department of Nervous System Diseases; The Faculty of Health Science, Wroclaw
Medical University; Wroclaw, Poland

Keywords: antibody libraries, immune-diagnostics, phage display, tumor targeting, autoimmune diseases, neurological disorders,
transfusion medicine

One of the most effective molecular diversity techniques is
phage display. This technology is based on a direct linkage
between phage phenotype and its encapsulated genotype,
which leads to presentation of molecule libraries on the
phage surface. Phage display is utilized in studying protein-
ligand interactions, receptor binding sites and in improving
or modifying the affinity of proteins for their binding partners.
Generating monoclonal antibodies and improving their
affinity, cloning antibodies from unstable hybridoma cells and
identifying epitopes, mimotopes and functional or accessible
sites from antigens are also important advantages of this
technology. Techniques originating from phage display have
been applied to transfusion medicine, neurological disorders,
mapping vascular addresses and tissue homing of peptides.
Phages have been applicable to immunization therapies,
which may lead to development of new tools used for treating
autoimmune and cancer diseases. This review describes
the phage display technology and presents the recent
advancements in therapeutic applications of phage display.

Introduction

Phage display was created by G. Smith in 1985' as a method for
presenting polypeptides on the surface of lysogenic filamentous
bacteriophages. Since then, this method has become one of the
most effective ways for producing large amounts of peptides, pro-
teins and antibodies. This technology is based on the fact that
phage phenotype and genotype are physically linked. Indeed,
the gene encoding the displayed molecule is packed within the
same virion as a single-strained DNA (ssDNA) and the displayed
peptides or proteins are expressed in fusion with phage coat pro-
tein.? This genotype-phenotype linkage ensures that identical
phage particles will be obtained from the same Escherichia coli
clone. The phage display technique allows the creation of librar-
ies which contain up to 10" different variants and could be used
for affinity screening of combinatorial peptide libraries to study
protein-ligand interactions and to characterize these ligands,’?
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receptor and antibody-binding sites,* define epitopes for mono-
clonal antibodies, select enzyme substrates and screen cloned
antibody repertoires.’

This review focuses on selected applications of phage display
in health and medical biotechnology but it also highlights the
basis of the phage display technique, methods for the construc-

tion of displayed molecules and types of antibody libraries.
Phage Display Technology

Phage display systems. E. coli filamentous bacteriophages (f1,
fd, M13) are commonly used for phage display. Most antibodies
and peptides are displayed at phage proteins pIII® and pVIII’
The major coat protein (pVIII) is a product of gene 8 expression
and occurs in nearly 3000 copies, therefore it is used to enhance
detection signal when phage displayed antibody associates with
antigen. Morover modifications of pVIII are made to increase
the efficiency of display onto pVIIL.” In comparison, minor coat
protein (pIII) consists of 406 amino acid residues and occurs
at the phage tip in 3 to 5 copies. The vast majority of peptides
and folded proteins are displayed as fusions with pIlII protein,
whereas pVIII, for preserving its functionality, could be coupled
only with short (6-7 residues) not containing cysteine peptides.®
The loss of coat protein functionality was the major limitation
of the phage display technology, however this problem was over-
come by hybrid phages and coat protein modifications.” These
virions consist of the complete wild type genome and a copy of
fusion gene which might occur as an insert in phage genome’ or
as phagemid' a vector that contains the origins of replication
for phage and its host, gene 3 with appropriate cloning sites and
an antibiotic-resistance gene. Moreover, the phagemid encoding
polypeptide-plIl fusion requires hybrid with helper phage for
packing into M13 particle. The helper phage contains a slightly
defective origin of replication (such as M13KO7 or VCSM13)
and supplies all the structural proteins required for generating a
complete virion. Thus, both wild pIII protein and polypeptide-
pIII fusion protein will be present on the phage surface. The
ratio of polypeptide-plII fusion protein to wild type pIII may
range between 1 to 9 and 1 to 1,000 depending on the type
of phagemid, growth conditions, the nature of the polypeptide
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Figure 1. Schematic presentation of phage display systems. The black circle represents molecule dis-
played on various phage proteins (listed below the scheme). The rectangle inside the phage represents

C-terminal of SOC (small outer cap-
sid) protein that occurs in 810 cop-

ies or N-terminal of HOC (highly

fused to pIII and proteolytic cleavage of antibody-pIII fusions.!
This ratio ensures that the fusion protein, as a minor component
of the phage coat, does not affect phage viability. However, it
should be noted that when hyperphage is used, achieving this
ratio is unnecessary. Hyperphage has wild-type pIII phenotype,
but due to lack of functional plIII gene, the fusion of pIII and
antibody is the only source of plII for phage assembly. Therefore,
it allows to increase the number of presented scFv by more than
two orders of magnitude and also 10-fold increases the bind-
ing of phage to antigen comparing to M13KO7 helper phage.
The predominance of this phage is its utility in stoichiometric
situations, when single phage could hardly locate the desired
antigen."

Moreover, hybrid phage system enables displaying large pro-
teins with all five M13 coat proteins as N-terminal fusions with
pIIL, pVIIL® pVII and pIX'" and also as C-terminal fusions
with pV1, plIL, and pVIILI®'6"7

Due to the naturally occurring translational stop codon in the
3'-region of reverse transcribed mRNAs in M13 display system,
expression of cDNA libraries could be difficult. For expression in
M13 phage display system, cDNA cannot contain in-frame stop
codons. Moreover cDNA has to be in the same reading frame
as the plII protein and the secretory leader sequence. There are
several possibilities to overcome this problem, for instance cDNA
fragmentation prior incorporation to plasmid but it could also
lead to obtain a large number of clones with non-functional
inserts. The usage of T7 is an alternative for M13 display.’®
T7 phage display system has been widely used,”*
extreme robustness and stability in conditions that inactivate

due to its

other phages. It found application in displaying small peptides
(less than 50 residues) in high copy number, larger peptides or
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antigenic outer capsid) protein that
occurs in 155 copies.

Phage lambda is capable of displaying complicated, high
molecular mass proteins as fusions with N- or C-terminal of pD
head protein that occurs in 405 copies or C-terminal of pV tail
protein that occurs in 6 copies.?** Moreover, in this system trans-
location through the Escherichia coli membrane is not required.
Therefore, in comparison to filamentous phage system, lambda
display gives the higher immune response in spite of displaying
a wide variety of proteins in multiple copies. Representations of
different phage types used for the display technique are shown
in Figure 1.

Display of antibody fragments. The structure of most anti-
bodies consists of two heavy chains (variable (V,,), diversity (D),
joining (J,), and constant (C,)) region) and a pair of light chains
(variable (V), joining (J,) and constant (C,) region) linked by
noncovalent bonds and disulfide bridges. However, in the early
90s an unusual type of antibodies without any light chain was
discovered in the serum of Camelidae.*® The antigen is bound
by these antibodies with a specific V, ,H fragment which could
recognize unique conformational epitopes due to the significant
contribution of its long complementary-determining region 3
(CDR3).

Antibody fragments have been expressed in E. coli periplasm
or cytoplasm and to ensure the correct activity and function of
antibody fragments the in vivo refolding of molecules obtained
by cytoplasmic expression is required. Recently, a method for the
soluble expression of recombinant proteins in the cytoplasm of
the Origami DE3 Escherichia coli strain has been described.” In
this bacterial strain the disulfide bond-dependent folding of het-
erologous proteins is improved via disruption of the trxB and gor
genes fused to the N-terminal of pET 32b plasmid sequences that
encode two reductase enzymes, which allows the formation of
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Figure 2. Schematic presentation of antibody fragments. Fab (the antigen-binding fragment), scFab (the single chain antigen-binding fragment),
scFabAC (the scFab variant without cysteins), scFv (the single chain fragment variable), Fv (the fragment variable), VHdAD (the antibody with one vari-
able heavy chain domain), CRAD (the construct specific to adjacent epitopes on the antigen).

disulfide bonds in the E. coli cytoplasm. Interestingly, the func-
tional scFv recognizing MCF-7 which was expressed in bacterial
cytoplasm shows significantly better binding characteristics and
affinities than the one expressed in the periplasm.

In contrast to that, the periplasmic expression provides con-
ditions for V, and V| pairing, similar to those in endoplasmic
reticulum of the lymphocyte, which allows to generate the fully
functional molecules. It was shown that co-expression of two
periplasmic chaperones, Skp and FkpA, had strong effects on the
productivity of soluble scFv. However, cytoplasmic chaperones,
including GroELS, DnaKJE, TF, and SecB, did not enhance the
secretory production.*®

Indeed, many different antibody fragments are used in the
phage display technology, including Fab (antigen-binding frag-
ment), Fv (fragment variable), scFv (single chain fragment

variable) and its modifications,*?®

antibodies with one V-gene
domain,? bivalent or bispecific diabodies®® and other oligomers.*!
In Fab, V,-C,;and V -C, segments are linked by disulfide bonds
and radiolabeled Fabs found application in tumor imaging.’* Fv
molecule consists of the V| and V, regions only as well as its
modification—the scFv, presently the most commonly used anti-
body fragment. Generally, the (Gly,Ser), linker is used to stabi-
lize V|-V, connection and to ensure the proper antigen-binding
site formation in scFv.>** These fragments have been expressed
on phage surface without loss of antibody affinity. Furthermore,
high binding affinity has been achieved by fusion of several dif-
ferent scFv segments. An example could be the CRAbs construct
that consists of two scFv fragments specific to the same anti-
gen but to adjacent epitopes.” These fragments are connected
by short linker (up to 10 amino acids), thereby dimerization of

molecules and diabodies forming is possible.?®

Representations of
different antibody fragments are shown in Figure 2.

Library technology. The phage display technology has pro-
vided the ability to create antibody libraries that contain a great
number of phage particles, from which each one encodes and
displays different molecules (10°~10" different ligands in a pop-

ulation of > 10" phage molecules). Therefore biopanning—the
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procedure of specific binders selection—is essential for enrich-
ing the desired molecule level. The biopanning method is based
on repeated cycles of incubation, washing, amplification and re-
selection of bound phage. The target molecule is immobilized
on solid support as microtiter plate wells,”” PVDF membrane,*
column matrix or immunotubes,” magnetic beads* and even
on whole cells.*! The several rounds of selection cycle are neces-
sary to achieve the desired binding activity of obtained mono-
clonal phage antibodies. For determining this activity several
tests are used, for example enzyme-linked immunosorbent assay
(ELISA),** fluorometric microvolume assay technology (FMAT)*
or chromophore-assisted laser inactivation (CALI).*** The type
of solid support, time of binding and washing as well as antigen
concentration have affected the level of selection. A proper design
of the biopanning procedure enables the selection of antibodies
to unique epitopes.“® Representations of the biopanning procedu-
reis shown in Figure 3.

Immune libraries have been used to produce high quality and
high affinity antigen-specific antibodies providing good analyti-
cal tools. In these libraries, source of V-genes is the IgG mRNA
of immunized animals or human B-cells. Human immunization
allows to obtain phage display libraries from the peripheral blood
or spleen lymphocytes and provides phage-displayed antibodies
to red cell antigens D and B,? platelet antigen HPA-Ia,*® glyco-
protein IIb/I11a, native T-cell receptor TCR-Va® and specific
major histocompatibility complex (MHC)/peptide construct.’
Furthermore, humanized immune repertoires are obtained using
preparation of RNA from spleen material taken from hyperim-
munised animals such as chickens,” rabbits,”® sheep,” cows,
nonhuman primates.”® Moreover for this purpose the human anti-
body-producing XenoMouse strain,’® has been engineered. These
transgenic mice contain the majority of the human antibody gene
repertoire on megabase-sized fragments from the human heavy
and kappa light chain loci and its immunization leads to produc-
tion in B-cell the human-like antibodies. The advantage of these
libraries is that generated antibodies will have undergone affin-
ity maturation by the immune system, which allows to achieve
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possibility to produce human monoclo-
nal antibodies against red cell antigens E,
D, Kbp, H and B.” Furthermore, small-
sized human single-pot libraries, contain-
ing 3 x 107 antibodies clones, were used
to obtain antibodies to haptens, tumor
necrosis factor a (TNFa), mucin, CD4,
bovine serum albumin or lysozyme®
§ E with efficient but lower in comparison to
immune library antibodies affinity and
reactivity. Predominance of the single-pot
library is the ability to produce a single
library for all antigens in a short time (2
to 6 times faster than obtaining antibod-
PHAGE AMPLIFICATION ies from immune library).* A further
advantage of these libraries is the possi-
bility of direct isolation of high affinity
antibodies when very large repertoires are
used and isolation of human antibodies
to self, unimmunogenic or toxic anti-
gens.® However, the use of naive libraries
could provide some difficulties in obtain-
ing high affinity antibodies when small
sized library is used. Also quality, size and
content of the library depend on V-gene
repertoire expression, which level is not
constant. Potentially limited diversity of
the IgM repertoire, the unknown his-
tory of the B-cell donor and tendency to
achieve increased cross-reactivity are the
main disadvantages of naive libraries.*
In synthetic libraries, B cells are

not involved in antibodies construc-

tion. Antibody genes, in this library, are

therapeutic agents.

Figure 3. Schematic presentation of biopanning. Phage display library is incubated with target
molecule immobilized on solid support. Specific library phage is bound to molecule and un-
bound phages are washed out. The specific phages are eluted and amplified in bacteria. After
several rounds, amplified phages could be analyzed and amplified to obtain diagnostic and

obtained by the polymerase chain reaction
(PCR) to randomize the hypervariable
regions of a generic set of human germ-

line encoded variable region genes.®

These libraries were used for isolating a

high-affinity antibodies even when the library is relatively small
(107 clones).””>® However, the immunization of animals is a time
consuming process and each antigen requires the construction
of new antibody library. Moreover, there are some limitations in
the creation of human antibodies and prediction of the immune
response is not always possible. An obstacle may be also lack of
immune response to self or toxic antigens. However, recent stud-
ies have shown that the immune library may contain a significant
number of unimmunized clones and (that) a sufficiently large
immune library can be utilized similarly to a naive library.”’

In naive libraries, V-genes derived from the IgM mRNA of
non-immunized human donors B-cells are isolated from diverse
lymphoid sources such as peripheral blood lymphocytes, spleen
cells, tonsils, bone marrow or from animal sources.”” Lymphocytes
from over 40 non-immunized donors were used to construct the
library that contains 1.4 x 10" clones.®® Naive libraries offer the
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group of E and D antibodies.®”

Libraries in which the complemen-
tary determining regions (CDRs) contain changes in the
most diverse loop in composition and length of all CDRs, the
V,,-CDR3 region, are often called semi-synthetic libraries.
V,,-CDR3 is the most central to the antigen-binding site and
it is randomized by PCR or oligonucleotide directed mutagen-
esis.” In some cases synthetic repertoires were constructed by
differentiation of three CDR loops in one V-gene segment®®
or by randomization of light and heavy chain CDR3s.® The
advantage of these libraries is the overall diversity, local vari-
ability of repertoires, the ability to control and define the con-
tents.”’ Predominance of this library is composition which is
not constrained by in vivo tolerance mechanisms.”' Moreover,
the synthetic libraries provide a tool which can be useful when
antigen deficiency occurs or antigen is toxic or unimmunoge-
nicity occurs and immunization is not possible.
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Application

The search for new biotechnological components which could
serve as pharmaceuticals or novel diagnostic agents is one of the
major challenges of modern science. Phage display provides a
valuable technique for obtaining large amounts of specific pro-
teins, enzymes and peptides in a relatively short time. These mol-
ecules are used, inter alia, in many areas of modern medicine.
Some of them will be discussed here.

Phage display in transfusion medicine. The significance of
phage display in hematological applications is growing. To date,
new antibody reagents for cell subpopulation discrimination, tar-
geted therapeutics and reagents for in vivo imaging have been
developed. Among the first obtained antibodies against red blood
antigens used for hemagglutination assays were anti-ABO, anti-
Rh and anti-Kell antibodies.”> A large amount of anti-Rh(D)
antibodies is required for blood group typing and for the prepa-
ration of Rh(D)-immune globulin. These antibodies could be
produced only in humans and the availability of alloimmunized
donors is dwindling, thus the phage display technique seems to
be the best method for obtaining large amounts of antibodies in
a short time. Moreover, antibodies expressed as Fab on phage sur-
face allow to generate highly sensitive (6 to 15 times more than
IgG) self-replication typing reagents. It is noteworthy that the
phage display technology had led to design an anti-Rh(D) and
anti-HPA-Ia bispecific diabody that might be useful in the diag-
nosis and treatment of neonatal alloimmune thrombocytopenia.
With this approach, the development of a sensitive, inexpensive,
accurate and automative hemagglutination assay for HPA-Ia was
possible.”® Furthermore, phage display allows to obtain antibody
reagents against fetal red blood cells.”? Besides, in white blood
cells (WBC) fraction, antibodies against dendritic cells,” hairy
cells,” paraproteins,”® B and T cells”” were obtained from scFv
naive human library. Moreover, generating antibodies against
a variety of cluster of differentiation (CD) antigens,”®” AITD,
GPla, and GPIIla platelets antigens,*® 11-dehydro-thromboxane
B2 (11D-TX)* and clotting factors® has been reported.

Interestingly, phage display library from individuals with
chronic immune thrombocytopenic purpura (AITP) was applied
for autoantibodies cloning. Platelet GPIIb/IIIa specific H441.4
antibody, originating from this library could be used to pre-
vent cardiac ischemic complications in patients undergoing per-
cutaneous coronary intervention since it was shown to inhibit
ADP-induced platelet aggregation and to stay unbound (with) to
vitronectin receptor avf33.%

Diagnostic and therapeutic agents for autoimmune dis-
eases. Phage display gives the possibility to clone and character-
ize human immune libraries, thereby the study of autoimmune
diseases has been facilitated and more information about diseases
pathophysiology has been acquired. To date, many autoimmune
disorders have been investigated by phage display. One of the
most commonly reported diseases is the previously mentioned
AITP, a hematologic disorder caused by anti-platelet autoan-
tibodies. Screening of random heptapeptide phage-displayed
library allowed to obtain a panel of affinity-selected phage clones
specific to autoantibodies from AITP individuals.® Moreover,
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phage display provides tools for studying antigen-autoantibody
reactions in thrombotic thrombocytopenic purpura (TTP),*
acute anterior uveitis (AAU)® and other autoimmune ocular
inflammatory disorders.*® Phage display proved to be an impor-
tant technique in investigating the Wegener’s granulomatosis,®”
autoimmune thyroid disease® and autoimmune diabetes® as
well as two blistering skin diseases, pemphigus vulgaris (PV)*°
and pemphigus foliaceus (PF).” Primary biliary cirrhosis (PBC)
and autoimmune cholangitis (AIC) are serologic expressions of
biliary ductular cells affecting autoimmune liver disease. Phage
clones that react with anti-PDC-E2 (E2 subunit of the pyruvate
dehydrogenase complex) were generated by biopanning and used
to establish that PBC and AIC have a similar autoimmune tar-
geting.”> Recently, it has been reported that sera from Crohn’s
disease patients contain more anti-galectin-3 IgG autoantibod-
ies than sera from healthy individuals and ulcerative colitis, pri-
mary biliary cirrhosis or autoimmune hepatitis patients. Phage
display was applied to generate galectin-3 mimotopes that might
be useful in regulating the immune responses in Crohn’s disease
patients.” It is noteworthy that characterization of an antibody
(scFv) phage library from a patient with celiac disease has led to
isolation of different scFv against the toxic antigen (A-gliadin)
and dietary antigens (o/Blactoglobulin).”

Phage display could be useful in designing potential diagnos-
tic and therapeutic agents for autoimmune disease. In myasthenia
gravis (MG) antibodies against nicotinic acetylcholine receptors
(AChR) induce loss of functional receptors at the neuromuscu-
lar junction. It was reported that anti-huAChR Fab was able to
protect against AChR loss by antigenic modulation induced by
MG serum antibodies.”” The PMT LPE NYF SER PYH peptide
was used to generate cyclic molecule capable of preventing the
antigenic modulation of AChR by the anti-main immunogenic
region antibody by in vivo inhibiting its binding to AChR.?

Several biotechnology companies use the phage display tech-
nology to produce human antibody therapeutics.”” Rheumatoid
arthritis (RA) is considered to be a common, chronic, idiopathic
autoimmune disease. Standard treatment for RA typically con-
sists of traditional disease modifying anti-theumatic drugs
(DMARD:s), corticosteroids, non-steroidal anti-inflammatory
drugs or analgesics. It is often ineffective and allows further
progression of the disease. However, the phage display technol-
ogy has enabled the development of a new drug based on anti-
TNFa antibodies.”® Multiple sclerosis (MS) is an inflammatory
autoimmune-mediated disease of the nervous system and the sec-
ond most common neurological disability affecting young and
middle-aged adults. It is noteworthy that in June 2010 drug for
MS based on anti-CD52 antibody was granted fast-track desig-
nation by the US Food and Drug Administration (FDA).**'%
Antibodies for autoimmune diseases generated by phage display
are increasingly introduced to the market.

Phage display in neurological disorders. Intracellular anti-
body fragments (intrabodies) are considered potential therapeu-
tics for neurological disorders due to their ability to selective
recognition of abnormal intracellular proteins. However, there
are several problems that have to be considered when intrabod-
ies are used. This molecules could specifically bind the target
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antigen outside the cell but it could fail in the intracellular envi-
ronment. Reducing conditions of the intracellular environment
has influence on the stability of newly-synthesized intrabodies by
affecting disulfide bond formation and antibody folding. It was
shown that the intrinsic stability of the intrabody, rather than its
affinity for the antigen, dictates its intracellular efficacy.' This
leads to the formation of non-functional, low solubility antibod-
ies with reduced half-life. Another problem is internalization of
DNA. Transfected recombinant DNA could be applied into cell
in in vivo studies by the use of viral-based vector, lipofection'®
or electroporation.'” However, these methods are not efficient
enough and could significantly influence cell viability. It was
reported that this problem could be overcome by fusing protein
transduction domains (PTD) to antibodies.'*

It was reported that humanized-camel phage display library
was utilized in elaborating novel immunotherapeutic strategy for
botulism by using a cell penetrating, humanized-single domain
antibody that inhibits the botulinum neurotoxin.'”

Furthermore, phage display libraries were used for selection
of human anti-prion scFv and Fab antibodies, which inhibit in
vivo the conformational change of normal prion protein (PrP)
in PrP%. Accumulation of abnormal prion protein (PrP%) is
responsible for Creutzfeld-Jakob disease (CJD), Gerstmann-
Striussler-Scheinker syndrome (GSS), kuru disease and familial
fatal insomnia.!

Other studies have reported the applicability of intrabod-
ies in the treatment of Huntington’s and Parkinson diseases.
Development of anti-a-synuclein scFv resulted in progress in
research on synucleinopathies, including Parkinson disease.'”!%
Phage display system allowed, inter alia, the investigation of
the proteins that bind to 2-methylnorharman, a structural and
functional analog of the parkinsonian-inducing toxin, MPP+.1%
Furthermore, the human scFv specific for the 17 N-terminal resi-
dues of huntingtin, adjacent to the polyglutamine in HD exon
1, were selected by phage display library. It was shown that this
intrabodies could prevent in situ expanded-repeat exon 1 analog
aggregation in cellular models of this disease.!'” In addition, a
peptide motif that inhibits polyglutamine aggregation in vitro
has been identified."!

Recently, the advantages of intrabodies in the inhibition study
of B-amyloid formation have been described.!? Interestingly,
EFRH epitope, corresponding to amino acids 3-6 within
the human B-amyloid peptide, acts as a regulatory site in the
B-amyloid fibrils formation and disaggregation process. The
method of production of effective anti-aggregating [B-amyloid
antibodies, which could be used in vaccinations against
Alzheimer disease, has been elaborated on the basis of phage dis-
play methodology.!>!

Many neurological disorders are characterized by the expres-
sion of different peptide motifs connected with vascular remodel-
ing. This approach might be used for directed enzyme therapy in
the central nervous system defects.'”” Antibodies were also con-
sidered therapeutic and neuroprotective targeting agents to the
brain vasculature and the brain parenchyma."®!”

Tissue homing and anti-angiogenic strategies. The vascular
endothelium from different tissues or organs expresses unique
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receptors for trafficking. This organ’s specific molecular diversity
has been characterized by in vivo panning with phage display
libraries, allowing isolation of peptides homing to brain, kidney,
lung, skin, adrenal gland, intestine, pancreas, retina, prostate,
breast tissue and uterus."®'” Indeed, targeting stem cells might
prove to be an excellent tool for studying the embryonic stem cell,
controlling proliferation and differentiation of neural stem cells
and development of stem cell-based regenerative medicine.'*
Phage display system for selection of skeletal stem cells could be
useful in acceleration of bone and cartilage repair process.'*!

The in vivo selection method in which peptides that home
to specific vascular beds are selected after intravenous admin-
istration of a phage-display random peptide library have been
described.'?* This approach has led to tissue-specific targeting
of angiogenesis-related targeting of tumor blood vessels or pep-
tides. Moreover, it has been used to guide the delivery of pro-
apoptotic peptides, cytotoxic drugs, metalloprotease inhibitors
and cytokines to obtain more efficient and less toxic therapeu-
tics.'” Interestingly, peptides binding to the extracellular domain
of LOX-1 receptor, which is upregulated in dysfunctional endo-
thelial cells associated with hypertension and atherogenesis, have
been identified.'”® Other studies have reported that RGD-motif-
containing peptide homing to angiogenic vasculature was linked
to a proapoptotic peptide and successfully used in treatment
collagen-induced arthritis in mice.'*

Furthermore, in vivo phage display was applied to develop-
ment of potential therapeutic peptide for the anti-obesity therapy.
It was reported that targeting the proapoptotic CKGGRAKDC
peptide to prohibitin in the adipose vasculature caused ablation
of white fat with no apparent side effects.'#

Recently, phage displayed molecules have been identified as
factors that may affect the angiogenesis. For instance, peptides
that block the interaction between MMP and avb3 integrin'*
and scFv that target receptor-bound vascular endothelial growth
factor (VEGF)'¥ have been described. Both molecules exhibit
potent anti-angiogenic and anti-tumor activity in vivo. Tissue-
specific targeting can also be used for imaging techniques in can-
cer patients.'?®

Molecular imaging and tumor targeting. Phage displayed
peptides could be successfully used as tumor targeting agents.
However, many of these anti-tumor agents show no activity in
vivo. The scFv (MFE-23) molecule specific for CEA was the
first phage displayed recombinant antibody used for tumor
targeting.'”’

Obtaining molecular imaging agents that will be able to
visualize pathogenic processes in vivo has been one of the main
objects of interest in recent years."**!*2 Although labeled antibod-
ies (radiolabeled, biotin/streptavidin labeled) have been used in
tumor targeting and imaging for decades, their use can cause
adverse effects and lower the natural immunity.'® Nevertheless,
phage displayed peptides seem to be better molecular imaging
agents due to their small size, rapid blood clearance, lack of
immunogenicity, tissue penetration and increased diffusion.'*
By the use of the phage display technology numerous peptides for
tumor targeting were isolated using human B-cell lymphoma,'®

137 140

cervical,”®® colon,' gastric,'™ breast,” lung,'™ glioblastoma,'"!
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143 neuroblastoma'® and thyroid'® carcinoma

hepatic,'*? prostate,
cell cultures. However, as it has been mentioned, about 80% of
these peptides have not been reported to function in vivo, for
example, peptides recognizing MDM2/p53,4¢ IL-11 receptor,'?
prostate specific antigen (PSA)'® heat shock protein 90 and
growth factors.”™

To date, much fewer phage display peptides that could be con-
sidered as molecular imaging and tumor targeting agents in vivo
have been reported.”"">? One of them, the prostate carcinoma
binding IAGLATPGWSHWLAL peptide®™ has been used in
vivo. The CPIEDRPMC (RPMrel) peptide was reported as
binding agent to five colon cancer cell lines: HT29, CaCo-2,
RKO, SW480, and DLD-1. It is encouraging that fluorescein-
conjugated RPMrel peptide stained, ex vivo, tissue sections
from colon adenocarcinoma and leaves normal colon, lungs,
lung sarcoma, liver, liver sarcoma and stomach unstained.
RPMrel conjugated to a mitochondrial toxin induced the death
of HT29."%° Interestingly, peptide sequence the CLSYYPSYC
phosphatidylserine-recognizing moiety was proposed as in vivo
imaging molecule for apoptosis and the single dose of an anti-
cancer drug indicated peptide homing to the tumor."?

Besides, phage displayed peptides have been used to inhibit
tumor growth'*> and most attention is focused on identi-
fying progressive disease markers and therapeutic agents. The
NPNWGPR heptapeptide labeled with 188-rhenium has been
reported as human tumor melanin-binding molecule. In vivo
administration of this peptide results in inhibition of tumor
growth. The tumor uptake of this molecule was similar to other
peptides but the level of kidney uptake was lower by about 85%
at 3 h and 24 h after injection. Furthermore, this radiolabeled
heptapeptide appears to have advantages for goal directed ther-
apy due to its ability to bind only extracellular melanin, which
increases the safety of the therapy.”® Peptide K237-(HTM
YYH HYQ HHL) isolated from phage-displayed library binds
to kinase domain receptor. It was reported to inhibit the growth
of solid tumors implanted beneath breasts by 70% and reduce
the metastases to lungs by 53%."° The LyP-1 peptide is another
anti-tumor agent that inhibits tcumor growth and has a proapop-
totic/cytotoxic effect. This CGN KRT RGC sequence binds to
tumor lymphatics. After injection it accumulates in breast can-
cer xenografts localizing preferentially in hypoxic areas. The
treated tumors contain foci of apoptotic cells and a reduced
57 Indeed, phage display provides

a tool for designing novel nanoparticle-based diagnostics and

number of lymphatic vessels.

therapeutics. The nanoparticle system that provides effective
accumulation of the particles in tumors has been described."® It
is based on the CERKA peptide which binds to PyMT tumors,
MDA-MB-435 human breast cancer xenografts and it might be
useful in effective tumor imaging, tumor homing and partially
inhibiting of tumor growth by blood vessel occlusion. The inhi-
bition of tumor growth may be enhanced by additional drug-
carrying function of peptide-nanoparticle complex that could
accumulate in tumor vessels and release the drug.

Screening of phage display libraries for binding to anti-car-
bohydrate antibodies has resulted in the generation of peptides

www.landesbioscience.com

that imitate carbohydrate ligands. These peptides might be
applied to inhibition of carbohydrate-dependent tumor metas-
tasis and design of anti-cancer vaccines.'”

The phage display libraries could be used to isolate human
monoclonal antibodies (mAbs) directed toward various antigens,
including markers of tumor. Several phage-derived antibodies
are being investigated in clinical trials. Recently, a first genera-
tion of chimeric rabbit/human Fab and IgG1 that bind receptor
tyrosine kinase ROR1 has been described as target for mono-
clonal antibodies based therapy for chronic lymphocytic leuke-
mia (CLL) and mantle cell lymphoma (MCL).!*® Furthermore,
the in vitro immunization method to induce antigen-specific
immune responses in human peripheral blood mononuclear
cells (PBMCs) by using multiple antigen peptide (MAP)
instead of monovalent peptide has been reported. This method
has resulted in obtaining four independent human monoclonal
antibodies specific for tumor necrosis factor-a (TNF-a).!" It is
noteworthy that the phage display technique allowed to obtain
human antibody against psoriasin, the calcium-binding protein
that is upregulated in many types of cancer and often associated
with reduced patients survival. Obtained antibodies could be
utilized in diagnostic and therapy of breast cancer, oral squa-
mous carcinomas or bladder cancer.'®® Also anti-human Cyr61
monoclonal antibodies named 093G9 have shown a promising
therapeutic characteristic in breast cancer.'®® In other studies
antibody phage technology was used to generate good-quality
F16 and P12 human recombinant antibodies, which are spe-
cific to the alternatively spliced domains Al and D of the large
isoform of tenascin-C. This glycoprotein is strongly overex-
pressed in adult tissue undergoing tissue remodeling.'** (131)
I-labeled antibodies specific to Al and D domain of tenascin-C
have been successfully used for the treatment of glioma'®® and
of lymphoma.'®¢

The generation of 3 human monoclonal antibodies (F8,
B7 and D5), which recognize the same epitope of the extra-
domain A (EDA) has been recently described. These antibodies
specifically recognize tumor cells and were considered as ver-
satile tumor targeting agents. The antibodies displayed a dis-
sociation constant to the antigen in the low nanomolar range
and exhibited an impressive preferential localization at the
tumor site (as assessed by quantitative biodistribution studies
following intravenous administration). The anti-EDA antibod-
ies was suggest to be useful for the development of selective
and potent anti-cancer biopharmaceuticals.'” The novel library
utilized in isolating human mAbs for various antigens, includ-
ing the alternatively-spliced EDA domain of fibronectin—
a marker of tumor angiogenesis has been recently described.
2H7 mAb, derived from this library, binds to a novel epitope
on EDA, which does not overlap with the one recognized by
the clinical-stage F8 antibody. These antibodies were used to
construct chelating recombinant antibodies (CRAbs). Both
anti-EDA CRAb (F8-10aa-2H7) and CRAb (F8-18aa-2H7)
antibodies were able to accumulate selectively at the tumor site
what may be useful in the development of improved anti-cancer
biopharmaceuticals.
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The phage display technology is a valuable tool in biomedical
applications which offers rapid, efficient and relatively inex-
pensive methods for investigating protein-protein interactions,

Conclusions

paper. Phage display and its application is the subject of many
patents and the first therapeutic products obtained through this

receptor binding sites, identifying epitopes, mimotopes, func-

tional and accessible sites from antigens. Due to the high flexibil-
ity of this method, it has become the object of interest of many

researchers allowing the application of techniques based on phage

display to explore the mechanisms of disease, improve diagnostic

methods and design potential therapeutic agents and vaccines.
The application of the phage display technique in vaccine devel-

opment and delivery will be discussed in the second part of this
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