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Abstract

The application of repertoire selection technologies for the study and characterization of tumor heterogeneity is an area of
great interest in the field of tumor biology and immunotherapy. Among the most promising approaches, phage display has
been successfully used to select peptides and antibody fragments to a variety of different targets, including cancer cells,
immune cells and cytokines. Peptides selected from phage display have been used to guide the delivery of lytic peptides,
cytotoxic drugs, and nanoparticles to cancer cells with the aim to obtain more efficient and less toxic therapeutics. Addi-
tionally, antibodies developed through phage display are being used in the treatment of autoimmune diseases and in some
cases metastatic cancers. This review provides a short description of how phage libraries are designed, and highlights the
conversion of the isolated binders into human therapeutics and use in targeted therapies.
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Introduction

Phage display is a molecular technique in which phage DNA
is genetically modified to express on the phage surface a
peptide or protein fused to one of the phage coat proteins.
This strategy is fundamentally different from other bacte-
rial expression systems in that the displayed peptides or
proteins and the DNA encoding them are physically linked.
This physical linkage allows for screening large numbers of
phage clones in fluid phase and enrichment of high-affinity
binding clones whose coding sequences are then identified
through DNA sequencing. The strategy was first described
by George Smith in 1985 [1]. Since then, the technology has
gained attention leading to the construction of phage librar-
ies for both biotechnological and medical applications [2-5].
Proteins expressed on the phage surface may be peptides or
antibody fragments, such as single-chain variable fragments
(scFvs). Despite other in vitro methods, like yeast surface
display [6], ribosomal display [7], or puromycin display
[8], phage display is the most used method for the selec-
tion of human antibodies and cancer cell-binding peptides.
Indeed, several studies have successfully applied the phage
display technology to isolate peptides specifically targeting
surface antigens on tumor cells or tumor-associated vascu-
lature in mice [9-11]. Targeted delivery of compounds to
tumor vessels and tumor cells can enhance tumor detection
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and therapy. In addition to tumor-targeting peptides, phage
display opened up a whole new realm of possibilities in anti-
body discovery and engineering. By using this technology,
human monoclonal antibodies are now produced without
immunization [4, 11]. In 2018, the Nobel Prize in chemistry
was awarded to George P. Smith and Gregory P. Winter for
the phage display of peptides and antibodies. And to Frances
H. Arnold for the directed evolution of enzymes. All three
laureates have used the evolution principles to create pro-
teins/antibodies that can be used as pharmaceuticals. This
review provides a short description of the different peptide
and antibody libraries, and discusses how they can be used
to isolate cell-targeting peptides and human antibodies that
can counteract autoimmune diseases, and potentially cure
cancers.

Phage Vectors and Display Formats

The most common bacteriophages used in phage display are
M13 and fd filamentous phages though T4, and T7 phage
have also been used [2]. The M13 phage has high capac-
ity for replication and is able to accommodate large foreign
DNA, making it the most used phage display vector. It is a
non-lytic phage consisting of a limited number of structural
proteins assembled around a single-stranded circular genome

DNA (ssDNA) encoding the phage proteins (Fig. 1a). The
infection of host bacteria is carried out by the attachment of
phage plII to the F'-pilus of E. coli (Fig. 1b). The ssDNA
enters the bacteria where it is converted by the host enzymes
into double-stranded DNA that generates ssDNA and phage
proteins. Phage assembly occurs in or near the inner mem-
brane of host bacteria and in the periplasm [12]. Each M13
particle has 3-5 copies of the pllI protein, as opposed to the
most abundant coat protein pVIII with 2700 copies. These
two coat proteins have often been used for expression of
peptides, and high-affinity binders have been selected from
both systems. Antibody fragments are usually fused to N-ter-
minus of plII protein.

With respect to display formats, two main types of phage-
derived vectors have been used [13—15]: the one-gene sys-
tem where all copies of one coat protein are modified and the
two-gene system where the phage genome carries both wild
type and a recombinant version of the coat protein (Fig. 2a,
b). In the one-gene system, the peptide or antibody frag-
ment is displayed in a multivalent format where all copies
of the coat protein are expressed as fusion proteins. Larger
polypeptides affect the function of pVIII protein, whereas for
pIII larger fusion proteins are better tolerated although some
fusions may interfere with the interaction between plIIl and
F’ pilus, which can negatively affect both phage infectivity
and library diversity [12]. The two-gene system uses either

A B
pIX QA@ {
i1y &
H

3 F’-Pilus
Y 4‘(\/ Outer membrane ,m
fjé L A2 S L R O o U =n R S S
hoe kg .
(DY Periplasm l J ll

pviIl | () -_ ,\U ﬂ UA A a,UA pl pXI pIv
(%\« fw\J S S e . PP PP EEEPe
q} ) f/«J Cytoplasm TolA Inner membrane 'Thlore-
‘;é (ol ¢ 1; doxin
la o[l
WiWw l
;yﬂ\ ssDNA

VI
P dsDNA 0
¢ o plll \¥' pV d|mer ©¢
o0 *Replication \

Fig. 1 Filamentous phage M13. a Schematic representation of fila-
mentous phage. The different coat proteins are indicated. b Life cycle
of the filamentous phages. The phage binds to the tip of F'-pilus of
E. coli via the N-terminus of plII protein. Subsequently, the phage
coat proteins are removed by the host TolA protein and the ssDNA
is injected into the bacterial cell where it is converted into a double-
stranded form, called the replicative form [12]. After replication and
expression of phage coast proteins by host enzymes, ssDNA mol-

*Expression

ecules are then coated with pV protein dimers to prevent their con-
version into the replicative form. The proteins pl and pXI interact
with pIV to form a channel to facilitate phage secretion. Within the
channel, pV is replaced by pVIII and then mature phage particles are
assembled and released. Thioredoxin in the inner membrane facili-
tates the removal of pV from the DNA and addition of coat proteins.
Note that after gene expression and protein synthesis, phage coat pro-
teins are exported to the periplasm
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Fig.2 Different formats of phage display. In the one-gene system (a),
all copies of the coat protein are modified, and in the two-gene sys-
tem (b), there are both wild type and recombinant versions of the coat
protein on the phage. In the two-gene system one version of the coat
protein is modified (used for cloning) and the second version (wild
type gene) is provided by the helper phage or the M13 phage

a tandem repeat of the gene coding for the coat protein in
the phage genome, in which one of the copies is modified,
or a phagemid system (Fig. 2b). The relatively small size of
phagemids allows the cloning of larger fusion protein gene
fragments. Phagemids have higher transformation efficien-
cies than phage vectors, hence facilitating the construction
of large repertoires of peptide or antibody libraries [13].
Additionally, phagemids are genetically more stable than
recombinant phages under multiple propagations. Unlike
the phage vector, which contains all genes coding for phage
coat proteins, the phagemid vector contains only the gene
coding for the pIII fusion protein along with an antibiotic
resistance gene. Thus, co-infection with a helper phage is
required in phagemid system to provide the proteins neces-
sary for the assembly of intact phagemid virions. A helper
phage such as M13KO7 or VCSM13 is usually used [15]. In
most phagemid systems, the majority of copies are derived
from the helper phage, resulting in monovalent display. In
general, the phagemids are best suited for the display of anti-
bodies such as scFv and Fab fragments, but can also be used
to display peptides at a low valency [13].

With respect to expression, the incorporation of an amber
stop codon between the displayed protein and the phage coat
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protein permits fusion protein expression in suppressor
strains of E. coli such as TG1. However, in non-suppressor
strains such as HB2151, the soluble form of the recombinant
protein will be produced because such strains will not incor-
porate a glutamine at the amber codon [15]. As mentioned
above, the less commonly used T7 lytic phage that lyses
its bacterial host has also been used for the construction
of peptide libraries [16, 17]. In T7 phage system, peptide
sequences are typically fused to the C-terminal of the 10B
capsid protein. T7 libraries exhibit less bias than filamentous
phage libraries and longer peptide libraries (12—-20 mer) are
most often used for the discovery of cell-binding peptides
[16]. In contrast, short peptide libraries (7—12 mer) are more
popular in M 13 phage display.

Peptide Libraries
Construction of Random Peptide Libraries

In general, combinatorial peptide libraries are generated by
inserting DNA with random sequences into a phage vector.
Such DNA is generated in a PCR reaction using chemically
made degenerative DNA oligonucleotide containing, for
example, the NNK design rule [2, 18]. N stands for an equal
mixture of the deoxyribonucleotides G, A, T and C, and K
stands for an equal mixture of G and T (Fig. 3). All amino
acids are encoded by the 32 different codons represented
by the NNK design rule. Moreover, this design leads to the
elimination of two stop codons, except the amber stop codon
(UAG) that can be translated into glutamine in a SupE + E.
coli strain such as TG1 cells. Subsequent to PCR amplifica-
tion, purification, and digestion with the appropriate restric-
tion enzymes, the DNA encoding the random peptides is
ligated into pIII or pVIII gene, encoding either the minor or
major coat protein of M13 phage, respectively. After liga-
tion, DNA is electroporated into appropriate E. coli cells.
Although the electroporation efficiency of the competent
cells is high, usually the yield is much lower for ligation
products. Hence, several electroporations are needed to
obtain larger libraries (> 10° phages). After bacterial growth
and phage preparation, the complexity of each library should
be analyzed by sequencing random individual clones. All
amino acids should be present in the library and the fre-
quency of each amino acid should be in accordance with the
frequency predicted from the number of possible codons for
each amino acid. Apparently, some amino acids are over-
represented and some under-represented in all libraries, but
there was no marked deviation from a random distribution
of residues in any of the libraries [18, 19]. In principle, the
lower copy number of plII allows the selection of high-affin-
ity binders, whereas the high copy number of pVIII rather
selects for low-affinity binders.
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Fig.3 Random peptide libraries. The concept of random peptide
phage display is based on insertion of random oligonucleotides at the
appropriate location within one of the phage coat proteins such as the
N-terminus of plII or pVIII. Each amino acid residue in the inserted
peptides is randomly encoded by the degenerated codon (NNK).
Prior to cloning, the random oligonucleotides are then converted into
double-stranded DNAs using an annealing primer and klenow DNA
polymerase. Finally, the double-stranded DNAs are digested with
the appropriate restriction enzymes to produce DNA fragments that
can be cloned directly into a phage vector. The letter n represents the
number of inserted amino acid residues. Large peptide inserts up to
38 aa can be inserted into the N-terminus of plII protein without the
loss of phage infectivity or particle assembly [20]. It should be noted
that the incorporation of conserved cysteine residues at the desired
locations in the degenerated oligonucleotides (e.g., C(NNK),C)
allows the generation of cyclic peptide libraries [21]

In addition to linear (unstructured) peptides, cyclic pep-
tides have been displayed on the surface of M 13 or T7 phage
[19-22]. These constrained peptide libraries are constructed
by placing two or more invariant cysteines (C) in different
positions in the peptide sequences. For example, the CX,C
format (where X =any amino acids and » =number of amino
acids) has been used. The cysteines in the peptides are auto-
matically linked by oxidation either during the assembly of
the bacteriophage in the periplastic space of the bacteria or
in the culture medium. Phages displaying the cyclic pep-
tides by an intramolecular disulfide bond tend to exhibit
higher target-binding capacity because their rigid structures
minimize conformational entropy loss associated with the
binding. Moreover, cyclic peptides are far less susceptible

to proteolysis and often have increased biological activity
because of their conformational rigidity. It should be noted
that several phage display peptide libraries are commercially
available, e.g., PhD-7, PhD-12, and PhD-C7C (cyclic with
a disulfide bond) libraries can be purchased from New Eng-
land Biolabs. Disulfide-constrained library of the T7 phage
is most frequently constructed by using T7Select10-3b or
415-1b vector. Both vectors are commercially available from
Novagen.

Affinity Selection

Both peptide and antibody libraries are typically screened
by iterative cycles of selection against a target of interest
followed by amplification of the bound phages in E. coli
cells. This screening process is called biopanning, and in a
way mimics the in vivo immune selection process described
in “Mimicking the Immune System” section. In brief, the
affinity selection method is based on repeated cycles of incu-
bation, washing, elution of bound phages, phage amplifica-
tion, and re-selection of amplified phages. The target can
be an immobilized protein or a whole cell. With respect to
live cells, the screening process is usually done by incubat-
ing the phage library with target cells, and after washing
off non-bound phages, target-bound phages are eluted and
amplified in bacteria (Fig. 4a). The process of selection and
amplification is normally repeated 3-5 times to ensure the
enrichment of highly specific binding phages. The selec-
tion can be performed with adherent, non-adherent cells, or
in vivo. When using complex targets such as mammalian
cells, enhancement of specific binding above the background
phage binding is usually needed, as unspecific binding to
common membrane receptors is expected to impact the
quality of the obtained binders. To circumvent this prob-
lem, prior to affinity selection, pre-absorption of the phage
library on non-target cells can be used to deplete phages that
bind to common receptors. Each biopanning step must also
be optimized for the type of cells being used. In cases where
ligands for the investigated targets are known, competitive
elution can be used.

In addition to in vitro selection, several groups have suc-
cessfully identified targeting ligands by using in vivo bio-
panning [23, 24]. Briefly, following injection of a peptide
or antibody library into an animal, the tissues of interest are
harvested, washed, and the eluted phages are amplified in
E. coli and then used in subsequent rounds of injection and
selection (Fig. 4b) [23]. Peptides identified using in vivo
biopanning may prove to be of better clinical significance
given that they are selected in the disease model of choice.
However, most animal models do not accurately mimic the
human disease condition. For instance, subcutaneous xeno-
graft models cannot mimic the complexity of the tumor vas-
culature in humans as the extent of angiogenic heterogeneity
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Fig.4 Affinity selection. In cell-based protocol (a), the phage library
is incubated with the desired target cells. After incubation, unbound
phages are removed by washing and bound phages are eluted and
propagated in E. coli, and then used for further rounds of selection.
To enrich for specific binders, usually 3-5 rounds are performed.
In in vivo protocol (b), the library is often i.v. injected into the ani-

in malignant neoplasms is regulated by the organ microenvi-
ronment. Regardless of the method used in phage selection,
several cancer cell-binding peptides and antibody fragments
were identified using phage display technology. The exam-
ples listed below illustrate the versatility of phage display
with respect to ligand discovery and engineering.

Examples of Cell-Targeting Peptides

Peptide libraries were initially applied to the epitope map-
ping of monoclonal antibodies and to study the specificity
of auto-antibodies present in patient sera [25-27]. Shortly
after its discovery by Smith, several groups have also imple-
mented the technology to select cell-binding peptides for
use in cancer therapy [28—76] (Table 1). Using in vivo bio-
panning, Ruoslahti et al. [23] have isolated several organ
and tumor-homing peptides. Several integrin proteins, the
a,, integrins in particular, function as receptors for the pep-
tides that contain the Arg-Gly-Asp (RGD) binding site [23,
28]. Early studies found that the binding of the GACRGD-
CLGA peptide with one disulfide bond was 10 times more
efficient than linear RGD-containing peptides. Further
studies by the same group identified the RGD-4C peptide
(CGCRGDCEFC), which contains two disulfide bonds, to be
more efficient and selective for the o, integrins [29]. The
RGD-4C peptide bound preferentially to integrins at sites
of tumor angiogenesis and inflamed synovium in vivo, and
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mal and allowed to circulate for few minutes. Subsequently, phages
are recovered from the desired organ or tissues, amplified in E. coli
and then used for a second round of selection using a second ani-
mal. After the desired rounds of selection, phage clones are rescued
from tissues, amplified and then sequenced to determine the peptide
sequences

can be internalized into targeted cells. The peptide was used
to enhance the delivery of chemodrugs to cancer cells and
to reduce the toxicity associated with the free drugs [30,
31]. Additionally, the RGD-4C peptide was conjugated to
either a pro-apoptotic peptide domain to treat tumors and
inflammatory arthritis, or to radioactive labels for imaging
of tumor tissues [28].

While the RGD peptides have been shown to be efficient
at tumor targeting, they lack selectivity as many cells express
the a, integrins. Oyama et al. [37] isolated from phage dis-
play a peptide, named H2009.1, (RGDLATRQLAQEDGV-
VGVR) which bound to the integrin o6 and did not bind
other more widely expressed RGD-binding integrins. Inte-
grin o, 36 is highly expressed in many malignancies, but is
usually expressed at low or undetectable levels in normal
adult tissues. The authors also established an experimental
protocol for selecting peptides that target specific cellular
compartments such as the lysosomes [52]. Sugahara et al.
[47] used a cyclic peptide library displayed on T7 phage to
identify peptides that bind tumor blood vessels in an experi-
mental mouse model of human prostate cancer. One of the
selected cyclic peptides iRGD (internalizing RGD) with
sequence CRGDKGPDC was internalized by the prostate
cancer cell line PPC1. The binding and internalization of the
peptide requires both o, 3 integrin and neuropilin-1 (NRP-
1), a membrane-bound receptor that plays an important role
in normal neuronal and vascular development. NRP-1 is
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Table 1 Examples of targeting

) Cancer type Target cells Peptide sequence
peptides selected from phage
peptide libraries Breast MDA-MB-435 CGCRGDCFC RGD-4C [29]*
CNGRCVSGCAGRC [32]
CGNKRTRGC [33]
SKBR3 LTVSPWY, WNLPWYYSVSPT [34]
Bladder HT-1376 CSNRDAARRC [35]
Glioma G26-H2 and SnB19-pcDNA cells CGEMGWYVRC [36]
Non-small cell lung cancer ~ H2009 RGDLATRQLAQEDGVVGVR [37]
H1299 VSQTMRQTAVPLLWFWTGSL [38]
H460 EAMNSAEQSAAVVQWEKRRI [38]
CL1-5 TDSILRSYDWTY [39]
H460 GAMHLPWHMGTL [40]
NPWEEQGYRYSM [40]
NNPWREMMYIEI [40]
Head and neck MDA167Tu TSPLNIHNGQKL [41]
Hepatocarcinoma SMMC-7721 KSLSRHDHIHHH [42]
Lymphoma Molt-4 CAYURLRRC [43]
Melanoma ME6652/4 CTVALPGGYVRVC [44]
Neuroblastoma WAC 2 HLQIQPWYPQIS [45]
Prostate DU-145 FRPNRAQDYNTN [46]
PPC1 CRGDKGPDC [47]

Peptides selected using

Target: recombinant proteins

MYWGDSHWLQYWYE [48]

recombinant proteins

YHWYGYTPQNVI [49]
CSDSWHYWC [50]
CTTHWGFTLC [51]

“Reference

highly expressed in a variety of solid tumors such as pros-
tate, breast, pancreatic, lung, ovarian, and gastrointestinal
carcinomas [53]. Targeted delivery of chemodrugs such
as abraxane with the iRGD peptide significantly improved
the antitumor potency of the conjugates [47]. Additionally,
magnetic resonance imaging with iRGD peptide-coated iron
oxide nanoworms in orthotopic xenograft tumor-bearing
mice improved the sensitivity of tumor imaging. Interest-
ingly, the cell-penetrating activity of iRGD peptide was
far greater than that of conventional RGD peptides [47].
Hence, the iRGD peptide could be developed as vehicles
to deliver drug payload or imaging probes to tumor sites.
Similarly, Li et al. [54] identified a cyclic peptide (CTP-
SPFSHC) that bound to endothelial cells present in human
colorectal cancer. The peptide was used to guide the delivery
of pro-apoptotic peptides and chemodrugs to tumor cells
[54]. Pasqualini et al. [32] also isolated the NGR peptide
(CNGRCVSGCAGRC), a bicyclic tumor-targeting peptide
that bound to aminopeptidase N (CD13), which is highly
expressed by endothelial tumor cells such as scirrhous
gastric cancer, pancreatic cancer, and non-small cell lung
carcinoma. Similar to RGD peptide [55], NGR peptide-
doxorubicin conjugates inhibited tumor growth and pro-
longed mouse survival [56]. Moreover, NGR-liposomal
doxorubicin formulations inhibited neuroblastoma tumor
growth in an orthotopic xenograft mouse model. Given the

role of aminopeptidase N in angiogenesis, the data highlight
a potential new target for both inhibiting angiogenesis and
targeting tumor cells.

The cyclic LyP-1 peptide (CGNKRTRGC) was the first
lymphatic vessel targeting peptide identified by phage dis-
play screening using human xenograft models of breast
cancer [33]. It recognizes both lymphatic vessels and
tumor cells. Conjugation of paclitaxel to the LyP-1 pep-
tide enhanced the antitumor activity of the drug [57, 58].
Similarly, affinity selection of a peptide phage library on
bladder tumor cells led to the selection of a cyclic peptide
(CSNRDAARRC) that bound to bladder tumor cells [35].
When fused to an apoptotic peptide [(KLAKLAK), pep-
tide], the fusion peptide selectively bound to HT 1376 blad-
der tumor cells and efficiently internalized into the cells
but not to other tumors or normal cells [59]. Moreover, the
fusion peptide inhibited tumor growth. The peptide sequence
(KLAKLAK), is known to induce apoptosis in mammalian
cells by disrupting the mitochondrial membrane, and only
when internalized [60].

We have optimized the affinity selection conditions and
isolated cancer cell- or immune cell-binding peptides with
good affinity and specificity [34, 61]. For example, the
LTVSPWY peptide was isolated using an affinity selec-
tion protocol designed to enrich for internalized phages
[34]. As such, the selected peptides are attractive vehicle
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to deliver cytotoxic drugs and can also be used in diag-
nostics. With respect to specificity, the LTVSPWY peptide
bound preferentially to HER2/ErbB2-positive cancer cells
and was able to deliver therapeutics and imaging agents
to cancer cells in vitro and in vivo [62—65]. Moreover, the
LTVSPWY peptide has been used to target lytic peptides
to cancer cells. The fusion peptides selectively induced
cell death in breast cancer cell lines when compared to
free (KLAKLAK), lytic peptide [66, 67]. With respect to
specificity, only three peptides selected from phage dis-
play, LTVSPW, KCCYSL, and MYWGDSHWLQYWYE,
have been found to preferentially recognize HER2-positive
tumors [10, 48].

The epidermal growth receptor (EGFR) is a cell surface
protein that binds to epidermal growth factors and is overex-
pressed in a variety of human tumors, making it an excellent
target for drug delivery [68]. Li et al. [49] screened a phage
peptide library and identified a peptide named GE11 (YHW-
YGYTPQNVI) that showed specific binding to EGFR. The
peptide was internalized into cancer cells with high EGFR
expression levels. GE-11-lytic peptide conjugates killed can-
cer cells in culture and inhibited tumor growth in mice [69].
Additionally, doxorubicin-peptide conjugates killed EGFR-
positive cells and peptide liposome formulations have been
used to image EGFR-positive tumors in mice [70]. In addi-
tion to EGFR, vascular endothelium growth factor (VEGF)
receptors are also involved in cancers [71]. Qin et al. [50]
selected a peptide (CSDSWHY WC) that showed high affin-
ity to VEGF receptor 3. Activation of this receptor by its
ligand in several types of solid tumors increased cancer
cell mobility and invasion potential, resulting in cancer
cell metastasis. Today, anti-angiogenesis agents represent
standard-of-care therapies for multiple types of cancers [71].

Matrix metalloproteinases (MMPs) derived from both
tumor cells and stromal compartment are regarded as a
major player assisting tumor cells during metastasis [72].
Koivunen et al. [51] isolated several cyclic peptides that
were found to be selective inhibitors of MMP-2 and MMP-9.
These peptides inhibited endothelial and tumor cell migra-
tion in vitro and, more important, prevent tumor growth
and invasion in mouse models of human breast carcinoma.
Moreover, targeting liposomal formulations of doxorubicin
with the CTT peptide increased survival of tumor-bearing
mice [73, 74].

Glioblastoma multiforme (GBM) remains one of the most
lethal primary brain tumors despite surgical and therapeutic
advancements [75]. Interleukin 13 receptor a2 (IL-13Ra2)
is overexpressed in a majority of patients with GBM, but is
not found in normal brain cells. Pandya et al. [36] screened
a disulfide-constrained heptapeptide phage display library
on GBM cells, and isolated several binding peptides. One
of these peptides, CGEMGWVRC bound to IL-13Ra2
with high specificity and homed to both subcutaneous and

@ Springer

orthotopic human GBM xenografts expressing IL-13Ra2
when administered intravenously.

Lung cancer is the leading cause of cancer-related mortal-
ity in both men and women, accounting for about 27% of all
cancer deaths [76]. The most common type is non-small cell
lung cancer (NSCLC) which makes up about 80-85% of all
cases. The majority of NSCLC patients are diagnosed with
advanced-stage disease and almost all will develop incur-
able metastatic disease. NSCLC-targeting peptides could
be used to guide the delivery of drugs, nanoparticles, and
toxins. McGuire et al. [38] affinity selected peptide librar-
ies on a large panel of NSCLC cell lines and isolated 11
novel peptides, some of which homed to tumors in vivo
and bound to patient tumor samples ex vivo. A significant
correlation was found with an epithelial or mesenchymal
phenotype and peptide-binding profiles. Similarly, Chang
et al. [39] isolated a peptide (TDSILRSYDWTY) that spe-
cifically bound to NSCLC cell lines both in vivo and in vivo.
Conjugation of this peptide to liposomes containing doxo-
rubicin and vinorelbine increased the therapeutic potency
of the conjugates when compared to free drugs [39]. Using
large cell carcinoma cell line H460, Chi et al. also selected
three peptides (GAMHLPWHMGTL, NPWEEQGYRYSM,
NNPWREMMYIEI) that bound to both SCLC and NSCLC
cell lines [40]. The peptides enhanced the therapeutic effi-
cacy of liposomal drugs through their targeting and endo-
cytosis abilities. Hence, they can be incorporated into thera-
nostic strategies to enhance drug efficacy and reduce side
effects associated with free chemodrugs.

Although several peptides derived from random peptide
phage libraries have been used to guide the delivery of chem-
odrugs and apoptotic peptides to obtain more efficient and
less toxic therapeutics, systematic experimental approaches
for receptor identification are missing. This is a key chal-
lenge as the identification of peptide-binding receptors is
necessary for basic and clinical applications. Compared to
alterations that may be discovered through genomic and pro-
teomic profiling, aberrant post-translational modifications on
proteins or lipids, such as glycosylation, could be targeted by
the selected peptides. Moreover, the binding of the receptors
to the peptides could be facilitated by the neighboring pro-
teins. Indeed, plasma membrane proteins typically need to
be embedded in their natural environment within living cells
to exhibit binding properties. Although useful for interaction
studies, affinity-based techniques such as immunoprecipi-
tations are usually limited to high-affinity interactions and
will usually be ineffective when involving plasma membrane
proteins that are often hydrophobic and present in relatively
low levels. Hence, specific methods should be developed
for cancer cell-binding peptides or antibody like fragments
selected from phage display libraries. For example, the use
of functional cross-linking reagents such as Sulfo-SBED
would allow the capture of the receptors bound to peptides
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on the surface of live cells followed by identification of the
captured receptors by mass spectrometry [77, 78]. We have
used the Sulfo-SBED method and identified several pep-
tide- and antibody-binding membrane proteins that are under
investigation. The Sulfo-SBED reagent contains an amine
reactive group for ligand labeling separated by a disulfide
bond from a biotin and a UV-activated aryl azide cross-
linking group.

Improving Peptide Stability, Affinity, and Circulation
Time

As therapeutics, peptides often suffer from several limi-
tations such as poor oral bioavailability, rapid clearance,
short half-life, and sometimes low solubility [79]. Thus, the
major challenge currently facing the field is to move pep-
tides selected from phage display into the clinic. Given the
significant advances in medicinal chemistry, a set series of
optimization techniques may be used to improve the affin-
ity and stability of the selected peptides. With respect to
binding, alanine scanning can rank residues in terms of
importance to binding affinity, and motifs of two or more
key residues can then be identified and optimized. L-Amino
acids may also be replaced with their p-amino acid counter-
parts to improve activity and/or confer increased stability
to enzymatic degradation. However, the change in chirality
upon incorporation of D-amino acids into cyclic peptides can
alter backbone conformation and may reduce binding affin-
ity. The degradation of linear peptides by proteases can be
prevented via peptide cyclization, modifications that block
the C- and N-terminus, and inclusion of unnatural amino
acids [80]. Moreover, tetramerization of the selected pep-
tides can increase their serum stability and binding affinity
[81]. Multivalent targeting strategy can provide sufficient
avidity to overcome the low affinity of monovalent peptides
selected from phage libraries.

Notably, the kidney filtration threshold for proteins is
60 kDa. Proteins between 45 and 60 kDa still show limited
filtration; however, those with a size of <15 kDa are freely
filtered out [82]. Therefore, peptides with low molecular
weights (<2-15 kDa) are susceptible to rapid filtration via
the kidney. To increase circulation time, usually therapeutic
peptides and smaller proteins are fused either to polyethyl-
ene glycol, human serum albumin (HSA), or Fc fragment
of human IgG [83, 84]. Both HSA and IgG bind to neonatal
Fc receptor (FcRn) [85], leading to increased circulation
times due to antibody escape from intracellular lysosomal
degradation mediated by FcRn [86]. Accordingly, fusing
cancer cell-binding peptides selected from peptide libraries
to the Fc domain of human IgG offers a new way for the
development of new targeted immunotherapies. Like anti-
bodies, the fusion protein forms a homodimer due to the
strong interactions of the CH3 domains. Given their small

size (52-64 kDa), peptide-Fc fusions are expected to have
good tissue penetration as compared to antibodies (150 kDa)
[86, 87].

By coupling cancer cell-binding peptides to the Fc
domain of human IgG1, we have married the targeting
specificities of some peptides with the effector function
of antibodies such as the induction of antibody-dependent
cellular cytotoxicity (ADCC) [88, 89]. Similarly, Qin and
colleagues converted a peptide selected from phage display
into a peptide-Fc fusion that depleted myeloid-derived sup-
pressor cells in tumor-bearing mice [90]. The fusion protein
eliminated myeloid-derived suppressor cells without affect-
ing other pro-inflammatory cells, including dendritic cells
and lymphocytes. Of note, several Fc-fusion proteins have
been used as research tools and more significantly as protein
therapeutics. For example, etanercept, which is composed of
the 75 kDa soluble extracellular domain of the TNF-a recep-
tor II fused to the Fc domain of human IgG1, is the first suc-
cessful example of using a soluble receptor-Fc fusion protein
as a therapeutic drug [91, 92]. A peptide mimic of throm-
bopoietin selected from phage display was the first peptide-
Fc fusion protein (romiplostim, AMG-531) developed for
the treatment of chronic immune thrombocytopenia purpura
[93]. Trebananib (AMG 386) is also a peptide-Fc fusion with
dual specificity to angiopoietin (Ang)-1 and -2 [94]. AMG
386 neutralizes the binding of two soluble ligands, Ang-1
and Ang-2, to the Tie-2 receptor tyrosine kinase, resulting in
the inhibition of tumor angiogenesis [95]. Collectively, these
data show that peptides derived from phage libraries can be
turned into true human therapeutics or delivery agents.

Antibody Libraries
Mimicking the Inmune System

Phage antibody libraries are constructed by PCR-based
cloning of VH and VL repertoires by random pairing into
a phage or phagemid vector system and displayed on the
surface of bacteriophage [96]. As such, the technique mim-
ics the assembly and production of antibodies by B cells.
Indeed, each B cell is a self-replicating packaged system
containing antibody genes that encodes the antibody dis-
played on its surface. First, in the natural course of B cell
development, functional immunoglobulin (Ig) genes are
assembled randomly from heavy chain variable (VH) and
light chain variable (VL) gene segments, leading to the
generation of the naive repertoire capable of reacting with
unlimited number of foreign antigens [97]. Second, during
the activation period with antigens, each B cell undergoes a
process called somatic hypermutation in which amino acid
residues particularly in the complementarity-determining
regions (CDRs) are mutated [98]. This step of somatic
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A B-cell expressing (
an antibody (IgM) binds
to the target antigen

Antigen

Naive repertoire

Fig.5 Selection of antigen-binding B cells. Naive B cell repertoire
consists of around 2.3x 107 B cells, each expressing a unique anti-
body-binding site on their surface (IgM). Exposure to antigen selects
from this repertoire those lymphocytes that produce antigen-reactive
antibodies, and induces the process of somatic mutations in the V
genes, resulting in generation of antibodies with various affinity to

hypermutation plays an essential role in increasing both the
affinity and selectivity of antibodies for their target antigens
(Fig. 5). In phage display, this in vivo step can be mimicked
by strategies such as site-directed mutagenesis and heavy/
light chain shuffling [96]. Subsequent to affinity maturation,
B cells expressing antibodies with high affinity for the target
antigen are clonally expanded to generate memory B cells
and antibody secreting plasma cells. Of note, the repertoire
of Igs is selectable because in each B cell both genotype and
phenotype are linked as in phage antibody display libraries.

Challenges of Making Human Antibodies

There has been interest in using antibodies clinically since
the beginning of the nineteenth century. However, develop-
ing specific antibodies was initially limited to polyclonal
antibodies, which required a large numbers of animals
immunized with the desired antigen. In 1975, Milstein and
Kohler [99] developed the hybridoma technology for the
production of monoclonal antibodies (mAbs). The method
is based on the fusion of spleen cells (antibody secreting
B cells) from an immunized animal with murine myeloma
cells, resulting in the generation of hybrid cells (hybrido-
mas) that could be maintained in tissue culture to secrete
specific mAbs (Fig. 6). This technology gave rise to the
field of therapeutic antibodies, and in 1985 the first mAb,
Muromonab-anti-CD3, was approved by the FDA. However,
the immunogenicity of murine-derived mAbs precludes
their use in chronic or recurrent human diseases such as
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the same antigen. The B cells displaying the best antibody with the
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germinal center and require T cell help

inflammation or cancer. Mouse mAbs are frequently recog-
nized as foreign by the patients leading to the development
of human anti-mouse antibody (HAMA) responses [100]. By
replacing mouse sequences with human framework homolo-
gous sequences, antibody humanization partially bypasses
the HAMA responses [101].

Taking into consideration the challenges mentioned
above, and inspired by phage display of peptide libraries and
the assembly of Ig genes in B cells, Winter and colleagues
demonstrated that large combinatorial antibody libraries
created by random combination of genes for the heavy and
light chain variable domains can be displayed on the surface
of filamentous phage M13 [96, 102]. Notably, advances in
recombinant DNA technology through the introduction of
the polymerase chain reaction (PCR) technique have per-
mitted the rapid isolation and cloning of various antibody
domains and the construction of antibody libraries. Defined
sets of primers specific for the different VH and VL gene
families facilitated the amplification of all VH and VL gene
repertoire that is randomly spliced together to create single-
chain variable (scFv) or Fab fragment antibody libraries
expressed on the surface of phages, thereby enabling rapid
affinity selection from large libraries [102—106].

Origin of IgV Genes
Antibody gene segments can be obtained either from nor-

mal B cell sources or synthetic methods (Fig. 7). In natu-
ral libraries, the V genes are derived from non-immune or
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Fig.6 Principle of hybridoma technology. Mouse spleen B cells from
an immunized mouse and mouse myeloma cells are fused with the
use of the polyethylene glycol (PEG) mediated cell fusion method,
and then selected in hypoxanthine aminopterin-thymidine (HAT)
medium. The HGPRT gene is required for the generation of nucle-
osides from nucleic acids via the salvage pathway. The myeloma
cells used for hybridoma technology are defective in HGPRT gene
and therefore will not grow in HAT medium. The fusion cells will

immune donors. Phage antibody libraries with a natural
antibody repertoire from different species than human have
also been cloned and displayed on phages [11]. The first
naive phage antibody library was made by amplification
of rearranged variable domain sequences from peripheral
blood lymphocytes of non-immunized donors [96]. These
libraries from non-immune donors permit the isolation of
antibodies against a wide range of antigens, including non-
immunogenic and toxic antigens [106]. The major draw-
back of these libraries is that the selected mAbs often have
low affinity compared to that of antibodies from primary
immune responses. However, once an antibody with desired
specificity has been identified, its affinity and binding kinet-
ics can be improved via mutagenesis, which is often done
by introducing random or specific mutations in the CDR3
regions or the exchange of the light chains by chain shuffling
[107-109]. Light chain shuffling combines the heavy chains
of a selected antibody with the whole light chain repertoire
of the naive library. Antibody phage libraries can also be
constructed from immunized patients or animals [110-112].
The use of immune libraries as a source of diversity is attrac-
tive and can lead to the selection of therapeutic antibodies

3%

Myeloma
o cells (HGPRT -)

PEG-
fusion

Hybridomas

e

HAT selection
and screening for
desired antibody

survive because they contain a functional HGPRT gene (from the B
cells). Primary B cells will not survive in culture very long and even-
tually all will die. The selection process in HAT medium will yield
healthy hybrid cells that contain the HGPRT gene which can be fur-
ther screened for specific antibody production using the antigen used
for immunization. Positive cultures will be cloned by limiting dilution
using 96-well culture plates, resulting in the generation of hybridoma
clones that produce monoclonal antibodies [99]

with high affinities comparable to those of antibodies pro-
duced in secondary immune responses. The selection of such
high-affinity antibodies can be achieved even from immune
libraries with relatively small diversity [110]. Immune anti-
body libraries have been constructed from the rearranged
V-gene repertoire of patients with microbial infections
(viruses, parasites, bacteria), tumor transformation, and
autoimmune diseases [111-115]. These type of antibody
libraries can be used for selection of antibodies against sev-
eral antigens of the same disease. However, if a single anti-
gen is used for immunization, a new library would have to
be constructed for each antigen.

Unlike natural libraries, synthetic antibody libraries dis-
play artificially made diversity in V-gene segments. Rand-
omized CDR regions are usually inserted into the synthetic
VH and VL framework sequences. These libraries allow
the isolation of high-affinity antibodies against any anti-
gen, including non-immunogenic, toxic, and self antigens.
The HuCal library was the first generated synthetic library
consisting of 10'° fully human Fab fragments, which has
yielded antibodies with nanomolar (nM) affinities to a num-
ber of antigens [116]. The framework diversity is limited
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Fig.7 Generation of antibody
libraries. Repertoires of anti-
body fragments can be gener-
ated by PCR from rearranged V
genes derived either from naive
or activated B cells subsequent
to immunization or infection.
Rearranged V-gene segments
coding for the heavy and the
light chains are PCR amplified
from cDNAs, randomly paired
to generate diverse repertoires.
The assembled scFv repertoires
are then cloned into a phagemid
vector in order to be expressed ¢
on the surface of the phage as
single-chain Fv or Fab antibody
libraries. Similarly, V-gene
repertoires can be assembled
from human V-gene segments
rearranged in vitro (synthetic
repertoires). Mutations within
the CDR regions can be
introduced in order to mimic
immune libraries

-Normal donors

=

to seven heavy and seven light chain consensus sequences.
More recently, a large fully synthetic human Fab antibody
library (named Ylanthia) has been generated by means of 36
fixed VH/VL framework pairings and contains a diversity
of 10" [117].

Naive libraries in which the CDR3s of the heavy chains
are replaced by random sequences are often called semi-
synthetic libraries [118]. Semi-synthetic libraries are a
combination of donor-derived Ig sequence with synthetic
diversity in all or some of the CDR sequences, particu-
larly the CDR3 domain. The introduction of diversity in
the CDRs of germline V-gene segments bypasses the use
of immunization [119]. The first semi-synthetic library was
constructed by Hoogenboom and Winter [120]. Here, a rep-
ertoire of human VH genes from 49 human germline VH
gene segments was rearranged in vitro in combination with
a synthetic CDR3 of five or eight residues. These in vitro
rearranged VH genes were cloned with a human VA3 light
chain as scFv fragments for phage display. Since then, sev-
eral synthetic antibody libraries were constructed and used
to select high-affinity human antibodies. Generating antibod-
ies against self or toxic antigens is limited if immunization is
to be employed. In particular, human autoantigens are highly
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conserved amongst most routinely used laboratory mammals
such as mice or rats.

Improving Antibody Function

Similar to peptides, once an antibody fragment candidate
that binds to a specific target is identified, it can be further
engineered for enhanced pharmacology and beyond. Engi-
neering strategies aim to improve stability, effector func-
tions, and reduce aggregation. Fc modifications to enhance
antibody function or circulation times are common [4]. In
the case of neutralizing Abs, the effector function should be
reduced or eliminated. Due to their lack of effector func-
tions, IgG4 antibodies represent the preferred IgG subclass
for receptor blocking. Recombinant human IgG antibod-
ies completely devoid of immune effector functions can
be generated by mutations in the CH2 domain of human
IgG1 or IgG2 [4]. Stability strategies include formulation
adjustment, specific point mutations, and alteration of the
disulfide bond in the Fab domain [121-123]. Bioinformatic
approaches can also be used to improve antibody affin-
ity [124, 125]. For example, Lippow et al. [126] gener-
ated higher affinity variants for three antibody targets by



Molecular Biotechnology (2019) 61:286-303

297

computationally selecting mutations that improved anti-
body—antigen interaction energy, focusing on binding elec-
trostatics. Therefore, one may search for affinity improving
mutations by evaluating for example electrostatics and van
der Waals energies involved in antibody—antigen complex
formation. Regardless of the modifications, a good balance
between affinity, solubility, stability, and activity needs to
be maintained in order to maximize the chances of any lead
to work in clinical trials. Although outside the scope of this
review, phage antibody fragments can be converted into
bispecific antibodies or chimeric antigen receptors, with the
aim to retarget T cells to a tumor for cancer immunotherapy
[127]. Moreover, phage antibodies can be included in a wide
variety of tailored theranostic agents. Various nanotechnol-
ogy strategies are now exploiting antibodies and peptides
as targeting ligands and as payloads for diagnostics and/or
drug delivery [128].

Examples of Phage-Derived Antibodies in Clinical
Use

Given the induction of HAMA by murine antibodies, clinical
mAbs should be as human as possible. Antibodies that are
fully human are now being produced from phage display and
transgenic mice [105, 129]. The number of phage library-
derived antibodies currently in clinical use, such as adali-
mumab and belimumab, demonstrates that the technology
is a reliable discovery platform. In addition to therapy, anti-
body fragments are particularly desirable for tumor imaging,
where better tissue penetration and rapid clearance from the
body are required. Once a Fab or scFv antibody fragment
with the desired affinity and specificity for a target protein
has been selected, it may prove useful to convert it into an
intact human antibody. Moreover, its affinity may signifi-
cantly improve due to the bivalent nature of the IgG format.
Compared with antibody fragments, whole IgGs have an
extended serum half-life and are therefore the preferred for-
mat for therapeutic mAbs. The antibodies listed in Table 2
were converted to the IgG format from the antibody frag-
ments initially isolated from phage libraries.

Adalimumab was the first phage display-derived mAb, as
well as the first human antibody, approved for therapy [138].
It is a human IgG1 antibody that binds to TNF-a and neu-
tralizes its function. Adalimumab is approved for the treat-
ment of inflammatory diseases such as rheumatoid arthritis,
psoriasis, and ulcerative colitis [139]. The B lymphocyte
stimulator (BLyS), also known as BAFF, has a unique role in
B cell differentiation and is involved in the pathogenesis of
autoimmune diseases such as systemic lupus erythematosus
(SLE) [140, 141]. Affinity selection of a scFv phage library
on recombinant BLyS protein identified some binders, one
of which was affinity matured to generate an antibody named

Table 2 Examples of approved phage display-derived antibodies

Antibody Target
Adalimumab TNFa [138]*
Belimumab BLyS [130]
Raxibacumab PA83 of Bacillus

anthracis [131]
Ranibizumab VEGF-A [132]
Ramucirumab VEGF-R2 [133]
Necitumumab EGFR [134]
Fresolimumab TGF-p [135]
Mapatumumab TRAIL-R1 [135]
Cixutumumab IGF-1R [136]
Lexatumumab TRAIL-R2 [137]
“Reference

belimumab that is approved for the treatment of autoimmune
diseases, mainly SLE [130].

Several growth and angiogenic factors, including epi-
dermal growth factor receptor (EGFR), insulin-like growth
factor-1 receptor (IGF-1R), transforming growth factor f
(TGF-p), and vascular endothelial growth factor A (VEGF-
A), play important roles in diverse diseases such as can-
cer and autoimmunity [142, 143]. Moreover, some of these
receptors also showed higher expression levels in tumors
that recurred. These findings prompted the development of a
number of drugs that targeted these receptors. Bevacizumab
is a humanized antibody that binds to VEGF-A and neutral-
izes its activity [144]. This antibody was affinity matured
using phage display in the Fab format to generate ranibi-
zumab that differs from bevacizumab at five residues in the
variable domains and one residue in the constant domain
[132]. Based on several clinical data, ranibizumab was
approved by FDA in 2006 for the treatment of age-related
macular edema. And later, it was approved for the treatment
of diabetic macular edema, and diabetic retinopathy [132].
Ramucirumab is a fully human IgG1 mAb that binds to the
VEGF-R2 and functions as a receptor antagonist [133].
Necitumumab was identified by screening an antibody
library on epidermal carcinoma cells (A431), which express
high levels of EGFR [134]. By binding to the EGFR, the
antibody blocks the binding of EGF, resulting in the inhibi-
tion of the receptor activation. Necitumumab was approved
in 2015 for combination therapy with gemcitabine and cispl-
atin for the treatment of squamous NSCLC. Fresolimumab is
a human IgG4 mAb that binds and neutralizes all TGF-f iso-
forms [145]. It is developed for the treatment of idiopathic
pulmonary fibrosis, focal segmental glomerulosclerosis, and
cancer. Cixutumumab is a human IgG1 mAb that binds to
the human IGF-1 receptor and blocks receptor activation
[136]. The antibody is still under clinical evaluation.
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TNF-related apoptosis inducing ligand (TRAIL), a mem-
ber of the TNF superfamily, interacts with its functional
death receptors and induces apoptosis in a wide range of
cancer types [146, 147]. Hence, TRAIL has been consid-
ered as an attractive agent for cancer therapy and numerous
small agonist molecules were developed. Mapatumumab is
phage display-derived human mAb that binds to TRAIL-
R1 and induces apoptosis in cancer cells. It demonstrated
safety and tolerability in cancer patients with advanced solid
tumors or non-Hodgkin’s lymphoma, both as a single agent
and in combination with chemotherapy [135]. Adams et al.
also used phage display to develop a fully human, affinity-
matured IgG1 monoclonal antibody (Apomab) that induced
apoptosis upon interaction with human TRAIL-R2 [137].
The antibody showed a potent antitumor activity as a sin-
gle agent and in combination with chemotherapy in several
human xenograft models (colorectal, non-small cell lung,
and pancreatic cancer cell lines).

In addition to cancer and autoimmune diseases, phage
display can be used to generate antibodies against infectious
agents. Anthrax is a zoonotic infection caused by Bacil-
lus anthracis, which produces two protein toxins contain-
ing the protective antigen (PA) with either or both edema
factor (EF) and lethal factor (LF) [148]. Toxin complexes
are internalized by mammalian cells via endocytosis and
the LF and EF factors are released into the cytosol where
they trigger anthrax pathogenesis. Raxibacumab, a phage
library-derived human mAb, binds to PA and neutralizes
its function, thereby blocking the interaction of LF and EF
factors with the toxin receptor in mammalian cells [131].
The antibody was selected from a naive human scFv phage
library, and in 2012, the FDA approved it to treat inhala-
tional anthrax. Rabies is another infectious disease that
spreads from animals to humans. The rabies virus causes
the disease by infecting nerve cells. Using an immune scFv
library, several neutralizing antibodies were selected. The

PC3-Prostate _ _
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Fig.8 Confocal microscopy images showing the distribution of the
MSS5 antibody-receptor complexes. Cancer cells were stained with
fluorescein-labeled antibody at 4 °C and then incubated at 37 °C for
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best were named foravirumab and rafivirumab and both are
under clinical development [149]. In addition to the opti-
mized antibodies indicated above, numerous scFv antibody
fragments have been selected from antibody libraries and are
under preclinical or clinical development [11, 105].

More recently, we have developed a selection protocol
to isolate scFv antibodies with “pan-cancer binding abili-
ties” from a semi-synthetic human scFv antibody library
[150]. The library was sequentially affinity selected on a
panel of human cancer cell lines and specific scFv antibody
fragments were selected. One of the selected scFv antibody
fragments was converted into human IgG1 antibody. The
engineered antibodies (named MS5-Fc) inhibited the growth
of three human tumor xenografts, suggesting that it may be
useful in treating a diverse array of oncologic indications.
After binding to cells, the antibody-receptor complexes
showed different distribution patterns depending on the type
of cancer cells. As shown in Fig. 8, prostate cancer cell lines
internalized the antibody-receptor complexes, while lym-
phoma and breast cancer cell lines did not. Moreover, the
antibody-receptor complexes exhibited distinct membrane
distribution profiles in different cells. These results indicate
that antibody internalization and membrane distribution is
not only dependent on the antibody and the antigen recog-
nized by the antibody, but also on the cell types and neigh-
boring proteins.

Collectively, phage display technology has opened the way
for the generation of human antibodies that recognize any
desired antigen/cells with a high specificity. Presently, there
are > 60 approved mAbs for human therapy and > 50 more
in late-stage clinical trials. Rituximab, trastuzumab, bevaci-
zumab, and the best-selling adalimumab are just some exam-
ples of the mAbs currently on the market [151]. It should be
noted that in addition to peptides and antibodies, cDNAs gen-
erated from tumor cells and fragmented genome DNA from
microbes were cloned and expressed in-frame with phage

Ramos-Lymphomas

3 h to allow internalization. Nuclei were visualized with Hoechst
33342 staining (blue)
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coat proteins. Screening these phage-displayed libraries with
patient sera has proven to be a powerful strategy to identify
immunogenic proteins and diseases caused or perpetuated by
microorganisms [152—155].

Concluding Remarks

During cancer development, cells acquire a variety of genetic
and epigenetic modifications which result in changes in pro-
teomic profiles. In addition to aberrant glycosylations, these
genetic alterations can result in a change in the type, num-
ber, and arrangement of the cell surface receptors. Although
microarrays and RNA-Seq offer genome-wide surveys of the
transcriptome, both technologies cannot detect the changes
indicated above. Peptide and antibody phage libraries offer
the possibility of probing for such changes on cancer cell
surface. In contrast to purified protein targets, however, the
affinity selection of phage libraries on whole cells is more
likely to enrich for peptides or antibody fragments that bind
to cell surface receptors in their natural conformation (e.g.,
correct protein folding, association with neighboring proteins,
and expression level). Furthermore, this method of selection
requires no prior knowledge about the targeted receptors. How-
ever, affinity selection on whole cells or tumor tissues is still
a challenging task. The process becomes more difficult if the
cell surface antigens are unknown. Presently, there is no effec-
tive and reliable screening method that can be applied to all
cells. Each screening must be optimized for the type of cells
being used. While peptides and scFv antibodies selected from
phage libraries can be used for delivery of therapeutics without
knowing their cell surface targets, receptor identification is
critical for their use in patients. The development of appropri-
ate label transfer reagents such as the Sulfo-SBED reagent
should allow the identification of cell surface receptors fol-
lowing ligand binding on live cells. Whether used as research,
diagnostic, therapeutic, or drug delivery agents, peptides and
phage antibodies will continue to impact modern biotechnolo-
gies in the future, further justifying the awarding of the Nobel
prize in chemistry.
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