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Abstract

Phage display technology is a unique gene recombination expression tech-
nology, and it is also a simple and effective screening tool. Through panning,
a protein or peptide with high affinity and selectivity to the target is obtained.
Antibody phage display has become the first and most widely used in vitro
screening technology. Phage display derivatives play an important role in the
diagnosis and treatment of diseases. This article reviews the phage display
system of phage display technology, the size and classification of antibody li-
braries and their applications, and discusses the application prospects and
challenges of phage display technology. This thesis lays the foundation for the
theoretical and experimental research of bacteriophages.
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1. Introduction

Phage display technology was first proposed by Smith in 1985. Smith successful-
ly integrated exogenous DNA into M13 phage, and expressed the exogenous po-
lypeptide with the coat protein of M13 phage. McCafferty et al. described anti-
body phage display for the first time. They were able to fuse the encoding scFv to
gene III. Without affecting the infectivity of the phage and maintaining the func-
tionality of the antibody, the scFv was fused with the capsid protein and ex-
pressed and displayed on the surface of the phage. This method is different from
other bacterial expression systems in that the protein (phenotype) is directly
linked to its homologous gene (genotype) through phage.

The phage display system can display a sufficient level of antibodies on the
surface of phage virus particles, so that phage that recognizes the antigen can be

selected. The ultimate goal of phage display is to screen out a large number of
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non-specific phage clones that bind to the target antigen with high affinity. Pan-
ning can enrich clones with high affinity, and the steps include binding, wash-
ing, rescue and reinfection. Firstly, the phage is bound to the target, and then the
non-specific binding to the target is removed by washing, and then the remain-
ing phage particles bound to the target are eluted and recovered. After each
round, the eluted phage is infected and amplified by E. coli. After 3 to 4 rounds
of panning, a large number of clones are obtained and identified. Finally, the fi-
nal round of panning phage monoclonal antibodies is screened and the selected
monoclonal antibodies are obtained by DNA sequencing.

2. Phage Display System

The protein expressed on the surface of the phage can be a polypeptide or an an-
tibody fragment, such as scFv. Although there are other in vitro expression me-
thods, such as yeast surface display, ribosome display or puromycin display, the
phage display system is the most commonly used display system. The core of
phage display technology is the phage used to display antibodies. Different phage
can be used in the phage display system, including T4, A and filamentous M13
phage. The most widely used is the M13 phage.

The filamentous phage has a filamentous structure and consists of a circular
single-stranded DNA (ssDNA) genome. Among the filamentous phages that in-
fect E. coli, the most typical phages are M13, f1 and fd, all of which belong to Ff
phages. The ssDNA genome of Ff bacteriophage is approximately 6400 bp in
length and encodes 11 different genes. These genes are divided into structural
proteins (genes III, VI, VII, VIII, IX) and functional proteins required for phage
replication and assembly (genes I, II, IV, V, X, XI). The phage genome also con-
tains an ori site (origin of replication), which is responsible for the production of
(+) and (-) DNA strands. Another site is called the “packaging signal” and is
responsible for initiating phage assembly. The length of the Ff virion is approx-
imately 900 nm and the diameter is 6.5 nm. The sSDNA genome of the Ff virion
is completely enclosed in a cylinder composed of 2700 main protein pVIII mo-
lecules. The asymmetric end of the Ff phage contains 5 minor coat proteins pIII
and pVI at one end, and pVII and pIX proteins at the other end. A distinctive
feature of Ff bacteriophage is that it has the ability to replicate but does not kill
the host bacteria. After the host bacteria are infected, the Ff phage will replicate
as an extrachromosomal element instead of integrating itself into the host
chromosome, so that the host bacteria can continuously shed virus particles.

Therefore, M13 and related Ff phages are preferable to lytic phages (such as
T4 and T7). M13 phage has high replication ability and can accommodate a
large amount of foreign DNA, making it the most commonly used phage display
vector. Infection of the host bacteria is achieved by attaching the phage pIII to
the F’-fimbria of E. coli. After ssDNA enters the bacteria, it is converted into
double-stranded DNA by host enzymes to produce ssDNA and phage protein.

Phage assembly occurs in or near the inner membrane of the host bacteria and
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in the periplasm [1]. Each M13 particle has 3-5 copies of plII protein, and the
most abundant coat protein pVIII has 2700 copies.

At present, phage display technology often uses phagemid vector system.
Phagemid vector (4.6 kb) is a plasmid encoding several key elements, including
the origin of replication of bacteria and phage, leader sequence, multiple cloning
sites, antibiotics Resistance gene, phage coat protein gene (gIII or gVIII) and
weak promoter (lacZ) [2]. The phagemid vector alone cannot produce infectious
phage particles. With the help of helper phage (such as M13KO7 or VCSM13),
the replication and packaging of the phage can be completed, and the mature
phage can be released into the external environment [3]. Helper phages are
modified Ff phages with defective packaging signals (M13 intergenic region).
Therefore, compared with the phagemid vector carrying the M13 gene, the effi-
ciency of replication and packaging is lower. In order to produce the fusion pro-
tein, the Escherichia coli with the phagemid vector is super-infected with helper
phage. Initially, phagemid vectors were replicated in E. colf in the form of
dsDNA. After co-infection with helper phage, ssDNA and phage coat protein are
produced, which starts to package and release mature phage particles. Phagemid
vectors are small and relatively easy to clone, which improves transformation ef-
ficiency and can generate larger libraries. Phagemid display enables the mono-
valent display of fusion proteins because the resulting phage particles usually
only carry a single copy of the fusion protein. In addition, only 10% or less of

phage particles will present the fusion protein.

3. The Size of the Antibody Library

The size of the antibody library is directly related to the probability of the ap-
pearance of the target antibody. The larger the antibody library, the greater the
chance of screening high-affinity antibodies, and the greater the chance that an-
tibodies will specifically bind to epitopes with higher affinity [4]. The antigen
binding site is composed of six complementarity determining regions (CDR):
LCDR1, LCDR2, LCDR3, HCDR1, HCDR2 and HCDR3. The average length of
CDR is 10 amino acids. Each CDR is diversified by 20 natural amino acids, and
the theoretical library will contain 1.2 x 10’ unique antibody variants. Obviously
only a very small part can be displayed in the phage display antibody library. On
the other hand, the transformation efficiency of E. coli and the number of repeated
transformations limit the size of the phage display antibody library to 10" - 10",
Ideally, the size of the library should be equal to its effective size. The factors
affecting the effective size of the antibody library are as follows 1) the quality of
gene synthesis [5]. 2) The nucleotide sequence contains a stop codon. 3) Inser-
tion and deletion of nucleotides. 4) Antibody genes are not applicable to £. coli
[6]. 5) The use of oligonucleotides or degenerate NNK codons may reduce the
diversity of amino acids. The effective size of the library is usually expressed as a
percentage. Generally, the effective size is an order of magnitude lower than the

absolute size of the library. The effect of different CDRs of scFv on the antigen
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binding site is CDRH3 > CDRH2 > CDRL3 > CDRHI1 > CDRL1 > CDRLI >
CDRL2 > framework region. Since CDRH3 has the highest natural diversity and
contributes the most to the antigen-binding site, HCDR3 is located in the center
of the antigen-binding site and plays a key role in recognizing different targets. It
may produce antibodies with reasonable affinity [7]. Therefore, in addition to
the number of antibodies, the number of functional molecules that can recognize

different targets determines the effective size of the antibody library.

4. Classification of Antibody Libraries

The phage single-chain antibody library mimics the process of B cell assembly
and antibody production. In fact, every B cell is a self-replicating packaging sys-
tem that contains antibody genes encoding antibodies displayed on its surface.
First, in the natural process of B cell development, functional immunoglobulin
(Ig) genes are randomly assembled from variable heavy (VH) and variable light
(VL) gene fragments to generate all foreign antigens. Second, during antigen ac-
tivation, each B cell undergoes a process called somatic hypermutation, during
which, especially amino acid residues in the complementarity determining re-
gion (CDR) are mutated [8]. It plays a vital role in improving the affinity and
selectivity of antibodies to their target antigens. In phage display, this in vivo
step can be imitated by methods such as site-directed mutagenesis and recom-
bination of heavy and light chains. After affinity maturation, B cells expressing
antibodies with high affinity to the target antigen are cloned and expanded to
generate memory B cells and plasma cells that secrete antibodies.

The variable regions of the heavy and light chains of an antibody are deter-
mined by the binding of the target. During the construction of the antibody li-
brary, different antibody libraries can be obtained by randomly combining VL
and VH [9]. One antibody library may represent countless A gene combination
method, phage display technology mimics the natural antibody library through
the different antibodies presented by billions of phage particles [10]. The source
of the antibody library used for library preparation has a great influence on the
type of antibody library generated. It may come from different hosts, not hu-
mans [11], and different immune responses in health and disease states will have
a profound impact on the diversity of antibody lineages.

Antibody libraries can be divided into two main types according to the
sources of VH and VL gene fragments used in the library construction process.
The natural antibody phage library is composed of V genes obtained from im-
munized [12] and non-immunized donors. The synthetic antibody phage library

consists of V genes designed to be partially or fully synthesized in vitro.

4.1. Natural Antibody Library

The natural antibody library is a collection of immunoglobulins extracted from
lymphoid tissues (bone marrow, spleen and tonsils) or B cells in peripheral

blood . The gene combination of the natural antibody library can be from hu-
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mans or other animals. Under normal circumstances, a person has at least 108
antibody-producing B cell clones [9]. The clonal diversity of B cells allows it to
produce different antibody populations that can target almost all types of anti-
gens. Natural antibody libraries can be used to develop antibodies related to
cancer, autoimmune diseases, infectious diseases and other diseases [13] for di-
agnostic or therapeutic applications. Compared with antibodies in immune li-
braries, natural antibody libraries generally have lower antibody affinity and
higher cross-reactivity. This can be solved by constructing large-scale and di-

verse antibody libraries or by in vitro affinity optimization [14].

4.2. Immune Antibody Library

The ideal sample for the immune antibody library is patients who are in the
acute infection or recovery phase, and who have recovered from a specific infec-
tion or disease [3]. A unique feature of the immune antibody library is that the
sample comes from activated B cells, which are activated when the antigen in-
vades, and then undergo an affinity maturation process. Therefore, the tendency
of antibody clones to recognize certain antigens is obvious and allows the isola-
tion of high-affinity binding partners of the target antigen. Unlike the immune
library, the antibody library after exposure to the antigen has a preference for V
genes, which will produce a large number of antigen-specific antibodies. Most
importantly, antibody clones that have undergone the affinity maturation process
(i.e, somatic hypermutation and clonal selection amplification) will have high
copy numbers, thus increasing the possibility of enriching high-affinity antibody
clones. Therefore, the size of the immune library does not need to be as large as
the natural library [15]. Compared with natural libraries, immune libraries are
not suitable for targeting a large group of antigens, especially self-antigens. This
is because the immune system has developed immune tolerance to self-antigens.
The sample source of the immune library is limited to patients with disease in-
fection and is difficult to obtain [3], and the immune library is mainly for anti-
gens of specific diseases. When targeting antigens of different diseases, the li-

brary needs to be rebuilt [16].

4.3. Semi-Synthetic Antibody Library and Synthetic Antibody
Library

Unlike natural and immune libraries, semi-synthetic libraries are composed of a
mixture of natural and chemically synthesized sequences [14]. Gene synthesis
methods are usually used to provide random CDR combinations. The advantage
of semi-synthetic antibody libraries is that the framework sequence to be used is
predetermined. This will help the development and application of specific anti-
bodies. The semi-synthetic library is carefully designed by assuming the number
of scaffolds, the positions to be diversified, the types of amino acids to be in-
cluded in the design, and the ratio of amino acids to be diversified at each posi-

tion. These assumptions are not always correct, especially in HCDR3. In order to
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avoid making assumptions about the structure of CDRs, a combination of syn-
thetic scaffolds and natural CDRs was used [17].

The main difference between a semi-synthetic library and a synthetic library is
that the entire antibody sequence used in the synthetic library is chemically de-
rived. Unlike other antibody libraries, synthetic antibody libraries are purely ar-
tificial libraries, and V genes are usually reconstructed in vitro through CDR
randomization. Because it has no natural prejudice and redundancy caused by
evolutionary influence, and it can target many different kinds of antigens. Syn-
thetic libraries are also useful for targeting non-immunogenicity, toxicity, and
autoantigens [18]. Synthetic libraries can be further classified according to the
type of framework used, the origin and design of sequence diversity in CDRs,
and the method of library generation. The huge diversity in the synthetic library
is provided by the pre-determined framework regions and CDR diversity. The
synthetic antibody library is basically generated from a series of bioinformatics
analyses using existing experimental data, including antibody epitopes, anti-
gen-antibody interactions, affinity maturation design, variable gene fragment
recombination, and variable region structure prediction. These studies provide
valuable information for the amino acid dominance and variation in the CDR
regions [19]. In order to improve the quality of the synthetic library, the frame-
work region was designed with high frequency and consensus sequence and op-
timized, and the 6 CDRs were randomly grouped using trinucleotide mutation
(TRIM) technology [20], according to different lengths. The use frequency of
amino acids in HCDR3 is different to redesign HCDR3 and optimize amino ac-
ids. The CDR is designed according to the known CDR concept and standard
structure [21]. The design of HCDR3 is an eternal topic and may also be a major
opportunity for improvement. HCDR3 is a key factor in determining antibody
specificity and affinity, but it is also the most diverse region of antigen binding
sites so far, so it is difficult to design. The 3D modeling method can predict the
structure of all CDRs except HCDR3. However, there is currently no method
that can reliably predict the structure of HCDR3, which limits our ability to cor-

rectly design the diversity of this antigen binding site region.

5. Prospects and Challenges

Phage display technology can produce antibodies in vitro without host immuni-
zation. Bacteriophages can withstand the influence of factors such as high tem-
perature, pH, denaturant, ultraviolet radiation, and proteolytic enzymes. This
function allows the separation of different types of antibodies that are stable or
least affected by harsh environments. Therefore, in phage display technology, the
conditions and selection pressure can be customized according to needs, and a
selection method that is impossible in in vivo antibody production can be ob-
tained.

Through the study of phage display and the chimeric antibody cetuximab, cy-

tuzumab (a human antibody used to treat cancer) was discovered. Another ex-
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ample is Adalimumab, which is the first fully humanized antibody to enter the
market and the world’s best-selling drug. Adalimumab was discovered and op-
timized through phage display through guided selection of mouse antibodies. In
fact, until 2017, six fully human therapeutic antibodies discovered or engineered
through phage display have been approved by the U.S. Food and Drug Adminis-
tration (FDA) and the European Medicines Agency (EMA), and there are hun-
dreds of antibodies [13].

Ten years ago, the concept of developability was applied to the development
of antibody drugs [22]. Developability includes design principles and experi-
mental evaluation of the characteristics that the molecule should meet to further
develop or manufacture, formulate and stabilize antibodies to achieve the de-
sired therapeutic effect. Developability is affected by many factors, including the
intrinsic physical and biochemical properties of the molecule, as well as external
parameters, such as ionic strength, pH, and additive formulation. As more anti-
bodies enter the market, many antibodies have failed to play a role in pre-clinical
development and clinical trials. People realized that antibodies selected from
different libraries, despite having the required specificity and affinity, are in the
formulation and in the process of manufacturing and development, it often fails
due to inappropriate physical and chemical properties. This includes glycosyla-
tion of residues in the antigen binding site, which may impair the ability of the
antibody to bind to the antigen. This is especially important for antibodies se-
lected for phage display libraries, because E. coli does not glycosylate proteins.
Therefore, in the phage display discovery activity, variants with glycosylation
sites on CDRs can be selected, but they will lose binding when transformed and
expressed in mammalian cells. Unpaired cysteine can cause disulfide bonds to be
disrupted, resulting in covalent aggregates. In addition, antibodies undergo
post-translational modifications (PTM) of amino acids, such as asparagine (N)
deamidation, methionine (M) oxidation, and aspartate (D) isomerization [23]. If
the amino acids are involved in antigen interactions, chemical modifications of

these amino acids can lead to failure of antibody preparation and treatment.
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