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Abstract: Thirty-four years ago, the groundbreaking work of John McCafferty and Sir Gregory
Winter in developing phage display technology revolutionized the discovery of human antibodies,
paving the way for diverse applications. Since then, numerous phage-derived antibodies have been
successfully developed and advanced into clinical studies, resulting in the approval of more than
a dozen therapeutic antibodies. These antibodies have demonstrated efficacy across a spectrum of
medical conditions, ranging from autoimmune diseases to various cancers. In this article, we provide
an in-depth review of the development of phage display libraries as powerful platforms for thera-
peutic antibody discovery, elucidating the intricate procedures involved in antibody development.
Additionally, we conduct a review of the current ntibody drugs for cancer treatment that have been
developed using the phage display platform. Furthermore, we discuss the challenges inherent in
this technology, offering insights into potential solutions to enhance crucial steps and facilitate more
efficient drug discovery in the field of phage display technology.
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1. Introduction

Therapeutic monoclonal antibodies have emerged as transformative agents in the
realm of cancer treatment, fundamentally altering the landscape of oncology. These anti-
bodies, designed to target specific proteins associated with cancer cells, exemplify precision
medicine. By leveraging the body’s immune system to identify and attack cancer cells,
monoclonal antibodies have proven instrumental in the treatment of various cancers [1-3].

In 1985, George P. Smith pioneered the concept of phage display, unveiling a ground-
breaking technique for exhibiting peptides on filamentous phages. By fusing the gene
encoding the desired protein to the 5’ region of a filamentous phage’s coat protein, such as
protein III or protein VIII, Smith showcased an innovative method that exhibited distinct
peptides on the outer surfaces of viral clones [4]. The subsequent screening step in this
process isolated peptides with the highest binding affinity, marking a pivotal advancement
in molecular selection methods. The refinement of this technique continued as Stephen
Parmley and George Smith introduced biopanning in 1988, demonstrating that recursive
rounds of selection could effectively enrich for clones present at remarkably low frequencies,
even as rare as 1 in a billion or less. In 1990, McCafferty et al. achieved a groundbreaking
milestone by demonstrating the display of complete antibody variable domains on the
surface of phages. This revolutionary technique enabled the selection of phages capable of
binding to specific antigens [5]. Moreover, Jamie Scott and George Smith extended these
capabilities by describing the creation of extensive random peptide libraries displayed
on filamentous phages [6]. This methodological evolution laid the foundation for the
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subsequent refinement and enhancement of phage display technology. The significant con-
tributions of George P. Smith and Greg Winter culminated in the recognition of a half share
of the 2018 Nobel Prize in Chemistry for their seminal work in developing phage display.

Up to now, the impact of phage display in generating antibodies extends across diverse
applications. In the field of therapeutics, it has played a pivotal role in the development
of monoclonal antibodies for various diseases, including cancer, autoimmune disorders,
infectious diseases, and neurological conditions. Furthermore, phage display has signifi-
cantly contributed to the discovery of antibodies targeting specific viral pathogens, such as
influenza and HIV, providing valuable tools for both diagnosis and treatment [7,8]. Beyond
therapeutics, phage display has been instrumental in antibody engineering, epitope map-
ping, and the study of protein interactions. Additionally, it has facilitated the identification
of novel peptide ligands for drug targeting, the development of biosensors for disease
detection, and the creation of protein libraries for enzyme optimization and protein—protein
interaction studies [9]. Overall, phage display continues to revolutionize biotechnology
and biomedical research by enabling the rapid and efficient generation of high-affinity
antibodies and protein-based therapeutics for a wide range of applications.

2. Overview of Procedures of Phage Display Technology in Monoclonal
Antibody Production

2.1. Library Construction

The journey of generating antibodies through phage display technology commences
with the construction of a diverse library. This process entails integrating genetic material
encoding antibody fragments, such as antibodies” heavy and light chains, single-chain
variable fragments (scFvs), Fabs, or peptides, into the genome of bacteriophages, notably
filamentous ones like M13 [10]. This fusion results in the expression of a multitude of
unique antibody candidates on the surface of phages, forming the basis of the library. The
diversity of this library, ranging from millions to billions of variants, lays the groundwork
for the subsequent exploration of potential binding partners (Figure 1) [11].
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Figure 1. Different types of phage display libraries. Phage display technology enables the selection
and identification of peptides, antibodies, or enzymes that bind to specific target molecules. This
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approach entails generating filamentous fusion phages that showcase random foreign peptides or
antibodies linked to a phage coat protein. Subsequently, the filamentous phages are assembled into a
phage display library comprising random peptide sequences or antibodies.

Constructing a phage display library involves several key steps aimed at generating a
diverse repertoire of displayed peptides or proteins for subsequent screening against target
molecules. Initially, a source of genetic material encoding the desired peptides or proteins
is obtained, which can include synthetic DNA sequences, cDNA libraries, or genomic
DNA. Next, this genetic material is ligated into a phagemid vector, which contains the
genetic elements necessary for phage display, including a phage coat protein gene fused
to the peptide or protein of interest. The ligated DNA is then introduced into competent
Escherichia coli cells via transformation, where it undergoes replication and amplification.
Following transformation, the bacterial cells are infected with helper phage, which provides
the necessary components for packaging the phagemid DNA into phage particles. The
infected cells are then cultured to allow for phage production, and the resulting phage
display library is harvested by collecting the culture supernatant or lysing the bacterial
cells to release the phage particles. The library can be further characterized by sequencing
a subset of clones to assess diversity and by performing binding assays to confirm the
display of the desired peptides or proteins (Figure 2) [12].
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Figure 2. Example of scFv-phage display library construction. The procedure starts with the extraction
of total RNA from B-lymphocytes acquired from either immunized or non-immunized healthy donors.
Subsequent to RNA isolation, cDNA is synthesized through reverse transcription. The repertoire of
VH and VL genes is amplified from the cDNA using forward and reverse primers designed to target
the variable domains. The VH and VL genes are ligated with linker sequences. Subsequently, scFvs
sequences are cloned into the phagemid vectors, leading to the generation of a phage library.

Phage construction involves the genetic modification of bacteriophages like those in
the M13 group to display specific peptides or proteins on their surface. Typically, this
modification targets either the tail or the main coat protein of the phage, depending on
the desired outcome and the characteristics of the phage being used. Tail proteins are
often chosen for peptide insertion when the aim is to display peptides for binding to
specific receptors or targets on host cells. This approach allows for the display of larger
peptides or proteins without compromising the structural integrity of the main coat protein.
Consequently, modifying the tail protein can enhance the specificity and efficiency of
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phage-mediated targeting, particularly in applications such as targeted drug delivery or
tissue-specific imaging.

On the other hand, main coat proteins, like the major coat protein (pVIII) in M13
phages, are commonly targeted for peptide insertion due to their abundance and accessi-
bility on the phage surface. Genetic fusion techniques are typically employed for peptide
insertion into the main coat protein, where the peptide sequence is fused to the coding
sequence of the coat protein. This strategy enables the display of peptides on every copy
of the coat protein, potentially leading to a higher display density compared to tail pro-
tein modifications. However, modifications to the main coat protein may impact phage
assembly and stability, necessitating careful design and optimization [13].

Comparing tail and main coat protein modification reveals differences in specificity,
efficiency, and structural integrity. Tail protein modification may offer higher specificity
in targeting host cells or specific receptors due to the potential for more diverse peptide
sequences and a larger display capacity. In contrast, main coat protein modification often
results in higher display densities but may lack specificity compared to tail modifications.
Furthermore, tail protein modification typically preserves the structural integrity of the
main coat protein, crucial for phage assembly and stability, while main coat protein modifi-
cation may disrupt these properties, potentially affecting phage viability and infectivity.
Ultimately, the choice between tail and main coat protein modification depends on the
specific requirements of the intended application, balancing factors such as the targeting
specificity, display density, and phage stability [14].

2.2. Biopanning, Elution and Amplification

The heart of the procedure lies in the targeted selection of antibodies through a process
known as panning. The phage display library is exposed to the specific target of interest,
such as a protein or cell type [10,15]. Those phages displaying antibodies that bind to the
target are selectively enriched through successive rounds of panning. This iterative process
involves incubating the library with the target, followed by stringent washing to remove
weakly bound or non-specific phages. The remaining phages, carrying antibodies with
higher affinity for the target, are recovered and subjected to additional rounds of panning,
amplifying the specificity of the antibody repertoire (Figure 3) [16].

Phage display library
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Figure 3. Schematic representation of phage display biopanning cycle. The phage display library
after construction is incubated with the desired antigen, such as the surface-immobilized antigen or
the cell surface antigen. Unspecific phages that fail to bind are then eliminated through washing steps.
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The antigen-specific phages are subsequently eluted and used to infect E. coli for phage amplification.
Coinfection with a helper phage enables the production and amplification of the desired phages. The
phage display biopanning cycle is typically repeated for 2-3 cycles to achieve phage enrichment.

Once the panning process is complete, the phages displaying antibodies of interest
are eluted from the target, disrupting the interaction between the displayed molecules
and the immobilized target. These eluted phages represent a pool enriched with potential
antibody hits. Subsequently, the selected phages are amplified by infecting bacterial hosts,
ensuring the preservation and proliferation of the enriched antibody candidates. This
step provides a sufficient quantity of the selected phages for downstream analysis and
characterization [17].

In the process of panning and elution in phage display libraries, the choice of buffers
with varying pH levels can significantly influence the characteristics of the displayed pep-
tides and the efficiency of the selection process. Buffers with high pH, such as carbonate-
bicarbonate buffer (pH 9.6), are commonly employed during the panning step of phage
display selections. The high pH environment helps to ensure the stability and solubility of
target proteins or ligands by minimizing their aggregation or precipitation. Additionally, at
higher pH levels, the surface charge of both the target molecule and the phage-displayed
peptides may be altered, which can influence the strength and specificity of their inter-
actions. Peptides displayed on the phage surface may adopt different conformations or
exhibit altered electrostatic properties under high pH conditions, potentially enhancing
their affinity for specific targets or enabling the recognition of unique epitopes. Conversely,
buffers with low pH, such as glycine-HCI buffer (pH 2.2), are often utilized during the
elution step to dissociate phage—target complexes and recover specifically bound phages.
The acidic environment disrupts electrostatic interactions and weakens the binding affinity
between the displayed peptides and their target molecules, thereby facilitating the release
of bound phages. Low-pH elution buffers are particularly effective for eluting phages
that bind tightly to their targets, as they provide a robust means of dissociating these
interactions without affecting phage viability or infectivity. However, it is important to
note that excessively low pH conditions can also potentially damage the phage particles or
denature the displayed peptides, leading to the reduced efficacy of the selection process.
By optimizing the pH conditions to suit the specific characteristics of the target molecule
and the desired selection outcome, researchers can enhance the success of phage display
experiments and expedite the identification of novel peptide ligands or protein—protein
interactions [18,19].

2.3. DNA Sequencing and Antibody Production

Individual phage clones from the enriched pool are isolated, and the genetic sequences
of the displayed peptides or antibodies are determined through DNA sequencing. This
information is crucial for the subsequent production of the identified antibodies. Once
the genetic sequence is known, the corresponding antibodies can be expressed and pro-
duced in various formats, such as scFv or full-length antibodies, for further analysis and
characterization [20].

2.4. Characterization and Optimization

The generated antibodies undergo rigorous characterization to evaluate their binding
specificity, affinity, and potential therapeutic applications. This may involve assays such
as ELISA or surface plasmon resonance. Further optimization steps can be employed to
enhance the desired properties of the antibodies, including improvements in the binding
affinity and stability, or reduced immunogenicity. Iterative rounds of optimization may be
conducted to refine the antibodies for specific therapeutic or diagnostic purposes [21]. In
essence, the procedures used in phage display technology to generate antibodies encompass
a strategic and iterative process, from the construction of diverse libraries to the targeted
selection of high-affinity binders and the subsequent characterization and optimization of
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the identified antibodies. This robust methodology has been pivotal in advancing the field
of antibody discovery and engineering.

3. Categories of Phage Display Libraries for Antibody Development

Phage libraries derived from rearranged V-gene repertoires are created using mRNA or
RNA isolated from B cells obtained from either immunized or naive donors. The construc-
tion process entails initially preparing the cDNA template through reverse transcription
polymerase chain reaction (RT-PCR). Subsequently, the repertoire of variable heavy (VH)
and variable light (VL) chain genes is amplified via PCR before being cloned into the
phagemid vector [22]. While phage display technology has been widely used for novel
antibody development, it is noteworthy that there are different types of phage display
libraries after many years of development.

As one of the first libraries constructed, scFv libraries are commonly used for antibody
selection. They consist of antibody fragments that include the VH and VL chains linked by
a flexible peptide linker. This format allows the expression of functional antigen-binding
sites in a single polypeptide chain. For instance, the Tomlinson I and J libraries are well-
known scFv libraries derived from human germline sequences. They offer a diverse
source of antibody fragments for various applications. Another well-known application
is the selection of scFv antibodies against specific tumor antigens using phage display, as
demonstrated by Lee et al. [23]. In contrast, Fab libraries display antibody fragments that
consist of the variable regions of both the heavy and light chains, along with the constant
regions of the heavy chain. Fabs maintain the antigen-binding capacity of antibodies while
providing additional structural stability. The HuCAL (Human Combinatorial Antibody
Library) Fab library is a widely used human-derived library for the generation of Fab
fragments with therapeutic potential [24]. In addition, a study by Gram et al. utilized a Fab
phage display library to isolate antibodies specific to the human epidermal growth factor
receptor 2 (HER2) [25].

In addition to the libraries from human and mice, single-domain antibody (nanobody)
libraries have been derived from the variable domains of the heavy-chain-only antibodies
found in camelids, such as llamas and camels. Renowned for their unique structural and
functional attributes, nanobodies are single polypeptide chains that retain the antigen-
binding capabilities of conventional antibodies [26,27]. One remarkable feature of nanobod-
ies is their compact size, comprising only the variable domain without the additional heavy
or light chains. This simplicity grants nanobodies several advantages, including enhanced
tissue penetration, increased stability, and the ability to recognize cryptic epitopes that
might be challenging for larger antibodies. The absence of a light chain also simplifies
production and engineering processes. The selection process from nanobody libraries often
involves immunizing animals with the target antigen of interest, followed by the genera-
tion of the library and subsequent panning against the antigen. Additionally, synthetic or
naive nanobody libraries can be created without prior immunization, providing a valuable
resource for discovering binders against a wide range of targets [28].

In addition, chimeric phage display libraries are a hybrid class of libraries that incor-
porate genetic material from multiple sources, combining elements to enhance the diversity
and functionality of displayed peptides or proteins. The construction of chimeric libraries
involves the fusion of genetic sequences derived from different antibody fragments or
protein domains, resulting in a mosaic-like collection of variants presented on the surface
of bacteriophages [29]. These libraries aim to harness the strengths of different antibody
formats or functional domains to create molecules with optimized properties. One common
strategy for constructing chimeric libraries is the fusion of variable regions from human an-
tibodies with constant regions from non-human sources, such as mice. This chimerization
process seeks to retain the specificity and affinity of human antibodies while benefiting from
the stability and expression advantages offered by non-human constant regions. Chimeric
libraries can also be generated by combining variable domains from different antibodies,
allowing for the exploration of diverse binding specificities within a single library [30].
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In another way, phage display antibody libraries can be classified into four distinct
types based on the origin of their sequences: naive, immune, semi-synthetic, and synthetic
libraries [31,32]. Naive libraries, sourced from natural entities such as primary B-cells of
non-immunized donors, harness naturally rearranged variable region genes. With exten-
sive repertoires reaching up to 10'! members, naive libraries have the capacity to generate
antibodies targeting a diverse array of antigens. In contrast, immune libraries derive from B-
cell antibody repertoires of immunized or immune donors, exhibiting a predisposition to a
limited panel of antigens and generally being smaller in size. While adept at addressing spe-
cific antigens, immune libraries are less suited for identifying antibody fragments against
a broad spectrum of antigens, particularly self-antigens [30]. Synthetic libraries leverage
computational design and gene synthesis, affording precise control over the composition
of complementarity-determining regions (CDRs) [28]. Designed in silico, synthetic anti-
body libraries enable the creation of highly diverse libraries with predetermined structural
features, incorporating non-natural amino acids. For example, MorphoSys’s HuCAL PLAT-
INUM library is a synthetic antibody library meticulously designed for optimal diversity
and human-like antibody properties. Similarly, semi-synthetic libraries amalgamate CDRs
from natural sources with in silico-designed elements. Early iterations of semi-synthetic
libraries maintained diversity through various framework genes. For example, in 1992,
Hoogenboom and Winter introduced semi-synthetic scFv-antibody phage display libraries,
integrating 49 germline VH sequences and a single V_lambda 3 light chain sequence. These
libraries, with a size of 1 x 107, employed the PCR-based randomization of five or eight
residues in the CDR-H3 to enhance diversity [33].

4. Phage Display Libraries for Antibody Development for Cancer Treatment
4.1. The Advantages of Using Phage Display Libraries for Antibody Development

Nowadays, there are many technologies for monoclonoal antibody discovery, such as
phage display, hybridoma or single-cell sorting [34,35]. Hybridoma technology and phage
display libraries represent two major approaches in antibody development, each with their
unique strengths and considerations. In hybridoma technology, monoclonal antibodies are
generated by fusing immunized animal B cells with myeloma cells, yielding antibodies
with fixed specificity from the natural immune response. This method is effective for
well-defined antigens and stable targets, but it is limited in diversity and speed due to
the necessity of immunization and subsequent cell fusion. In contrast, phage display
libraries provide a versatile and accelerated platform for antibody development. Phage
display libraries are particularly advantageous for challenging targets, such as complex
antigens or poorly immunogenic molecules. The diversity of antibodies generated by
phage display libraries surpasses that of hybridoma technology, allowing for the screening
of large repertoires against a variety of antigens. Moreover, the in vitro nature of phage
display libraries enables rapid development without the need for immunization. Synthetic
libraries, in particular, provide precise control over antibody composition, introducing
non-natural amino acids and allowing for the creation of fully synthetic antibodies. This
flexibility extends to humanization, as phage display libraries can be designed to produce
fully human antibodies or undergo in vitro evolution for humanization. While hybridoma
technology remains relevant for specific applications, the advanced capabilities of phage
display libraries make them a preferred choice for modern antibody development needs.
Their ability to rapidly generate diverse antibodies against a range of targets, including
complex or challenging antigens, positions phage display libraries as a powerful and
adaptable tool in the field of therapeutic antibody discovery [36].

4.2. Phage Display-Derived mAbs for Cancer Treatment

As previously mentioned, phage display technology has underscored its strength and
consistency as a platform for discovering human antibodies. Currently, 14 monoclonal
antibodies developed through this technology have gained approval for diverse diseases,
including cancer. Furthermore, numerous others derived from phage display are under-
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going pre-clinical development or progressing through clinical trials. This section delves
into a comprehensive discussion of the five phage display-derived antibodies that have
received approval for cancer treatment, emphasizing the valuable role of antibody phage
display technology in shaping the landscape of the biopharmaceutical industry (Table 1).
It is noteworthy that nine other approved phage display-derived antibodies have been
successfully used for non-cancer treatments. For instance, Abicipar pegol, an anti-vascular
endothelial growth factor (VEGF) antibody fragment, has been approved for the treatment
of neovascular (wet) age-related macular degeneration. Belimumab (Benlysta), targeting
the soluble B lymphocyte stimulator, which is involved in the survival and activation of B
cells, is employed to reduce disease activity in systemic lupus erythematosus patients [37].

The process of constructing these engineered antibodies follows a similar procedure.
Initially, a phage library is generated by cloning a diverse array of antibody variable region
sequences into a phage display vector. This library encompasses a broad spectrum of
antibody fragments, each showcased on the surface of individual phage particles. Through
multiple rounds of biopanning, phages displaying antibodies that specifically bind to
the target antigen are selected from the library. These chosen phages are subsequently
amplified and propagated to enrich for high-affinity binders. Finally, the DNA sequences
encoding the variable regions of the selected antibodies are isolated and inserted into
expression vectors for the production of full-length antibodies. Atezolizumab, for instance,
was discovered through screening a human phage display library against a recombinant
extracellular domain-Fc fusion of human PD-L1. From this screening, a high-affinity
antibody was isolated from a single phage clone, utilizing a human IgG1 backbone. Due to
PD-L1 expression on activated T cells, the Fc region of atezolizumab underwent engineering
to abolish the antibody-dependent cytotoxicity (ADCC) effect. This engineering involved
introducing an Asn to Ala substitution at position 298 within the CH2 domain of each
heavy chain. As a result, atezolizumab was rendered incapable of binding to human
Fcy receptors.

Comparing the use of a phage-derived monoclonal antibody (mAb) to the original
mADb in cancer treatment reveals several advantages of phage display-derived antibodies.
Firstly, phage display allows for the generation of antibodies with enhanced specificity
and affinity through iterative rounds of selection and optimization. This enables the
identification of antibodies with superior binding properties compared to those obtained
through traditional hybridoma-based methods [36]. Additionally, phage display offers
greater versatility in antibody engineering, allowing for the incorporation of specific mod-
ifications, such as humanization or affinity maturation, to improve therapeutic efficacy
and reduce immunogenicity. Moreover, phage display-derived antibodies offer potential
benefits in terms of manufacturing scalability and cost effectiveness. Unlike traditional
mAbs produced from hybridoma cell lines, phage-derived antibodies can be generated
entirely in vitro, eliminating the need for animal immunization and cell culture-based
production systems. This streamlined production process enables rapid and cost-effective
antibody development, making phage display an attractive platform for the generation of
therapeutic antibodies [22].
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Table 1. Phage display-derived antibodies in clinical trials or approved for cancer treatment.
Development .
Highest .
Generic Name Name, Trade Target Company Format Cance?r Types Development Approved Year Phage Display Reference
Name or Drug Indicated Technology
Phase
Code
NSCLC
. . 2016/UC Genentech/
Atezolizumab Tecentriq PD-L1 Roche IgG1k UC, UBC, BC, NSCLC 2016/ UBC HuCAL [38,39]
2017/BC 2019
Moxetumomab - Medimmune/
Pasudotox-tdfk Lumoxiti CD22 AstraZeneca IgG1 HCL 2018 CAT [40-42]
Necitumumab IMC- EGFR Lilly / AstraZeneca igGlk NSCLC 2015 Dyax [43,44]
e¢ 11F8/Portrazza y/astrazenec & Y !
GC, NSCLC
Ramucirumab Cyramza VEGFR2 Lilly /Imclone IgG1 GG NI_SI(éIéC’ cC 2014/CC Dyax [45,46]
2015/HCC 2019
. . RCC, MCC, MUC, MCC
Avelumab Bavencio PD-L1 EMD Serono, Pfizer IgG1A metastatic UC 2017 /RCC 2019 Dyax [47]
. Angiopoietin 1 ovarian, peritoneal,
Trebananib AMG 386 and 2 Amgen IgG fallopian tube Phase 3 N/A Dyax [48]
. Extra-domain
Darleukin N/A B of Philogen SCFV._ L2 Melanoma Phase 3 N/A “Pini” library [31]
(L19-IL2) . . fusion
fibronectin
. : pancreatic, colorectal,
Ganitumab AMG 479 IGF-1R Amgen IgG1 breast, NSCLC Phase 2 N/A Dyax [49]
NSCLC, metastatic
Cixutumumab IMC-A12 IGF-1R ImClone Systems Inc. IgG1A melanoma of the eye, Phase 2 N/A Dyax [50]
liver
advanced ovarian,
Merrimack hormone-sensitive
Seribantumab MM-121 ErbB3 Pharmaceuticals, IgG2 BC, NSCLC, and Phase 2 N/A Dyax [51]
partner with Sanofi HER?2 negative
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Table 1. Cont.
Development .
Highest .
Generic Name Name, Trade Target Company Format Cance?r Types Development Approved Year Phage Display Reference
Name or Drug Indicated Technology
Phase
Code
Human Genome :

TRM-1, . NSCLC, NHL, liver,

Mapatumumab HGS-ETR1 TRAIL-4 Sciences, Inc., a GSK IgG1 corvical Phase 2 N/A CAT [52]
company
MCP-1 prostate cancer

Carlumab CNTO 888 (CCL-2) J&]J IeG1k (currently terminated) Phase 2 N/A MorphoSys [53]
Adecatumumab MT201 EpCAM Amgen IgG1 CC Phase 2 N/A Micromet [54]
- AMG 780 Angiopoietin Amgen IgG2 advanced solid tumor Phase 1 N/A Dyax [55]
- IMC-3C5 VEGEFR-3 ImClone IgG1 advanced solid tumor Phase 1 N/A Dyax [56]

Anti- CC, advanced solid
Imalumab MIF/BAX69 MIF Baxter IgGl1 himors Phase 2 N/A Dyax [57]
- MOR202 CD38 MorphoSys IgG1 MM Phase 1/2 N/A MorphoSys [58]

IgG1A, may-
tansinoid adenocarcinoma,
Anetum.a b BAY 94-9343 Mesothelin Bayer 'tuk?u'l n mesothelioma, Phase 2 N/A MorphoSys [59]
ravatansine inhibitor non-squamous
DM4 NSCLC
conjugate

Notch 2 and solid tumors, small
Tarextumab OMP-59R5 Notch 3 OncoMed IgG2k ! . Phase 1 N/A MorphoSys [60]

cell lung, pancreatic

receptors
. Frizzled 7 .

Vantictumab OMP-18R5 receptor OncoMed IgG2A solid tumors Phase 1 N/A MorphoSys [61]
Samalizumab ALXN6000 CD200 Alexion IgG2 B cell CLL, MM Phase 1/2 N/A Alexion [62]
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4.2.1. Atezolizumab

Atezolizumab is a monoclonal antibody (humanized IgG1k) developed by Genentech,
a subsidiary of Roche [38,39]. It is part of a class of immunotherapy drugs known as
immune checkpoint inhibitors and specifically targets the programmed death-ligand 1 (PD-
L1) protein. Numerous immune and tumor-infiltrating cells exhibit the expression of PD-L1,
which plays a negative regulatory role in the activation of cytotoxic T-lymphocytes by
engaging with programmed death-1 (PD-1) and B7.1 (CD80) receptors [63]. This interaction
results in the suppression of T-cell migration, proliferation, and the secretion of cytotoxic
mediators, ultimately hindering the effective killing of tumor cells. By binding to PD-L1,
atezolizumab disrupts its interaction with PD-1 on T cells, which cancer cells often exploit
to evade the immune system, therefore unleashing the immune system to recognize and
attack cancer cells.

Atezolizumab has received approval for various indications, reflecting its efficacy
across different cancer types. It is utilized with approval in the treatment of metastatic
non-small cell lung cancer (NSCLC), triple-negative breast cancer, urothelial carcinoma,
and bladder cancer. The approval status and specific indications may vary by region
and are often in the context of advanced or metastatic stages. Currently, atezolizumab
is also involved in many clinical trials for solid tumors and hematologic disorders. As
of 2023, there are more than 400 ongoing trials using atezolizumab as a monotherapy
or in combination with other therapies for cancer treatment. The ongoing trials have
extended to include colon cancers, melanoma, glioblastoma, osteosarcoma, NHL, and
DLBCL, etc. Its remarkable efficacy regarding overall survival, in comparison to some
traditional chemotherapies such as docetaxel, has been consistently observed across various
studies [64]. Atezolizumab has demonstrated promising results in combination therapies.
For instance, the triple therapy combining the PD-L1 inhibitor atezolizumab with the BRAF
inhibitor vemurafenib and MEK inhibitor cobimetinib has gained approval as a first-line
treatment for advanced melanoma patients with BRAFV600 mutations [65]. Building on the
success of the IMbrave150 trial, the combination of atezolizumab (an anti-PD-L1 antibody)
and bevacizumab (an anti-VEGF antibody) has become the standard frontline treatment for
patients with advanced-stage hepatocellular carcinoma (HCC) [66]. In the IMpassion031
trial, the combination of atezolizumab and nab-paclitaxel exhibited increased overall sur-
vival compared to placebo plus nab-paclitaxel in early triple-negative breast cancer (TNBC)
patients, irrespective of the PD-L1 status [67]. These findings underscore the versatility and
effectiveness of atezolizumab across a spectrum of cancers and treatment contexts.

4.2.2. Avelumab

Similar to atezolizumab, avelumab is another fully human IgGG1 monoclonal antibody
developed by Merck KGaA and Pfizer and designed to target PD-L1 protein [47]. By
targeting PD-L1, avelumab disrupts the interaction between PD-L1 and PD-1, thereby
promoting an anti-tumor immune response. Avelumab has been approved for the treatment
of various cancers, including metastatic Merkel cell carcinoma, renal cell carcinoma (RCC),
and advanced urothelial carcinoma, and as a maintenance treatment for patients with
locally advanced or metastatic urothelial carcinoma that has not progressed following
first-line platinum-containing chemotherapy. As of 2023, there are nearly 100 ongoing
clinical trials employing avelumab in monotherapy and combination therapies. Besides
the ones mentioned above, several other cancer types have been investigated, such as
TNBC, thymic carcinoma, Hodgkin lymphoma, small cell lung cancer, and colon cancers.
In the realm of combination therapy, it has demonstrated remarkable effectiveness by
addressing various aspects of cancer biology and fostering a synergistic anti-cancer impact.
The approval of avelumab in conjunction with axitinib marks a significant advancement
for the first-line treatment of advanced RCC [68]. In a single-arm multicenter phase 2
trial (CAVEATT) comprising 32 enrolled patients, 27 with thymic carcinoma, 3 with type
B3 thymoma, and 2 with a mixed-type B3 thymoma and thymic carcinoma, noteworthy
outcomes were observed. The overall response rate stood at 34% (90% CI 21-50), with
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11 patients (34%) achieving a partial response, 18 (56%) demonstrating stable disease, and
2 patients (6%) experiencing progressive disease as the best response. The combination of
avelumab and axitinib exhibited promising anti-tumor activity, with acceptable toxicity
in patients with advanced type B3 thymoma and thymic carcinoma, particularly for those
progressing after chemotherapy. This combination holds the potential to emerge as a new
standard treatment option in this challenging clinical setting [69].

4.2.3. Moxetumomab Pasudotox-tdfk

Marketed under the brand name LUMOXITI, Moxetumomab pasudotox-tdfk is a
monoclonal antibody developed for the treatment of certain types of blood cancers [40-42].
It represents a pioneering recombinant immunotoxin, comprising a genetically fused
recombinant murine scFv with a truncated form of pseudomonas exotoxin A (PE38).
This medication is a CD22-directed cytotoxin and is indicated for the treatment of adult
patients with relapsed or refractory hairy cell leukemia (HCL) who have received at least
two prior systemic therapies, including treatment with a purine nucleoside analog [70].
The unique construct allows for the targeted delivery of the toxin to CD22-positive cells,
specifically hairy cells in the case of HCL. By binding to CD22 on the surface of cancer cells,
moxetumomab pasudotox-tdfk enters the cell, disrupting protein synthesis and leading to
cell death.

Until now, moxetumomab pasudotox has shown tremendous efficacy in patients
with relapsed/refractory (R/R) HCL. For instance, in a pivotal open-label trial with a
multicenter design (NCT01829711), a total of eighty adult patients were enrolled. These
individuals had undergone a minimum of two prior systemic therapies, including at
least two purine nucleoside analogs (PNAs) or one PNA followed by rituximab or a
BRAF inhibitor. With a median follow-up period of 24.6 months, the trial demonstrated a
durable complete response (CR) rate of 36%, with a CR lasting at least 360 days observed
in 33% of cases and an overall CR of 41%. Notably, 82% of complete responders were
negative for minimal residual disease (MRD), accounting for 34% of all patients. The
rate of CR lasting at least 60 months was 61%, and the median progression-free survival
rate without the loss of CR was 71.7 months. Moxetumomab pasudotox demonstrated
a notably high rate of durable responses and MRD negativity, presenting a manageable
safety profile for heavily pre-treated patients with HCL who had inadequate responses to
previous therapies [71]. Beyond its application in treating HCL, moxetumomab pasudotox
has undergone evaluation for the treatment of other hematologic disorders, including
acute lymphoblastic leukemia (ALL). A phase 2 study conducted internationally across
multiple centers involved the enrollment of 32 patients with relapsed/refractory B-cell
precursor ALL. Of the 28 patients evaluated for response, the objective response rate
reached 28.6%. Notably, three patients (10.7%) achieved morphologic CR, and five patients
(17.9%) achieved a partial response. While these findings hint at the heightened efficacy
of moxetumomab pasudotox, particularly through continuous infusion or combination
regimens, ongoing studies are underway to refine and optimize both the efficacy and safety
aspects of moxetumomab pasudotox in the treatment of ALL [72].

4.2.4. Necitumumab

Commercially known as Portrazza, necitumumab is a fully human IgG1 kappa
monoclonal antibody developed as an epidermal growth factor receptor (EGFR) antag-
onist [43,44]. By targeting EGFR, it interferes with the signaling pathways involved in
cancer cell growth and survival. To be precise, it hampers the activation of downstream
signaling pathways, including mitogen-activated protein kinase and phosphatidylinositol-
4,5-bisphosphate 3-kinase/Akt. This, in turn, curtails cancer cell proliferation, differen-
tiation, adhesion, migration, and survival [73]. Necitumumab is intended to inhibit the
progression of squamous NSCLC, a subtype of lung cancer that is often associated with a
poorer prognosis. It is specifically indicated for patients with metastatic squamous NSCLC
who have not previously received medication for their metastatic disease.
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Clinical trials, such as the SQUIRE trial (NCT00981058), have played a pivotal role in
establishing the efficacy and safety of necitumumab. In the SQUIRE trial, the addition of
necitumumab to gemcitabine and cisplatin demonstrated a significant improvement in over-
all survival in patients with advanced squamous NSCLC. Necitumumab is typically admin-
istered intravenously and may be used in combination with other chemotherapy agents [74].
In 2015, necitumumab was approved by the US FDA for the treatment of metastatic squa-
mous NSCLC when combined with gemcitabine and cisplatin. Research efforts continue to
explore novel combination therapies to enhance treatment outcomes and address resistance
mechanisms. Given the dynamic nature of lung cancer treatment, ongoing clinical trials
may reveal new insights into combinational approaches involving necitumumab.

4.2.5. Ramucirumab

Marketed under the brand name Cyramza, ramucirumab is a monoclonal antibody
designed for the treatment of various cancers [45,46]. As a fully human IgG1 monoclonal
antibody, it specifically targets VEGFR-2, inhibiting angiogenesis, the process by which
new blood vessels form for tumor growth.

Extensive clinical assessments spanning various cancer categories have underscored
the therapeutic potential of ramucirumab. In the international, randomized, double-blind,
placebo-controlled phase 3 REGARD trial (NCT00917384), patients aged 24-87 years with
advanced gastric or gastro-esophageal junction (GEJ) adenocarcinoma, experiencing disease
progression after initial platinum-containing or fluoropyrimidine-containing chemotherapy,
were randomized to receive either ramucirumab or placebo. The results indicated a median
overall survival of 5.2 months in the ramucirumab group versus 3.8 months in the placebo
group, whereas the rates of other adverse events were mostly similar between groups
(94% vs. 88%). These findings affirmed the efficacy of remucirumab in metastatic gastric or
GEJ adenocarcinoma [75]. Similarly, the REVEL phase IlI trial (NCT01168973) demonstrated
improved outcomes with the combination of ramucirumab and paclitaxel in patients
with metastatic NSCLC following or during a first-line platinum-based chemotherapy
regimen [76]. Moreover, investigations in the REACH and REACH-2 trials revealed the
benefits of ramucirumab in advanced HCC [77]. Presently, ramucirumab holds approval for
use in metastatic gastric or GEJ adenocarcinoma, metastatic NSCLC, metastatic colorectal
cancer, HCC, and advanced or metastatic urothelial carcinoma [78].

Beyond its approved indications, ramucirumab has undergone testing across various
cancer types and stages. Often combined with chemotherapy or other targeted therapies,
it has exhibited promising anti-cancer effects. In the phase II trial NCT02581215, patients
with recurrent/metastatic pancreatic ductal adenocarcinoma received either mFOLFIRI-
NOX/ramucirumab or mFOLFIRINOX/placebo. At 9 months, the progression-free sur-
vival rates were 25.1% and 35.0% for the mFOLFIRINOX/ramucirumab and mFOLFIRI-
NOX/placebo groups, respectively. The median overall survival was 10.3 months for the
mFOLFIRINOX/ramucirumab group and 9.7 months for the mFOLFIRINOX/ placebo
group [79]. Furthermore, ramucirumab has been explored in the treatment of patients with
HER2-negative, unresectable, locally recurrent, or metastatic breast cancer (NCT00703326)
and patients with locally advanced or unresectable or metastatic urothelial carcinoma
(NCT02426125), exhibiting promising outcomes when combined with chemotherapies [80,81].

5. Discussion of Challenges and Future Prospectives

Cancer, a complex and multifaceted group of diseases characterized by uncontrolled
cell growth, remains a significant global health challenge. The development of effective
cancer treatment drugs is crucial in addressing this pervasive issue [82-84]. Among the
diverse arsenal of therapeutic approaches, antibodies play a pivotal role due to their
precision in targeting specific molecules associated with cancer cells. In the contemporary
landscape, phage display stands out as one of the most prevalent and robust systems for
the discovery and development of antibodies. Its widespread adoption is attributed to
several advantages, such as the manipulable size of the phage’s genome, the efficient nature
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of phage infection, the cost effectiveness and safety associated with phage preparation
and propagation, and the ability to perform high-throughput screening for peptides and
antibodies. Additionally, the technology allows for rapid screening, contributing to its
appeal [85]. Despite these numerous advantages, it is crucial to acknowledge that there are
still areas within this technology that demand further enhancement and refinement to meet
evolving needs.

An advantageous aspect of the phage display library, in comparison to other antibody
development technologies, lies in its swift and convenient retrieval of peptide sequence
information [14]. Typically, the assessment focuses on the most abundant sequences ob-
tained from the panning output. However, a challenge arises when very few specific clones,
carrying a small percentage of the sequence information, are acquired. This limitation is
a result of the amplification bias of the desirable antibody-displaying phages during the
panning cycles, causing certain sequences to become increasingly rare throughout the pro-
cess. Furthermore, it is essential to acknowledge the potential divergence in conformation
between chemically synthesized peptides and their original state on the phage display.
The presence of multiple copies of exogenously displayed peptides on the phages can
lead to robust binding during the selection process. Therefore, maintaining the authentic
conformation of phage-derived peptides during chemical synthesis becomes crucial to
ensure that their binding strength remains comparable to the original phages. Additionally,
a recurring challenge in this technology is the occurrence of false positives during screening.
This issue arises from the non-specific absorption that can preoccupy the phages before
positive selection, emphasizing the need for strategies to mitigate false positives and en-
hance the accuracy of the screening process [86]. To address this issue, recent advancements
have integrated next-generation sequencing technologies into the phage display library.
This integration aims to identify the rare sequences holding potential binding affinity and
predict the binding features of sequences obtained during the panning process [87,88].

The phage display library finds another compelling application in the development
of tumor-targeting peptides, particularly for diagnostic purposes [89,90]. These peptides
play a pivotal role in creating imaging agents designed to specifically illuminate cancerous
lesions. By associating with nanoparticle conjugation, these peptides not only enhance
sensitivity in cancer diagnosis, but also contribute to improved contrast imaging capabilities.
An inherent advantage of leveraging phage display libraries for tumor-targeting peptide
development lies in the vast and diverse pool of peptide sequences that can be explored.
This unique feature enables the discovery of peptides with the capacity to selectively
recognize and bind to the distinctive molecular signatures present on the surface of cancer
cells [48,91]. While fluorescent antibodies are currently employed in molecular imaging for
their exceptional affinity and selectivity, peptides emerge as superior carriers for guiding
imaging probes to tumor sites due to their effective tissue penetration—an attribute not
easily achievable with antibodies. Despite its recognized potential, the clinical use of tumor-
targeting peptides has been limited, primarily due to challenges related to immunogenicity,
clearance issues, and a lack of a comprehensive understanding of their behavior within the
human body. Addressing these hurdles requires ongoing efforts to unlock the full potential
of tumor-targeting peptides in the realm of cancer diagnostics, ensuring their effective and
safe utilization in clinical settings.

While phage display has matured into a well-established platform for antibody devel-
opment, the commercial utilization of major phage display platforms, as outlined in Table 1,
has predominantly been limited to a handful of biopharmaceutical companies holding
intellectual property rights. Consequently, a majority of the antibodies developed today are
owned by these companies with proprietary access to the underlying technologies. While
many patents have expired in Europe and the United States, there is a notable opportunity
for academic groups or startups to create their libraries and contribute to the development
of antibodies as translational products. Encouragingly, some companies, such as Bio-Rad,
now provide cost-effective antibody discovery services. Conversely, some phage display
antibody libraries established prior to 2010 remain accessible to academic laboratories,
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notably at The University of Cambridge and the Scottish Biologics Facility. Of note among
these libraries are Tomlinson’s libraries, which have yielded high-affinity antibodies for
numerous targets [92,93].

Antibody engineering through phage-display technology is a powerful but intricate
process, facing several challenges that researchers have actively addressed to enhance its
efficacy. One significant difficulty lies in achieving optimal binding affinities and specifici-
ties. The diverse and complex nature of target antigens often necessitates the meticulous
optimization of phage display conditions to isolate antibodies with the desired properties.
This involves multiple rounds of selection, sometimes requiring extensive screening and
affinity maturation to enhance the binding capabilities of the displayed antibodies. Mean-
while, the issue of immunogenicity poses another obstacle in antibody engineering [13].
Antibodies derived from non-human sources, like murine antibodies, may trigger an im-
mune response in humans. Humanization techniques, involving the grafting of CDRs onto
human frameworks, have been developed to mitigate this challenge and create antibodies
with reduced immunogenic potential [94]. Additionally, achieving functional antibodies
with diverse isotypes and formats adds complexity to the engineering process. Scientists
have explored different display formats, such as scFvs or Fab fragments, to optimize the se-
lection of antibodies based on their intended applications [23]. Advancements in screening
and selection methodologies have significantly improved the efficiency and throughput of
antibody discovery using phage display. Techniques such as high-throughput screening,
fluorescence-activated cell sorting, and next-generation sequencing allow for the rapid
identification and characterization of antibodies with desired binding specificities and
functional properties. Moreover, advances in library construction, selection methodologies,
and molecular design have significantly improved the efficiency of isolating antibodies with
high affinity, specificity, and reduced immunogenicity. Continuous innovations in phage
display technology will help to overcome these obstructions, facilitating the development
of antibodies for diagnostics, therapeutics, and various biotechnological applications.
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