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Tumor-targeted therapy is an effective method for treating tumors, and is also a focus of current tumor treatment.
Due to the maturity of phage modification technology, it is now convenient, safe, and efficient to modify novel
molecules on phages for targeting tumor cells or tissues. This technology has been widely used in finding new
tumor-targeting molecules and in the delivery of drugs through a targeted strategy. Since the size of the phages is
only nanometers long, they can cross biological barriers such as the low vascular fibrosis barrier. Due to the high
surface area to volume ratio, phages can effectively carry drugs for tumor treatment compared with large molecule
chemotherapeutic agents. The modified phages, as drug carriers, allow for specific targeting tumor cells while
sparing normal cells. By targeting tumor cells through phage display technology, the piggybacked drug enters the
cells through endocytosis and it kills or inhibits the tumor cells. It also facilitates precise treatment with less side
effects, avoiding high doses of drugs and reduces tumor recurrence. Using modified phages for tumor treatment is
a cost-effective and less time-consuming method.

bacteriophage (phage) genetically engineered phages phage display

1. Screening of Novel Ligands and Short Peptides as Tumor-
Targeting Drugs

Currently, anti-tumor drugs are often low targeting, toxic, and prone to inducing side effects. Therefore, there is a
pressing need to find high-efficient and low-toxic anti-tumor drugs. Artificial synthesized peptide drugs have the
advantages of good stability, high activity, intense penetration, high affinity and specificity, and low toxicity. These
features provide essential therapeutic value for tumor treatment. In contrast, many small molecular anti-tumor
drugs have shortcomings of short circulation half-lives in vivo, poor water solubility, low bioavailability,
unreasonable distribution in tissues, and side effects. For many years, these defects have limited the development
of small molecular anti-tumor drugs. Phage gene-editing technology facilitates the discovery of potential peptide
drugs by using a random phage peptide library to find the specific peptide to a target molecule. The heritability of
gene-edited phages undoubtedly provides great convenience for the discovery of peptide drugs. However,
considering the influence of the chemical composition and conformation, the screening of synthetic peptide drugs
requires a large number of samples. In addition, it is difficult to construct an unbiased phage polypeptide library by
random gene insertion. New technology is needed to assist in the construction of large capacity unbiased phage

peptide libraries.
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One bead-one compound (OBOC) refers to the method of synthesizing millions of random compounds so that each
bead displays only one compound. It consists of three main steps: the preparation of compound libraries, the
detection of library components, and the screening of the target . Houghten et al. reported an efficient
exponential compound synthesis method named split synthesis, which can be used to prepare combinatorial
compound libraries on solid-phase supports 2. This method divides the composite mixture into equal parts in
advance. When the number of synthetic times is n for each reaction, if the type of compounds is k, the number of
components in the composition library (N) is N = nk. Based on a split synthesis method for solid support &, only
one chemical entity can be displayed on each solid-phase support 4. An OBOC library consisting of millions of
vectors was screened for quality to incorporate D-amino acids, unnatural amino acids, and many other organic
building blocks and secondary structures into the design of phage libraries. This method has been successfully
utilized to discover peptides targeting tumor vascular endothelial cells or tumor cells . In 2002, Liu et al.
successfully applied the OBOC approach to discover ligands for unique cell surface receptors of prostate tumor, T-
and B-cell lymphomas, ovarian and lung tumors . Some of these peptides demonstrated a high specific imaging
property in nude mice. Hao et al. used a highly pooled and encoded OBOC peptide library in conjunction with a
high-strength screening approach to identify a peptide that binds the a4p1 integrin specifically (IC50 = 2 nM) and to
activate lymphoma cells 4. Tie-2 has the potential to be used as a target gene in the gene therapy of solid tumors
(8. Wu et al. provided short peptides that could specifically bind to cells that express Tie-2 using the phage peptide
library. Using the 125I labelling method, it was demonstrated that GAS5 is exclusively enriched in SPC-A1 tumor
cells expressing Tie-2 and that the phage vector carrying the GA5 gene allows for greater transfection efficiency.
When the vector containing the p53 gene and GA5 peptide was injected into the SPC-A1 tumor-bearing mice, the

tumor volume was significantly reduced .

2. Validation of Specific Tumor-Targeting Antibodies through
Phage Display Technology

Tumor antigens such as epidermal growth factor receptor (EGFR), human epidermal growth factor receptor 2
(HER2), and carcinoembryonic antigen (CEA) have significant diagnostic and prognostic values as tumor
biomarkers. By modifying phages, a specific antibody library including antigen-binding fragments (Fab), single-
chain antibodies (scFv), and other antibody fragments can be established. This technology is beneficial given its
short cycle, easy operation, and affordable price. However, due to the small molecular antibodies generated from
modified phage technology, it is difficult for them to stimulate the body’s immune response and allows them to
reach the target cells from the intercellular space efficiently. To this end, the research focus has been to use
modified phage technology to efficiently screen large molecular tumor-specific antibodies for targeted tumor
therapy in recent years. In 2013, Ayat et al. constructed a pair of recombinant phage antibody libraries and
successfully isolated human single-chain antibodies against the specific biomarkers of HER2 and CEA to target the
lymph nodes of breast tumor patients 19, In 2014, Lin et al. isolated the anti-human trophoblast cell surface
antigen 2 (Trop2) Fab antibody from breast tumor cells using phage display technology and demonstrated that the
anti-Trop2 antibody effectively reduced tumor migration and inhibited tumor growth. The anti-Trop2 antibody could

also promote the death of breast tumor cells (11, |n addition, Han et al. obtained gene-edited phages specific to the
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total prostate-specific antigens (t-PSA) using the f8/8 landscape phage library after three rounds of biological
screening. Furthermore, they also developed sandwich enzyme-linked immunosorbent assay (ELISA) and
differential pulsed voltammetry (DPV) determination systems based on the phages, both of which achieved high

specificity and reliability (121,

From 2014 to 2019, the U.S. Food and Drug Administration (FDA) approved three types of anti-tumor antibodies,
all of which were discovered based on phage display techniques. Ramucirumab is an anti-tumor antibody that
selectively binds to extracellular vascular endothelial growth factor receptor (VEGF)-2, thereby inhibiting the
induction and angiogenesis of (VEGF)-2 and the proliferation and migration of endothelial cells. In 2014,
Ramucirumab was approved by the FDA for the treatment of advanced gastric or gastroesophageal junction
adenocarcinoma 23, Similar to ramucirumab, necitumumab was developed using a Dyax Fab phage display library
and was approved by the FDA in 2015 for use in conjunction with gemcitabine and cisplatin as a first-line treatment
of metastatic non-small cell lung tumor (NSCLC) (24, |n 2017, the FDA approved avelumab, a fully human mAb, for
the treatment of Merkel cell carcinoma patients over the age of 12. To sum up, it is promising to use phage display

technology to find new anti-tumor antibodies.

| 3. Targeted Delivery Vehicle for Chemotherapy Drugs

Since the vast majority of phages are in the nanometer scale, they have the potential to penetrate biological
barriers such as the capillaries 22, The specific phages carrying drug molecules can achieve targeted tumor
therapy and reduce the damage and side effects to normal cells (28, Drug-loaded phages targeting tumor cells can
enter the cell through endocytosis in which the drug inhibits or kills the tumor cell. Phage loading technology
facilitates the precise treatment of tumors with less side effects, avoids drug overdose, and reduces tumor
recurrence 2. The modified phage treatment of tumors is a cost-effective and time-saving methodology. Phages
serve as excellent carriers to deliver chemotherapeutic drugs to specific sites, and their targeting can be classified
as passive targeting and active targeting. The nanoscale size of phages makes it challenging for them to be

cleared by the endoplasmic reticulum system.

When the filamentous phage of class Ff infects the host bacteria, the capsid protein pVI is responsible for
anchoring to the host cell membrane. Therefore, the pVI protein in vitro is lipophilic and can spontaneously bind to
the lipid bilayer. By displaying polypeptide drugs on capsids or linking drug-carrying liposomes to specific
polypeptides, the integrity of the polypeptide drugs would not be compromised 18, and the efficiency of the
targeting of phages would also improve. A study by Pastorino et al. found that liposome-targeted therapy for
gliomas using doxycycline liposomes can effectively inhibit tumor growth and is a valuable tool for glioma liposome-
targeted therapy 9. The type 88 phage engineering method was used in this approach as the genome of the Type
88 bacteriophage has two distinct genes that encode the pVIlI protein: a wild-type g8 and a recombinant g8. In this
system, wild-type g8 can be used to help maintain the integrity of the phage pVIII protein, while recombinant g8
encodes a new master epidermal protein (recombinant pVIIl) fused with a functional peptide/protein. In addition,
recombinant pVIII can accommodate relatively large or structurally bulky inserts that the wild-type pVIII coat

proteins cannot tolerate. Using the Type 88 phage engineering method, a new gene is inserted in the non-coding
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region of the phage genome to additionally express cRGD on the pVIII protein. Compared with the M13 phages
modified with either linear RGD on pVIlIl or cRGD on plll, cRGD on recombinant pVIll exhibited higher
internalization efficiency in ligand density and conformational structure into HelLa cells 29. By applying phage
antibody libraries to disease proteomics studies, Nagano et al. developed a new drug delivery platform to validate
many protein candidates 2. Functional mutant proteins R1antTNF were generated with enhanced receptor affinity

and specificity by using phage display technology to improve the in vivo stability of biologically active proteins.

Liposome encapsulated antitumor peptides, which were developed by phage display, are widely used in clinical
tumor therapy. Holig et al. reported a high-affinity cyclic RGD lipopeptide (RGD10) targeting av-integrin and applied
doxorubicin-loaded RGD10 liposomes in an in vivo C26 colon cancer mouse model. It showed an improved
efficacy compared to free doxorubicin and non-targeted liposomes. RGD10 is a tripeptide sequence selected from
the phage display library against endothelial cells and melanoma, and subsequently integrated into liposomes 22,
With the same principle, Wang et al. used an 8-mer landscape library f8/8 and a bio-panning protocol against MCF-
7 cells to select a landscape phage protein bearing the MCF-7-specific peptide. Subsequently, a chimeric phage
fusion coat protein specific toward MCF-7 cells, identified from a phage landscape library, was directly incorporated
into the liposomal bilayer of doxorubicin-loaded PEGylated liposomes (Doxil) without additional conjugation with
lipophilic moieties. The results show that phage-modified doxorubicin liposomes with PEGylated liposomes loaded
with MCF-7 breast tumor cells demonstrated significantly increased cytotoxicity toward target cells in vitro 23], In
addition, Mudd et al. developed a binding protein-4-targeted bicyclic toxin adduct to synthesize the conjugate
BT8009 for the treatment of solid tumors. The bicyclic peptide obtained by phage display can specifically binds to

Nectin-4 of tumor cells [24],
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