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Abstract: Bacteriophages have emerged as versatile tools in the field of bioengineering, with enor-
mous potential in tissue engineering, vaccine development, and immunotherapy. The genetic makeup
of phages can be harnessed for the development of novel DNA vaccines and antigen display systems,
as they can provide a highly organized and repetitive presentation of antigens to immune cells. Bacte-
riophages have opened new possibilities for the targeting of specific molecular determinants of cancer
cells. Phages can be used as anticancer agents and carriers of imaging molecules and therapeutics. In
this review, we explored the role of bacteriophages and bacteriophage engineering in targeted cancer
therapy. The question of how the engineered bacteriophages can interact with the biological and
immunological systems is emphasized to comprehend the underlying mechanism of phage use in
cancer immunotherapy. The effectiveness of phage display technology in identifying high-affinity
ligands for substrates, such as cancer cells and tumor-associated molecules, and the emerging field of
phage engineering and its potential in the development of effective cancer treatments are discussed.
We also highlight phage usage in clinical trials as well as the related patents. This review provides a
new insight into engineered phage-based cancer vaccines.

Keywords: bacteriophages; cancer immunotherapy; phage display; nanocarrier; gene therapy;
combination therapy; immunological response

1. Introduction

Cancer is a complex disease involving the irregular and uncontrolled growth of cells,
making it difficult to treat [1]. The incidence of cancer is increasing; however, owing
to the diversity of tumors and their underlying causes, comprehensive therapy for each
patient has been difficult to develop [1]. Surgical resection, chemotherapy, and radiation
therapy have been the mainstay of cancer treatment for decades [2]. Though surgery is
the preferred method for the eradication of primary tumors, in certain cases, not all cancer
cells are eradicated, resulting in tumor recurrence. Treatments based on chemotherapy or
radiation therapy have the potential to induce considerable cytotoxicity in normal cells,
which excludes them as therapeutic options for certain cancer types or patients [3-5].

Conventional therapies are unable to selectively eliminate cancer cells while simul-
taneously conserving normal cells and tissues. Several factors must be considered when
developing cancer-targeting medications, including the challenging microenvironment in
which cancer cells thrive. Cancer research is driven by the goal to develop an effective
therapeutic strategy based on novel treatment and prevention methods [2]. Considering the
impact of immunology, the tumor microenvironment is a key aspect of this new therapeutic
paradigm. Moreover, the number of available treatments has increased because of advances
in gene editing and other biotechnological techniques [6]. Cancer treatment has transi-
tioned from conventional techniques to modern approaches, including targeted therapy
and immunotherapy [2,7,8] where virus-based cancer therapy has been recently proposed.

Many different types of viruses, both mammalian and bacterial, have been used for
several types of biological applications [9-26]. Bacteriophages, i.e., prokaryotic viruses
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that exclusively infect bacteria, not mammalian cells, have recently attracted the attention
of the scientific community as potential cancer immunotherapy agents. This is due to
the ease with which they display the desired functional peptides on the body in order to
achieve high specificity towards cancer cells without incurring unexpected immunogenic
issues in humans. Bacteriophages exist in a variety of forms, and each form has a unique
structure and is associated with a unique strain of bacteria. Bacteriophages have several
potential uses, including in the phage display technique and as phage vectors for gene
therapy [12-31]. Phages capitalize on genetic plasticity to alter their surface, thus opening
a new dimension in the prospective use of bacteriophages for medicinal purposes. Protein—
protein interactions, receptor-binding sites, epitopes, mimotopes, and functional sites of
antigens may be quickly and efficiently detected using the phage display approach [32].
Figure 1 provides a comprehensive summary of the various types, designs, and applications
of engineered phages described in this review and outlines the different approaches used
to engineer phages and the diverse applications of these methods, serving as a valuable
visual aid in the understanding of the key concepts presented in this review.
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Figure 1. Schematic presenting the engineering designs, applications, and types of phages used in
cancer immunotherapy.

Bacteriophages (phages) can accommodate large transgene inserts and can amplify
and purify these gene inserts in a cost-effective manner, making them effective potential
candidates for gene delivery [33]. Moreover, they have the potential for use in cancer
treatments because they can selectively target certain cellular and tissue components. Selec-
tive phage-mediated cancer therapeutics involve the interaction of viral genetic material
with cellular molecular mechanisms. Bacteriophages are used to combat cancer; therefore,
understanding how mammalian cells react to phages in vivo is essential [34]. As potential
in vivo agents, the biodistribution and effects of bacteriophages on normal tissues are
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important considerations that should be studied carefully before advancing these reagents
into the clinic in large-scale trials.

In this review, we present the basics, rationale, and design of bacteriophages used in
cancer immunotherapy, including their interactions with the immune system and other
biological systems. The potential applications of phage therapy in combating cancer,
along with specific topics including phage display systems, phage DNA vaccines, and
combination therapy are addressed. The advantages and limitations of phage application
are highlighted by the clinical trials and patents. We also discuss the current trends and
prospects of bacteriophage research in cancer immunology.

2. Bacteriophages: Exploring the Intricacies of Their Structure and Biology
2.1. The Structure and Evolution of Bacteriophage

Bacteriophages have considerable potential as therapeutic alternatives for molecular
biology-based treatment methods because of their nanoscale, polyvalent surface charac-
teristics, and nonpathogenic nature. They can infect almost every known bacterial species
and have played an important role in the evolution of bacteria and other prokaryotes. The
growth of phages relies on the genomic and proteomic components of the host. Phages are
abundantly distributed wherever bacteria thrive, and more than 10°° phage particles are es-
timated to be present in a wild-type bacterial strain. Frederick W. Twort of Britain (1915) [35]
and Félix d’"Hérelle of France (1917) [36] independently discovered bacteriophages, and
d’Hérelle coined the term “bacteriophage”, which derived from the term “bacteria” and
the Greek term “phagein”—which means to devour—owing to its bactericidal activity.
After the discovery of phages, several researchers, including d'Herelle, considered them for
the treatment of pathogenic bacterial infections and diseases such as Staphylococcus aureus
meningitis [37], dysentery [38], and suppurative illnesses [39]; however, interest in the use
of bacteriophages for treating bacterial infections waned after the discovery of penicillin by
Alexander Fleming in 1928.

The intractable challenge of antibiotic resistance and our extensive understanding of
phage biology have sparked considerable interest in phage therapy, particularly phage
vaccines. Antigenic peptides displayed by whole filamentous phages were originally
employed as a vaccine against Plasmodium falciparum in a rabbit model in 1988 [40]; there-
after, several studies have investigated phages as potential new vaccine candidates [41,42].
Scientists from several fields, including those concerned with protein—protein and protein—
ligand interactions, medical diagnostics, gene and drug delivery vehicles, and biomedical
engineering, have extensively investigated phages [12-26,41-46].

Bacteriophages are being extensively investigated owing to their well-defined three-
dimensional structure and genomic architecture. The head of a phage consists of single- or
double-stranded DNA or RNA surrounded by a capsid [47]. The attachment of bacterio-
phages to bacteria is facilitated by receptor-binding proteins present in their tail fibrils or
capsid surface, which bind to cell surface receptors, including glycoproteins, lipopolysac-
charides, amino acids, teichoic acids, or pili fragments, through electrostatic forces, resulting
in irreversible contact [48-50]. Once a phage binds irreversibly to a bacterium, the viral
tail protein coat is compressed, and the stiff tail tube penetrates the cell membrane. After
penetrating the periplasm, the tube injects the viral genome into the bacterial cytoplasm
and uses enzymes, mostly lysozymes, to degrade the peptidoglycan in the bacterial cell
wall [51]. For example, filamentous bacteriophages use cell pili to invade bacteria by bind-
ing to phage minor pllI proteins. Upon binding to the bacterial pilus, the phage induces its
retraction, which facilitates the phage’s entry into the cell. Once inside, the phage attaches
to the TolA protein within the TolQRA complex, leading to the exposure of the pllII protein
in the periplasm and subsequent injection of viral DNA [52]. After binding to a bacterium,
the phage introduces its genetic information into the bacterial cell in a lytic or lysogenic
manner. The lytic cycle involves the invasion of the host cell, replication of the phage inside
the host, and finally the destruction of the host cell to release more phage particles. The
lysogenic cycle involves the insertion of phage nucleic acids into the host chromosome
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without killing the cells. Other cycles, such as pseudo lysogeny and chronic infections,
have also been reported [53]. As a part of the lytic cycle, the cell metabolism of the host is
restructured to facilitate phage replication, transcription, and translation. The lysogenic
cycle involves the replication of both the phage genome and the host at the same time.
Most lysogenic cycles persist until the transition to the lytic cycle [54].

2.2. Phages in the Human Body and Their Pharmacokinetics

Phages are also present in the human body, where they feed on microbiomes in the
skin, oral cavity, lungs, intestines, and urine system, and control bacterial population
dynamics [55]. They comprise the majority of the gut microbiome in humans and may
enter the body through the leaky gut or via a Trojan horse approach [56]. Phages can
readily transcytose human tissues and are often detected in human blood, despite the
absence of mammalian/human cell tropism [57]. Moreover, phages can easily pass through
cell membranes; approximately 31 billion phages enter the body every day through the
digestive system [58].

Bacteriophages actually have considerable potential as therapeutic alternatives for
molecular biology-based treatment methods because of their nanoscale, polyvalent sur-
face characteristics, and nonpathogenic nature. They are under extensive investigation
owing to their well-defined three-dimensional structure and genomic architecture. Phages
range in size from 40 to 200 nm, with the exception of filamentous phages, which are
often less than a few micrometers in size [59]. They contain well-defined and repetitive
structural units with minimal surface variations, mostly composed of conserved proteins
and simple nucleocapsids of nucleic acids and proteins, this results in a predictable and
comparable immunological response across closely related phages [60,61]. However, their
size can affect their processing and clearance by the reticuloendothelial system (RES) or
hepatobiliary system.

Phages can effectively reach tumors owing to their ability to cross-leak blood vessels;
however, they cannot cross-leak normal vessels, limiting their off-site diffusion. The RES
is responsible for phage clearance, and, post clearance, they are processed for elimination
by splenic or liver macrophages. Some phage variants, known as long-circulating phages,
have a longer blood half-life because of single capsid mutations that circumvent the RES
clearance process and prolong circulation time. Therefore, phages can be used as targeted
delivery vectors for cancer treatment. However, the passage of biological barriers by
phages requires further exploration of barrier biology to enhance phage efficacy. The
surface charge of phages affects in vivo pharmacokinetics, and negative charges of —30 to
—10 mV at physiological pH may result in good blood circulation [62,63]. Phage efficacy
can be improved with neutral or slightly negative charges and PEGylation to increase their
half-life and avoid clearance by the RES system. Phages are stable over a wide range of pH
and temperature conditions and can remain stable for 24 h at pH 3-11 [64]. They are also
stable through freeze-drying, desiccation, and freeze—thaw cycles and at 63 °C for up to
six weeks [65,66]. Recent studies have shown that buffered infusion solutions, often used
in the medical field, are ideal for maintaining phage stability [67].

3. Exploring Phage-Immune Cell Interactions and Administration Modalities

Engineered bacteriophages displaying specific molecules on their surface have a
significant advantage over traditional cancer therapies because of their ability to be highly
specific in targeting of cancer cells without affecting healthy cells. Phages can be engineered
to carry therapeutic molecules or antigens that can boost their ability to trigger an immune
response against cancer [68-70]. An effective approach involves displaying tumor-specific
antigens on the phage surface, which can be recognized and destroyed by immune cells.
Animal studies have elucidated the way that phage-based vaccines can generate potent and
durable antitumor immune responses [71-73]. In addition to their efficacy, phages are safe,
cost-effective, and easy to produce, making them a feasible option for large-scale vaccine
development and distribution [74,75]. Thus, phages have introduced a new technique for
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the immunotherapy of diverse types of cancer, resulting in better outcomes for patients
and a potential cure for cancer.

The interaction between phages and immune cells is an important factor in evaluating
the potential of phage-based vaccines (Figure 2). Two primary aspects of this interaction
have been identified: phage immunogenicity and immunomodulatory activity. Phage
immunogenicity refers to the ability of phages to trigger specific immune responses, such
as the production of antibodies against phage antigens [68]. Phages can induce cellular
responses that are essential for the inhibition of viral infection and the clearing of tumor
cells. They also face challenges related to the generation of anti-phage antibodies and
phage—antibody interactions, which can lead to the inactivation of phages and can limit
the effectiveness of phage-based vaccines. In contrast, phage immunomodulatory activity
refers to the nonspecific effects of phages on the different populations of immune cells
involved in both innate and adaptive immune responses [68].

Phages have the ability to engage with pattern recognition receptors (PRRs), notably
toll-like receptors (TLRs), which identify pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs). The engagement between phages
with PRRs activates innate immunity pathways, cytokine generation, and immune cell
recruitment to infection sites, leading to the establishment of an adaptive immune response
commenced by antigen-presenting cells (APCs) such as dendritic cells (DCs). Phages
engulfed by APCs and a foreign antigen expressed on an engineered phage can be presented
via major histocompatibility complexes (MHCs), recognized by naive T cells, and activated
toward effector or memory functions. The antigen presentation on MHC-I leads to the
differentiation of CD8+ T cells into cytotoxic T lymphocytes (CTL) that directly kill infected
host cells, while antigen presentation on MHC-II triggers CD4+ T cell differentiation
into T helper (Th) cells that assist B cells to produce specific antibodies against antigens,
provided that the APC also displays costimulatory ligands [69,70,76]. Therefore, the
design rationale and use of phage-based vaccines require comprehensive knowledge of the
interactions between phages and immune cells. Considering both phage immunogenicity
and immunomodulatory activity, researchers can develop more effective vaccines that
stimulate humoral and cellular responses.

Subcutaneous and intramuscular injections are the most common routes for phage
vaccine administration. However, these methods can be invasive and uncomfortable and
require trained medical personnel for administration. Therefore, alternative routes of
vaccine delivery, such as oral administration, are being developed. Consequently, M13
phage particles have emerged as potential candidates for oral vaccines because they can
cross the gastrointestinal barrier and remain stable [77,78]. However, potential harm
to the host gut bacteria is a reason for concern, as phages are known for their ability
to recognize and infect bacteria [79]. A double-blinded, placebo-controlled crossover
trial examined the effects of a cocktail of Escherichia coli-targeting bacteriophages on gut
microbiota and inflammatory markers in a healthy human population. Results show
that the phages selectively reduced target organisms without globally disrupting the gut
community, demonstrating their potential for a targeted approach to the modification of
the gut microbiota [80]. Recent study on the phage vB_KpnP_K1-ULIP33 involved its
evaluation in an in vitro model of the human intestinal microbial ecosystem, namely the
Simulator of the Human Intestinal Microbial Ecosystem (SHIME®) system. The results show
no significant impact on the global colonic microbiota, suggesting that further studies are
needed to assess its efficacy against its bacterial host in the human intestinal ecosystem [81].

Various approaches have been developed to ensure that phage-based vaccines are safe
for oral administration. One strategy is to use non-lytic phages such as M13 that do not
destroy bacterial cells, thus reducing the risk of damaging the gut microbiome of the host,
whereas another strategy is to use viral particles with non-functional tail fibers, required
for target recognition and further infection [32]. These viral particles can act as vaccine
delivery systems without infecting bacterial cells, thereby minimizing the risk of harm to
the host. Despite concerns, the use of phage-based vaccines for oral administration has
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demonstrated strong immunostimulatory effects and has led to the development of new
strategies for enhancing the safety of phage-based vaccines, reinforcing the use of phage
particles as oral vaccine carriers [82,83].
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Figure 2. Schematic illustration of the impact of engineered phages on both normal and cancer cells.
Phages do not affect normal cells as they do not exhibit innate mammalian or human cell tropism.
However, when a phage is engineered to display the cancer antigen on its surface, it triggers an
immune response that destroys cancer cells to treat the tumor. Upon encountering a phage with
surface-displayed antigens, antigen-presenting cells (APCs) phagocytose and decompose the phage.
The APCs fragment the antigen into smaller peptides, which are then presented on their surface
by major histocompatibility complex class II (MHC-II) molecules. The presented antigens activate
various types of cells, including CD4+ T helper cells, B cells, and CD8+ cells. B cells differentiate
into plasma cells that produce antibodies, which destroy cancer cells. Meanwhile, T helper cells
differentiate into subtypes with specific functions, such as Th2 cells that help mature humoral
responses and T follicular helper cells (Tfh), which are important for the maturation of memory B
cells and high-affinity antibody-producing plasma cells with long life. Another subset of CD4+ T cells
become memory T helper cells. Thl T helper cells play a crucial role in forming cellular responses by
interacting with APCs to activate CD8+ cells or cytotoxic T lymphocytes (CTLs), which cause the
apoptosis of cancer cells. Memory cytotoxic T cells also restore the CTL response by contact with
secondary antigens.

4. Phage Engineering: Innovative Approaches for Design and Development

Phages have promising applications in vaccine development, drug delivery, and can-
cer targeting [43,79,84]. Phage DNA vaccines utilize phages to deliver protective antigens
or mimic epitopes in the form of DNA vaccines [65]. Phage-displayed vaccines use re-
combinant phages displaying immunogenic peptides or proteins on their surfaces, which
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can be customized with desired affinity properties. Biopanning is an effective selection
technique that enriches a diverse phage library by immobilizing it on a receptor on a solid
support, washing away unbound phages, and resulting in an enriched phage population
with high affinity for the specific receptor [85]. This technique is used to isolate peptides
that bind to a specific target molecule based on their binding affinities [10,85,86]. Biopan-
ning is categorized into in vitro and in vivo biopanning, with the former used for selecting
high-affinity peptides for biomolecules or inorganic materials [44,87,88] and the latter for
obtaining cell/tissue-targeting peptides [89,90].

Phages can be used to target cancer cells and drug delivery by constructing diverse
self-assembled nanostructures for the diagnosis and treatment of diseases. In vitro selection
using immobilized cells as targets is used to achieve this specificity, and the biopanning
method is used to select phages [85,91]. Ff class filamentous phages are commonly used as
phage display vectors due to their unique composition, and modifying major coat proteins
can enable specific targeting of certain cell types, particularly for cancer [92,93]. In vivo
biopanning involves the injection of a random phage-displayed peptide library into animals
to circulate and bind to the target cells or tissues, which is useful for isolating target-binding
affinity peptides.

Phages are also effective in targeting specific tissues and organs for drug delivery or
imaging, including the brain, retina, skin, pancreas, lungs, adrenal glands, uterus, and
intestines [10,90,94]. Targeting specific tissues and organs can be challenging because
of the relative impermeability of the blood-brain barrier (BBB). Li et al. used phage
display combined with in vivo screening to isolate a brain-targeting peptide (Pep TGN),
which was conjugated onto nanoparticles, and it enhanced brain accumulation efficiency
in mice [90]. Moreover, many tissue-targeting peptides have been discovered, including
motifs for various cancers, including leukemia; head and neck, lung, breast, cervical,
ovarian, liver, melanoma, gastric, colon, prostate, and esophageal cancers; lymphoma; and
osteosarcoma [85]. Examples of both pre-clinical and clinical studies of bacteriophage, as
well as peptides that have been identified or engineered for cancer therapy using phages,
are discussed later in this article.

Phage display technology provides two methods for enhancing vaccines: direct dis-
play, in which a foreign gene sequence is fused with a coat protein; and indirect display,
which involves an antigen-binding peptide [95]. Direct display is cost-effective and effi-
cient but may restrict antigen diversity and conformation. Conversely, indirect display
enhances antigen diversity but is more complex to manufacture. Filamentous phages, T4
phages, T7 phages, phage lambda, and RNA phages are phage display systems commonly
employed for vaccine development and delivery, some of which are discussed in this
review. Table 1 provides the distinct features of commonly employed bacteriophage strains
in phage display studies, encompassing their dimensions, genomes, coat proteins, and
copy numbers.

Table 1. Unique features of the frequently used bacteriophages in phage display research.

Phage

Size Copy

Type Structure Family Dimension (kb) Genome Coat Protein Number Life Cycle
M13 Filamentous Inoviridae 900 x 7 nm 6.4 ssDNA plIL, pVIII 5,2700 Lysogenic

fd Filamentous Inoviridae 900 x 7 nm 6.4 ssDNA plII, pVIII 5,2700 Lysogenic

T4 Icfvs'ii‘ft’:ﬁal Myoviridae 120 x 86 nm 168 dsDNA HOC, SOC 155, 870 Lytic

Icosahedral .. .
17 with tail Podoviridae 56 x 29 nm 40 dsDNA gp10B 415 Lytic
A Icfvsiflﬁ‘etjﬁal Siphoviridae 60 x 150 nm 485 dsDNA gpD, gpE, gpV 405,405,192  Lysogenic/Lytic

MS2 Icosahedral Leviviridae 26 nm 3.57 ssRNA Coat protein 178 Lytic

Qp Icosahedral Leviviridae 28 nm 4.2 ssRNA Coat protein 180 Lytic
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4.1. Filamentous Phage Display Systems

Filamentous phages, such as M13, fd, and f1, infect gram-negative bacteria, making
them ideal for creating phage-displayed vaccines with unique structure of coat proteins
and single-stranded DNA genomes assembled into nanofibers. Filamentous phages can be
continuously produced and secreted by the host bacterium without killing it, making them
useful for the rapid development of vaccines against emerging threats. The filamentous
phage display system is one of the most efficient display systems because all five coat
proteins can display antigens. Engineering of the pIIl minor coat protein is well known
for its ability to insert foreign peptides. A phage display system has been developed as an
information mining tool for the identification of peptides that mimic functional peptides
and the study or targeting of the roles of chemokines and receptors [96-99]. pVIII has been
used in tissue engineering and cancer immunotherapy [74]. Foreign peptides displayed
on plII have been used to fabricate multifunctional synthetic phages for sensing or cap-
ture [20,22,23,100,101]. Additionally, landscape peptide presentation on the major coat
protein has been utilized to develop a template for inorganic crystals used in energy and
memory storage devices and to make stimulus-responsive materials [102-106]. Phages have
also been used for medical applications, such as targeted drug delivery, gene delivery, imag-
ing agents, sensors, and tissue engineering scaffolding materials [12-26,100,101,107-112].
For example, Wang et al. have developed a novel therapeutic platform using the M13
phage to display the antitumor cytokine granulocyte-macrophage colony-stimulating factor
(GM-CSF), a potent activator of STATS5 signaling in murine macrophages. The GM-CSF
phage caused a significant reduction in tumor size and increased the number of CD4+ lym-
phocytes compared with that caused by the unmodified phage in a murine colorectal cancer
model. The GM-CSF phage therapy in combination with radiation therapy results in a 100%
survival rate and a 25% complete remission rate [113]. In another study, an M13 phage was
engineered to selectively bind to different types of collagen using collagen-mimetic peptide
motifs. The engineered phage efficiently detected and bound to abnormal collagen and
could be conveniently attached to fluorescence imaging agents to monitor and diagnose
various pathological conditions, including cancer [114].

4.2. T4 Phage Display Systems

The T4 bacteriophage has a complex structure consisting of a head, a tail, and 12 tail
fibers, with three major proteins: gp23, gp24, and gp20, and two non-essential coat proteins:
a highly outer capsid protein (HOC) and a small outer capsid protein (SOC) [115]. During
infection, dsDNA is released through gp20, forming a portal to infect Escherichia coli,
whereas the SOC protein protects the phage head from pH, heat, and enzymes [116]. The
SOC protein allows the display of a foreign protein of interest at the N-terminus, whereas
the HOC protein allows display at the C-terminus. [117]. The study revealed that the role
of SOC in stabilizing the T4 phage capsid protein enables the fusion of a mutated F1 protein
with V antigen, creating a potent vaccine against Yersinia pestis that provides full protection
in rodent and cynomolgus macaque models through the use of recombinant T4 phage [118].
T4 phage display systems can be used both in vivo and in vitro, with an in vitro approach
capable of displaying large and complex proteins on the phage surface [119,120]. One
of the most significant features of T4 phages is their ability to display foreign antigens
on the HOC and SOC proteins, which are highly immunogenic [121]. T4 phage is a
potential vaccine vector candidate because of its ability to package multiple pathogenic
genes encoding various vaccine antigens. The stability provided to the phage capsid by the
SOC protein makes it an excellent option for vaccine administration and transport. PC-3
tumor cells exposed to T4 and M13 bacteriophages have exhibited significant upregulation
of integrin genes and reduced migration activity, suggesting the potential of bacteriophages
in anticancer therapies through their ability to trigger internal cellular signaling, gene
expression alterations, and broad binding properties for drug delivery and therapy [122].
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4.3. T7 Phage Display Systems

The T7 phage has a robust icosahedral capsid enclosing a 40-kb dsDNA genome
assembled with 415 capsid proteins. It has two major capsid proteins covering the head
and tail, with gp15 and gp16 assisting in DNA insertion. Non-essential gp10B can be
used for antigen display, with antigen density affecting the immune response. T7 phages
are a convenient display system for proteins that have difficulty crossing membranes or
that prefer a reducing environment for folding [123]. However, the copy number of the
displayed peptides or proteins may decrease as the sequence size increases. The T7 phage
has several advantages over other phages, such as rapid proliferation and tolerance to
foreign gene insertions of up to 2 kb without affecting structural integrity, making it a cost-
effective and versatile vector for display systems [124]. The Tat protein can be displayed on
the surface of T7 phages to improve delivery efficiency, making it suitable for DNA vaccine
delivery [125,126]. Copper ions can be loaded onto T7 bacteriophages to target cancer cells
via ligand-mediated transmembrane transport. The copper-loaded T7 phage displays a
single peptide that targets cancer cells via aV 83 integrin and maintains its stability and
structure even under harsh conditions. The intake rate of the copper-hybridized T7 phage
particles by MCF-7 cancer cells is 1000 times higher than that of the control group [127].

4.4. Phage Lambda Display Systems

Phage lambda, a member of the family Siphoviridae, has an isometric head and a
flexible tail made up of 405 copies of the head protein D and 32 disks, each consisting of
six copies of the major tail protein pV. The lambda phage can display multiple copies of
complicated large proteins, making it an effective vaccine delivery vehicle [128-134], and
has a 48.5-kb long linear dsDNA genome that exhibits both lysogenic and lytic lifecycles.
In the lysogenic state, the lambda genome replicates with the bacterial genome, while the
lytic stage requires the excision of the lambda genome into an extrachromosomal circular
DNA template and the production of phage proteins [135]. A lambda bacteriophage
nanoparticle-based vaccine was developed to induce robust cytotoxic T lymphocyte activity
against human epidermal growth factor receptor 2 (HER2)/neu-overexpressing tumors in a
BALB/c mouse xenograft tumor model [136]. A nanoparticle system was recently designed
using phage-like particles, which can target specific cancer cells for the intracellular delivery
of therapeutics and imaging. This system can be tailored to offer a platform with diverse
yet specific functionalities for cancer treatment [137].

4.5. MS2 Phage Display Systems

The MS2 phage, a member of the Leviviridae family, is one of the smallest and simplest
phages, with a 26-nm icosahedral size. Its 3.57-kb long single-stranded RNA genome
encodes the major coat protein CP, maturation protein A, replicase, and lysis protein L.
The small size of MS2 may enable it to quickly transport antigens to immune tissues to
encounter immune cells [138]. MS2 phages employ the same method as that used by the
filamentous phages to introduce their genome into E. coli by attaching it to the F pilus [92].
However, MS2 phages differ from filamentous phages in that they require host cell lysis to
release new viral particles. MS2 phages also affect the expression of genes associated with
prostate cancer cell survival and proliferation by reducing/impairing prostate cancer cell
viability via caveolin-mediated endocytosis [139].

4.6. QB Phage Display Systems

Qp phage, a small RNA virus in the Leviviridae family, encodes proteins including
the major coat protein CP, maturation protein A2, and replicase in its 4.2 kb genome. It
infects host cells using the F pilus of E. coli, similar to the MS2 phage, and the A2 protein
can cause lysis by inhibiting cell wall synthesis [140]. Qf3 phages can also express the
Al protein, which displays antigens through its 3-hairpin in the read-through domain
consisting of 196 amino acids [141,142]. The display of tumor-specific antigens on the
surface of engineered Qf phages can be used for inducing an immune response against
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cancer cells. The Q virus-like particles (VLPs) have been used to display weak Tn antigens
as potential targets for anticancer vaccines. The display of Tn antigen on Q3 phages elicits
strong humoral responses and high Tn-specific IgG titers. Qp phages present a highly
attractive platform for the development of carbohydrate-based anticancer vaccines owing
to their ability to display antigens in an organized and high-density manner [143]. However,
the use of the Q@3 phage in cancer treatment is still in the early stages of research, and
further studies are needed to determine its efficacy and safety.

5. Revolutionary Strategy of Engineered Bacteriophages for Combating Cancer
5.1. Role of Phages as Antigen Display Systems for Vaccines

Phage display is a powerful tool for the development of vaccines and identification
of new protective antigens [79,84]. This technology can be used for two main processes:
antigen display on phage vectors and identification of novel antigens [43]. Phage display
technology offers an effective approach to the identification of cancer cell surface markers
and the development of functional anticancer peptides for therapeutic use. By conju-
gating antigens to phage surface proteins, phage display vaccines can generate tailored
immunogenic viral particles [32]. Several candidates have been evaluated as phage-based
cancer vaccines in pre-clinical research studies, including epitopes from the vascular en-
dothelial growth factor receptor 2 (VEGFR?2), epidermal growth factor receptor (EGFR),
HER?2, melanoma antigen gene (MAGE), mucin 1 (MUC1), fibroblast growth factor receptor
(FGFR), Fms-like tyrosine kinase 4 (Flt4), and mimotopes of tumor-associated carbohydrate
antigens (TAA). Some of these anticancer phage vaccines have been successfully used
in cancer immunotherapy [42,144-149]. Table 2 summarizes the peptides identified or
engineered using phages for cancer therapy.

Table 2. Peptides identified or engineered for cancer therapy using phages.

Biological

Peptide Sequence Target Applications Phage/Phage Library References
DKSEKFARDA GM-CSF Colorectal cancer M13 [113]
CDCRGDCEC TAA Breast cancer T7 [127]
EADPTGHSY MAGE Al Antitumor Fd [147]
ATWLPPR VEGF Anti-angiogenesis M13 [150]
DTDWVRMRDSAR,
VPGWSQAFMALA EGFR Lung cancer Ph.D-12 [151]
HTMYYHHYQHHL VEGF Breast carcinoma Ph.D-12 [152]
KIFGSLAFL HER2 Tubo tumor Lambda [153,154]

GLYDGMEHL, .

FLWGPRALV MAGE-A10, MAGE A3 Antitumor Fd [155]
LSPPRYP FGFR Melanoma Ph.D-7 [156]
VYMSPF FGFR1 Anti-angiogenesis 6-mer phage [157]

ACSLNHTVNC, . . .
ACSAKTTSAC FGFR1 Anti-angiogenesis Ph.D-C7C [158]
HSQAAVP FGF8b Prostate cancer Ph.D-7 [159]
QHYNIVNTQSRV EGFR Lung carcinoma M13 [160]
TRTKLPRLHLQS TAA Antitumor M13 [161]
KRTGQYKL FGFR Anti-angiogenesis M13 [162]

5.1.1. VEGFR2 Antigen Display

VEGEFR? is a potential immunotherapy target for different types of malignancies.
VEGEFR2, also known as kinase insert domain receptor, is a transmembrane receptor protein
that plays a crucial role in the regulation of angiogenesis (formation of new blood vessels)
and lymphangiogenesis (formation of new lymphatic vessels). It belongs to the family of
receptor tyrosine kinases (RTKs) and is primarily expressed on the surface of endothelial
cells that line the interior surfaces of blood vessels. Phage display technology has been
used to select peptides that can act as antagonists to inhibit the activity of VEGFR2 and
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suppress VEGF-mediated angiogenesis [150,163,164]. Self-antigens in tumors are often
overexpressed and, therefore, not well-recognized by the immune system; however, im-
munotherapy that targets them have been reported to be effective [144,165]. VEGFR?2 is
overexpressed in tumor endothelial cells and can be used as a tumor-associated antigen. A
VEGFR2-based vaccine was developed using a phage display system, which could generate
anti-VEGFR2 antibodies that inhibited tumor growth in mice through CD4+ T lympho-
cytes. The use of T4 phages as a vaccine carrier may help overcome immune tolerance to
VEGFR?2 [144]. Administration of VEGFR2 extracellular domain-expressing T4 recombinant
phages inhibits VEGF-mediated tumor angiogenesis by binding specifically to vascular
endothelial growth factor (VEGF), thus inhibiting downstream signaling pathways and
suppressing tumor growth and microvascular density in vivo [166]. Monoclonal antibod-
ies, such as bevacizumab (avastin), and peptides selected using a phage display system
have been developed to counteract VEGF-dependent tumor angiogenesis [167-171]. The
ATWLPPR (A7R) peptide is a potential inhibitory agent for cancer-associated angiogenesis
and metastasis and has been explored for additional biomedical applications, such as
the imaging of tumor vasculature and targeted drug delivery [150,172]. Other peptides,
such as CPQPRPL, K237-(HTMYYHHYQHHL), and F56, have been selected using phage
display systems to block the binding of VEGEF to its receptors and inhibit tumor growth and
metastasis. These pan-VEGEF inhibitory peptides may be powerful anti-angiogenic drugs
because they target all three members of the VEGFR family [152,164,173].

5.1.2. EGFR Antigen Display

EGFR is a transmembrane protein that plays a crucial role in regulating epithelial
tissue development [174-176]. EGFR is overexpressed in several types of cancers and is
considered a potential target for cancer therapy. Targeted therapies, such as monoclonal
antibodies and tyrosine kinase inhibitors, have been developed; however, acquired drug
resistance is a common problem. Studies have examined the use of EGFR peptide ligands
as promising tools for the targeting of overexpressed EGFR receptors in different cancer cell
types [177]. Phage display technology has been used to identify high-affinity peptides and
antibodies that can bind to EGFR and inhibit its signaling pathway, leading to the inhibition
of tumor cell proliferation and survival. These phage-derived ligands have exhibited
potential in the development of targeted therapies for EGFR-positive cancers [42,146].
Another study elucidated the way in which antagonistic anti-EGFR nanobodies that were
selected using the phage display technology effectively blocked the binding of endothelial
growth factor (EGF) to EGFR and EGF-mediated signaling and delayed tumor outgrowth
in vivo [178]. Phage display screening with panitumumab-isolated EGFR mimotopes (P19
and P26) and HSP70-P19 /P26 fusion proteins reduced tumor growth in lung cancer models,
indicating their potential for anti-EGFR immunotherapy [151].

5.1.3. HER2 Antigen Display

Human epidermal growth factor receptor 2 (HER2) is a transmembrane receptor
belonging to the group of EGFRs. It plays a crucial role in regulating cell growth and
division, and its overexpression is associated with the development and progression of
several types of cancers, including breast, gastric, and ovarian cancers. HER? is a potential
therapeutic target for HER2-positive breast cancer. Monoclonal antibodies that specifically
bind to and block the activity of HER2, such as trastuzumab and pertuzumab, have been
developed and are currently used to treat HER2-positive breast cancers. Studies have
focused on vaccines for cancer cells expressing HER? in an attempt to elicit an immune
response and, eventually, destroy these cells. The HER2-derived peptides E75 and AE37
have been investigated for their ability to stimulate CTLs to recognize and kill HER2+
cancer cells [145,153]. Phage-based vaccines were engineered using these peptides and
tested in vivo in BALB/c mice implanted with TUBO cells. The AF7-gpD::E75 vaccine
exhibited a delay in tumor growth [153], whereas AF7-gpD::AE37 was shown to be effective
as both preventive and curative effects were observed [145]. Phage display technology has
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also been employed to identify specific tumor-associated regions of the HER-1 and HER-2
proteins [179]. This technology can also produce single-domain antibodies (sd Abs) that
target the HER2-tyrosine kinase in HER2-positive breast cancer, exhibiting potential as a
therapeutic option by inhibiting kinase activity and reducing cell viability [180]. Moreover,
phage-based HER2 vaccines delay the onset of mammary tumors, reduce tumor growth
and multiplicity, and produce anti-HER? antibodies that decrease cell viability, providing a
promising alternative strategy for the treatment of HER2-positive breast cancer using both
trastuzumab-sensitive and trastuzumab-resistant BT-474 cells [181].

5.1.4. MAGE Antigen Display

MAGE is a group of tumor-associated antigens that are frequently overexpressed
in several types of human cancers. The identification and targeting of MAGE is being
actively explored for cancer immunotherapy. The MAGE family includes several X-linked
genes that encode tumor antigens recognized by CTLs. MAGE proteins are found in hu-
man cancer cells but not in normal tissues, making them valuable TAAs. Phage display
technology has been used to select MAGE-specific antibodies that can recognize and poten-
tially target MAGE-expressing tumor cells. In vitro and in vivo experiments have revealed
that phage vaccines containing MAGE-A1141-149 phages induced immune responses, con-
trolled tumor growth, and prolonged overall survival [147]. Similarly, studies have shown
that fd23/Mg10 and fd23/Mg3 phages induce cytotoxic responses in T lymphocytes and
splenocytes and reduce tumor growth in HHD transgenic mice [155]. Additionally, oral
immunization using T7 phages displaying TAAs, such as MAGE-1-T7, SSX2-T7, p53-T7,
and Hsp27-T7, induces effective Th1l and Th2 responses against antigens [182]. Immuniza-
tion using pC8%hisP1A phages has resulted in the generation of Th1-dominated immune
responses and has prolonged the survival of mice challenged with P815F3 cells [183]. Next-
generation phage-display mimotope variation analysis has identified antibody responses to
targeted cancer therapies, revealing melanoma-associated and cancer-testis antigens linked
to DC vaccines and anti-PD-1 monoclonal antibodies [184].

5.1.5. MUC1 Antigen Display

Overexpression of the transmembrane glycoprotein MUC1 is also observed in many
types of cancers. MUC1 comprises a heavily glycosylated extracellular domain and a
transmembrane domain that anchors the protein to the cell membrane. A study has
demonstrated that Q3 phages could produce VLPs conjugated with MUC1 peptides. VLPs
induce the production of specific antibodies and CTL responses in mice, which could bind
to and kill MUC1-expressing tumor cells through complement-mediated cytotoxicity [148].
The Variable Epitope Library (VEL) vaccine platform was used to target the overexpressed
MUC1 antigen in tumors. Two murine MUC1-derived epitopes were used to generate VELs,
which reduced tumor area and lung metastasis. Additionally, MUC1 variable number
tandem repeat (VNTR)-based VELSs reduced metastatic burden when used with DCs and
M13 recombinant bacteriophages [185].

5.1.6. FGFR Antigen Display

The FGFR family plays an important role in regulating various physiological and
pathological processes, such as epithelial-mesenchymal interactions, embryonic develop-
ment, metabolism regulation, migration, and angiogenesis [186]. FGFR mutations are
frequently associated with genetic disorders and various types of cancers [187-194]. There-
fore, the development of specific peptide ligands that target overexpressed FGFR is a
strategic approach for cancer therapy. Phage display technology has been used to identify
specific peptide ligands of different FGFR isoforms. For example, the LSPPRYP peptide
was identified by screening a phage display library using murine fibroblasts overexpress-
ing FGFR1c and FGFR2c isoforms and human keratinocytes overexpressing FGFR2. This
peptide exhibited strong antiproliferative activity in vitro and in vivo and competed with
the natural ligand bFGF for binding to its receptor [156]. Similarly, the peptide VYMSPF
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was identified by screening a library of 6-mer phage peptides using Sf9 insect cells to
select specific peptide ligands of FGFR1. This peptide inhibits the mitogenic activity of
aFGF, thus exhibiting antagonistic activity against aFGF for the treatment of human an-
giogenic diseases [157]. Other peptides have been identified using similar phage display
techniques and have shown promising results in inhibiting cell proliferation and migration
in different cancers, such as breast and ovarian cancers. For example, the P7 peptide was
identified by screening a library of random heptapeptides in bFGF-stimulated murine
fibroblasts [195]. This peptide inhibits cell proliferation by acting on the cell cycle and
the MAPK signaling pathway and has shown potential for targeted therapy of breast and
ovarian cancers [196-198]. The overexpression of FGFR1 in lung and breast cancers has
led to the development of drugs that target FGFR1 signaling and ligand binding. The
cyclic peptides F8 (ACSLNHTVNC) and G10 (ACSAKTTSAC) were selected using a phage
display library to bind to the fibroblast growth factor (FGF)1-FGFR1 interface. The cyclic
peptide F8 effectively prevented FGF1-FGFR1 interactions and reduced FGF1-induced
proliferation of FGFR1-expressing cancer cells [158]. The P12 peptide (HSQAAVP) was
also found to be a potential therapeutic target in prostate cancer. P12 binds to FGF8b, a
major isoform expressed in prostate cancer, and inhibits FGF8b-induced cell proliferation
by arresting the cell cycle and blocking the activation of certain signaling pathways. P12
is homologous to a region of the high-affinity FGF8b receptor, suggesting it may be more
effective in interrupting FGF8b binding than other identified peptides [159].

5.1.7. Flt4 Antigen Display

Flt4, expressed mainly in lymphatic endothelial cells, crucially facilitates lymphangio-
genesis through its transmembrane receptor activity. In a study, T4 phages were genetically
engineered to express murine Flt4, known to participate in tumor lymphangiogenesis and
contribute to tumor progression and metastasis. The therapeutic potential of engineered
T4-mFlt4 was evaluated through prophylactic vaccination in a mouse model. This study
revealed that the prophylactic vaccination led to the production of targeted antibodies,
which effectively suppressed lymphangiogenesis and distant metastasis while having no
impact on tumor progression [149].

5.1.8. Exemplary Array of Additional TAA Mimotope Variants

Phage display technology can also be used to identify peptides that mimic the struc-
tural and antigenic properties of proteins, carbohydrates, or lipids. These mimotopes have
been selected for their specific fit with antitumor-associated antigen antibodies as they are
more efficient than natural epitopes. For instance, the EM.L2 peptide (QHYNIVNTQSRYV)
fused with the L2 extracellular domain of human EGFR was expressed in phages, and
the phages were tested in a mouse model of lung carcinoma, resulting in the activation of
humoral and cellular responses and inhibition of tumor growth [160,199]. Phage display
panning was also performed in mice bearing melanoma tumors, and a specific ligand
WDC-2 (displaying the TRTKLPRLHLQS peptide motif) was identified in B16-F10 cells,
which exhibited complete regression of the established tumors and long-term survival [161].
In another study, phage display was used to identify mimotopes of gonadotropin-releasing
hormones (GnRH) that stimulated the production of therapeutic antibodies. In mice, im-
munization with phages displaying the selected GnRH mimotope induced long-lasting
humoral responses and decreased testosterone production, which indicate that they may
have the potential to treat hormone-sensitive cancers [73].

5.2. Role of Phage Nanocarriers in Transforming Cancer Treatment
5.2.1. DNA Vaccines of Phages

DNA vaccines are highly advantageous over protein or peptide vaccines due to their
accurate antigen folding and lack of downstream processing needs [200-202]. However,
large primate trials showed poor immunogenicity, leading to the use of adjuvants in
human trials [203,204]. Delivery vehicles are also required to overcome the instability and
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distribution issues associated with naked DNA vaccines [205]. In contrast, novel nucleic
acid-based vaccines have demonstrated promising results in clinical trials, especially during
the COVID-19 pandemic [206]. Phage particles possess adjuvant properties and are a
practical option for DNA delivery. In bacteriophage DNA vaccines, eukaryotic expression
cassettes containing target-specific bacteriophage promoters are used to insert antigen-
encoding genes [32,200]. Phage DNA vaccines are a promising alternative to naked DNA
vaccines, offering several advantages, including the ability to insert large DNA antigens
of up to 20 kb [202,207,208]. Lambda phages have been extensively studied as vectors
for the delivery of DNA vaccines that encode proteins such as green fluorescent protein
(GFP) and hepatitis B surface antigen (HBsAg) using cytomegalovirus (CMV) promoter-
controlled reporter genes. Not only are they a cost-effective gene delivery option, but
they also offer distinct advantages in delivering nucleic acid immunization and targeting
antigen-presenting cells for enhanced immune responses [208,209].

Research has shown that lambda-ZAP E7 bacteriophage-mediated gene transfer can
efficiently deliver and express therapeutic genes, resulting in potent anti-tumor effects in
vaccinated mice [210]. However, DNA vaccines targeting A16HER?2, a protein implicated
in breast cancer aggressiveness and drug resistance, failed to elicit immune protection
in mice due to tolerogenic mechanisms. This challenge was overcome by engineering
bacteriophages with immunogenic epitopes of A16HER2, which triggered a protective
anti-A16HER?2 response, breaking immune tolerance. These findings support phage-based
anti-HER2/A16HER?2 vaccination as a safe and effective immunotherapy against HER2-
positive breast cancers [41]. Compared with peptide vaccination, lambda phage-based
genetic vaccination induced immunological responses with higher antibody titers, cytokine
production, and epitope binding driven by a Th1l response [211]. Filamentous phages are
also being explored as vaccine vectors, allowing for immunization with multiple epitopes
or antigens through a single delivery method [212]. Additionally, phage DNA vaccines
are safe, simple, and inexpensive, without carrying antibiotic-resistance genes, and can
be administered in multiple doses. They are also stable and offer better protein folding,
the adjuvant effect of phage particles, and the presence of lipopolysaccharides and lipids,
making them more effective than standard DNA vaccines [200,202]. RNA-based phage
vaccines have not yet been studied for cancer immunotherapy in the available literature.
However, to suppress viral replication and develop antiviral drugs for myocarditis, a
study utilized artificial microRNAs that were linked to folate-conjugated bacterial phage
packaging RNA (pRNA) [213]. Therefore, phage DNA vaccines are a promising approach
for the development of safe and effective vaccines against various diseases.

5.2.2. Gene Therapy of Phages

Researchers have long focused on developing gene therapies for cancer treatment [214].
However, a major hurdle has been the effective delivery of therapeutic genes to target
cells [215]. Non-viral methods, such as naked DNA injection, gene gun, and chemical
approaches, have limited efficacy [216]. On the other hand, eukaryotic viruses, such as
lentiviruses, adenoviruses, and adeno-associated viruses (AAVs), have higher transfec-
tion efficiency and stable gene expression [216,217]. Despite this advantage, their use is
constrained by natural cell tropism, immunogenicity, and oncogenicity risk [33,218,219].
Bacteriophages are a promising tool for cancer gene therapy due to their low cost and easy
modifiability, despite initial limitations in transducing higher organisms [33]. An AAV
transgenic cassette containing the herpes simplex virus thymidine kinase (HSVtk) gene
was incorporated into M13 phage DNA with two full-length inverted terminal repeats
(ITRs), resulting in chimeric virus particles able to achieve stable and specific tumor gene
expression [220,221]. When combined with ganciclovir (GCV), this led to effective tumor
suppression in laboratory mice and rats, and preclinical tests demonstrated antitumor
effects in various cancer models involving cellular apoptosis [221-224].

Phage-mediated cancer therapy utilizes bacteriophages as delivery vehicles for thera-
peutic agents, such as cytokines and gene editing tools, with high precision and specificity,
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reducing off-target effects and minimizing the risk of toxicity to healthy cells. Bacterio-
phage particles can be engineered to possess functional peptides on their surface to increase
their targeting and distribution to cancer cells, thereby improving the efficiency of phage-
mediated cancer treatment. The incorporation of an octreotide-targeting ligand improved
TNF-selective delivery to pancreatic neuroendocrine tumor cells [225]. By facilitating the
endosomal escape of hybrid viral particles containing RGD4C-H5WYG-AAVP, inserting an
H5WYG peptide causes cancer cells to undergo apoptosis [226]. Transmorphic phage/AAV
particles provide effective delivery of cytokines, including IL-12, IL-15, and TNF«, for
selective cytokine therapy against solid tumors. Their compact structure enables successful
avoidance of neutralization by immune cells during systemic administration [227]. A re-
cent study combined phage-mediated cancer therapy with clustered, regularly interspaced,
short palindrome repeats (CRISPR)/Cas9 genome editing technology and reported the
effective co-delivery of CRISPR/Cas9 and a functional p53 gene to target the mutant TP53
gene in human lung cancer [228]. This promising approach suggests that phage-mediated
cancer therapy is a powerful tool for precision cancer therapy when combined with the
CRISPR/Cas9 gene-editing technology.

5.3. Combination Therapy of Phages for Targeted Cancer Treatment

Targeted drug delivery is becoming increasingly popular for improving the efficacy of
chemotherapy and minimizing its side effects. Phage libraries can identify peptides that
bind to cancer cells, allowing direct drug delivery to tumor sites. Phage display-derived
peptides are widely used for tumor targeting because of their small size and ease of con-
jugation with drugs and carriers. Innovative methods of improving chemotherapy are
being explored, with promising results. Phages, for instance, have been found to increase
the effectiveness of chemotherapy while reducing its side effects [229]. Researchers have
also used M13-based phage libraries to identify specific peptides that can penetrate cell
membranes and deliver active agents to cancer cells. Two peptide motifs, LTVSPWY and
WNLPWYYSVSPT, have been found to bind to breast cancer cells and internalize antisense
oligonucleotides [230]. When combined with doxorubicin (DOX), the AGKGTPSLETTP
motif from a 12-mer M13-displayed phage library demonstrated strong anticancer efficacy
in mice with hepatocarcinoma (HCC) tumors [46]. A pentapeptide phage library identified
the ASSHN motif that targets tumor angiogenesis; when conjugated with DOX-loaded lipo-
somes, it showed significant growth inhibition compared with untargeted liposomes [231].

Bacteriophages have also been explored as delivery vehicles for drugs and imaging
dyes, with promising results. M13 particles displaying epithelial growth factors can effi-
ciently pack plasmids containing siRNAs against focal adhesion kinases, which effectively
target lung carcinoma cells [232]. An anti-prostate-specific membrane antigen (PSMA)
antibody was fused with the gp3 protein to create an anti-PSMA-M13-SWNT platform
that targets prostate cancer cells and can be used for in vivo fluorescence imaging [87].
Bacteriophages are used in photodynamic therapy to treat cancer. Studies have shown
that MS2 bacteriophages decorated with DNA aptamers and M13 bacteriophages targeting
breast cancer cells can successfully deliver photosensitizers resulting in cell death [233].
Phage-based nanomedicines using photodynamic therapy can treat cancer by producing
singlet oxygen, and a study has shown that genetically modified phages targeting SKBR-3
cancer cells induce cancer cell death upon laser excitation [234]. Moreover, a Fusobacterium
nucleatum (Fn)-binding M13 phage coated with silver nanoparticles was developed to target
Fn in colorectal cancer, which improved mouse survival in an orthotopic colorectal cancer
(CRC) model [235].

6. Advancement of Phage Use in Humans: Clinical Trials and Patents

Phage displayed antigens have advantages over standard vaccines in activating T
cells and stimulating an optimal immune response [75]. Standard vaccinations that em-
ploy soluble foreign antigens or inactivated microbes are incapable of activating T cells
through the MHC class I pathway, resulting in poor immune responses [236]. Filamentous
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phages efficiently activate the MHC class I and II pathways, which play a key role in
anti-cancer and anti-viral therapies [147,155,212,237]. Phages can also stimulate APCs to
secrete costimulatory molecules for T cell activation, making them a promising positive
stimulant of the immune system [238]. Phage therapy is being tested globally in clinical
trials as a potential treatment for antibiotic-resistant bacterial infections in humans [239].
The American database of clinical trials contains several records related to the use of phages
in clinical trials, with a primary focus on the treatment of infectious diseases. However,
most studies have focused on the lytic properties of phages to combat antibiotic-resistant
bacterial infections. Recently, researchers have investigated the use of phages as a potential
treatment for cancer [240,241]. A European phase I/1II clinical trial involving patients
treated with a phage-based vaccine has been conducted wherein the vaccine linked a
selected B-cell receptor to the surface of phage particles. The vaccine was tested in patients
with terminal-stage multiple myeloma, and it was well tolerated by patients with minor
and transient side effects. The vaccine decreased serum paraprotein and urine-excreted
myeloma-specific light chain levels, indicating a clinical response in most patients [242].
Though promising results have been observed in preclinical studies, significant challenges
have to be overcome before phage therapy can be widely used in human cancer treatments.
Several clinical trials are currently underway to evaluate the safety and efficacy of phage
therapy in patients. ABNCoV2, a vaccine utilizing virus-like particles (VLPs) of bacterio-
phage AP205 decorated with the receptor-binding domain of SARS-CoV-2 and produced
in 52 Drosophila cells, was administered to healthy volunteers who were then evaluated
for safety in the clinical trial (NCT04839146). Despite promising preclinical results and the
safety of phage-based vaccines for humans and animals, the United States Food and Drug
Administration (FDA) and The European Medicines Agency (EMA) have not yet approved
these vaccines. However, the FDA has approved the use of bacteriophages as antibacterial
agents in food products to combat contamination, such as Listeria monocytogenes in ready-
to-eat meat and poultry (71 FR 47729). Moreover, several patents related to phage therapy
for cancer treatment have been granted or are pending approval. These patents include
various aspects of phage therapy, such as methods for producing and administering phages,
specific phage compositions for targeting cancer cells, and methods for using phages to
enhance the antitumor activity of the immune system. Some patents for cancer treatments
that utilize phages are listed in Table 3.

Table 3. Lists of patents on phage-based cancer treatments (source: USPTO and WIPO/PCT databases).

Patent Number

WO2006008312A1

US20060058228A1
US8137693B2

US8088887B2

US8415131B2

US9387257B2

CN105267973A

US9226972B2

US9744223B2

Inventors Title Published Year
Udo Blasi, Christine Hohenadl Bacteriophage and prophage proteins in cancer 2006
gene therapy
Kimberly Kelly, David Jones Colon tumor specific binding peptides 2006
Valery A. Petrenko Drug delivery nanocarriers targeted by landscape phage 2012
Han-Chung, WuChin-Tarng Lin, Peptide-conjugates that bind to VEGF-stimulated or 2012
Tong-Young Lee, Szu-Yao Kuo tumor vasculature and methods of treatment
Qian Wang, Kai Li, Charlene Mello M13 bactenophagg asa chemo-faddressa.ble .nanopartlcle 2013
for biological and medical applications
Han-Chung Wu, Yi-Hsuan CHI Lung cancer specific peptides fc?r targeted drug delivery 2016
and molecular imaging
Wu Hanzhong, Wu Jianxun Cancer target{ng peptides for enh{man.g.ant{-cancer drug 2016
delivery and therapeutic efficiencies
Valery A. Petrenko, Deepa Bedi, . . .
Olusegun A. Fagbohun, James W. Targeted part'lcles comprising landscapg pha'ge fusion 2016
. . proteins and heterologous nucleic acid
Gillespie
Biswajit Biswas, Carl R. Merril, Therapeutic cancer vaccine targeted to 2017
Hossein A. Ghanbari aspartyl-(asparaginyl)-beta-hydroxylase (HAAH)

7. Challenges and Potential of Phage-Based Nanomedicine

Phage-based nanomedicine exhibits potential for use in precision medicine. Table 4
provides an overview of the pros and cons of phages in the biological domains. Manipulat-
ing phages to target specific areas could solve the problem of imprecise treatment. However,
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researchers must address several challenges, such as the underlying mechanisms of the
interactions of phages with the immune system and other cells in the body. The efficacy of
bacteriophages in entering the body depends on the administration method. When phages
enter the bloodstream, they encounter various proteins that signal the immune system for
clearance. Oral administration is effective for delivering phages to the gastrointestinal tract,
with recovery depending on the dose and age of the individual. However, stomach acidity
neutralizers do not significantly improve phage travel through the alimentary tract. Phage
replication in the gut outweighs other factors that affect phage recovery efficiency, such as
the presence of sensitive bacteria [243]. Moreover, phages can be removed from the body
via the liver or kidneys, leading to nonspecific toxicity. Some organs, such as the brain and
pancreas, may be difficult for phages to reach, and the fibrotic stroma around tumors may
make it difficult for phages to penetrate the tumor [244,245]. This can reduce their efficacy
as therapeutic agents.

Phages have a complex multi-component structure that can make them difficult
to produce, purify, and standardize compared with small molecule antibiotics. Each
phage has a specific host range, and there is a high degree of diversity among phages,
making it challenging to find phages that are effective against a wide range of infections.
Phages also have the ability to rapidly evolve and adapt to changes in their environment,
which can make it challenging to develop long-term therapies. Phage preparations can be
contaminated with other bacteria or viruses, which can cause unintended infections in the
patient. The long-term effects of phage therapy are not well understood. It may be possible
that repeated use of phages could lead to the development of resistance, making future
treatments less effective.

Phage-based vaccines can be contaminated with endotoxins, which are lipopolysac-
charides that can cause pro-inflammatory reactions, toxic shock, and cell damage even with
slight exposure [246]. These endotoxins can originate from the host bacteria, culture media,
or be released during the replication of lytic phages [247]. Therefore, it is crucial to remove
endotoxins from phage stocks before they can be used in vaccines. Currently, triton X-114
and organic solvents are two effective methods for purifying bacterial cultures of endotox-
ins [248,249]. Triton X-114 has been shown to efficiently reduce endotoxin concentrations
in M13 phage-based vaccinations, which have been well tolerated in clinical studies for
patients with minimal flu-like symptoms and skin irritation at the injection site [242].

Table 4. Advantages and disadvantages of phage in the biological domains.

Advantages

Disadvantages

Phage-based nanomedicine can be used for precision medicine = Phages may cause allergic reactions in some individuals

Manipulating phages to target specific areas can solve the

problem of imprecise treatment
Phage therapy can potentially r
antibiotic resistance

Limitation in displaying large antigens on phage particles

educe the development of Challenging to correctly display a molecule on the
phage surface

Strong humoral and cellular immune response without the need =~ Genome length must be within virion packaging limits for

for adjuvants

phage DNA vaccines

Can be applied to oral vaccination due to physical stability in Efficacy of phages in entering the body depends on the

the gastrointestinal tract

administration method

Phage therapy has the potential to be less expensive than Phage therapy may not be suitable for all patients, such as those

traditional antibiotics

Combination therapy with phages is possible
Remarkably stable in many challenging

environmental conditions
Easy to genetically modify and
bacteriological media

with compromised immune systems
Might be challenging to reach certain organs and tumors to
provide effective treatment

Requires specialized storage and handling

mass-produce using basic . L . .
p & Endotoxin contamination during phage production

Significant potential for use as vaccine carriers for various More clinical trials are needed to obtain regulatory approval for
illnesses including cancer and infectious diseases phage therapy
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Regulatory approval of phage therapy is a complex process that requires further
clinical trials. Another crucial aspect to consider when exploring the use of phages in
cancer immunotherapy is their potential side effects, making it essential to prioritize patient
safety. Addressing the considerable problems with production associated with phage long
term storage and viability is crucial for the effectiveness of treatment. Combining phages
with other drugs, enzymes or particles may help overcome these barriers [46,231-235].
Combining phages with other cancer therapies could enhance their effectiveness; however,
further research is required. Despite these challenges, continued research and development
in phage-based nanomedicines will lead to exciting advancements in cancer treatments.

8. Conclusions

Phages are used in the field of nanomedicine for disease diagnosis and treatment,
tissue regeneration, the detection of bacterial and fungal infections, vaccines, and gene
therapy. Phages can be used in precision medicine for specific targets. Phage-based
vaccines are advantageous over standard vaccines in activating T cells and stimulating an
optimal immune response; however, their immunogenicity should be optimized before
use. Phage display technology can be used in tumor immunology as a prophylactic and/or
therapeutic vaccine or as a small-molecule effector. Since phages can be engineered to
be more convenient and accurate carriers for the delivery of therapeutic payloads to
cancerous cells, they have emerged as a viable alternative for cancer gene therapy and
diagnostics, substituting the vectors based on eukaryotic viruses. It has also been effective
in preclinical studies when phage treatment is combined with other drugs, enzymes, or
particles. However, researchers must address several challenges, such as understanding the
underlying mechanisms of the interactions of phages with the immune system and other
cells in the body, and addressing issues such as phage resistance, allergic reactions, and
potential unintended side effects. Further research is needed to optimize phage-mediated
cancer therapy; however, despite these concerns and challenges, phages exhibit great
potential in inducing protective and therapeutic immunity. Overall, continued research and
development in phage-based nanomedicines will lead to exciting advancements in cancer
treatments, though more studies are needed to fully understand its potential applications
and limitations.
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