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| 1. Introduction

Cancer is a plague worldwide, affecting around 9.6 million people annually and accounting for 1 in every 6 deaths,
globally. Adopting a healthy lifestyle lowers the risk of cancer development by 30-50%. Additionally, people suffering from
cancer can more reliably count on preventive screenings, early detection, and access to affordable medicines (font:
https://www.who.int/health-topics/cancer (accessed on 15 January 2021)). We live in the era of personalized medicine,

where therapeutic interventions are built around the individual and are based on genetic screenings as well as on novel
imaging techniques. The use of radiolabeled antibodies in Her2-positive breast carcinomas, for example, improved the
detection of previously unidentified lesions, while genetic information rendered staging the disease more precise and led
to the development of specific therapies L2,

Since the concept of targeted therapeutics came in vogue, efforts were made to gain a better understanding of tumor
biology and to identify tumor-specific therapeutic targets. In fact, most of these targets are also predictive biomarkers that
give us information on whether a certain therapy would be beneficial to one patient but not to another El. Furthermore,
acquiring a deep understanding of the signaling pathways in which critical targets are involved is fundamental to dig out
molecular mechanisms that will likely inform us on response—or resistance—to therapy “l. Whether a tumor would
respond or not is also a matter of selective drug accumulation 2. Therefore, there is a necessity for a more careful drug
design following the principles of low toxicity, targeting capacity, and high payload at the disease site (€. The same is true
for diagnostic agents that should necessarily biodistribute rapidly, accumulate specifically, and cause no harm to the
individual @, Therefore, more drugs are being designed on the defined features of cancerous tissue to avoid unwanted
side effects. It is in fact unconceivable to solely screen new compounds for their activity on specific cellular processes, as
their effectiveness is often impaired by unbearable off-target toxicities.

To fulfill the need of more precise diagnostic and therapeutic medicines, a multitude of new strategies were implemented.
Among those, the advent of nanotechnology opened up new roads in precision medicine with nanocarriers or
nanoparticles (NPs) made up of different materials (namely, magnetic, iron oxide, gold, mesoporous silica, polymeric NPs,
carbon nanostructures, and liposomes) showing good biocompatibility, relatively low toxicity, and simple customization to
reach the defined parameters, such as good circulation lifespan and solubility €. With formulations already approved for
the treatment of metastatic breast cancer (pegylated liposomal doxorubicin Doxil®; non-pegylated liposomal doxorubicin
Myocet®) and others in late stages of clinical trial for different solid tumors, liposomes obtained the greatest success,
especially for their low immunogenicity and toxicity (4. All these nanocarriers, however, lack intrinsic target specificity and
accumulate at the tumor site because of its leaky vasculature and the so-called enhanced permeability and retention
(EPR) effect that causes greater fluid retention than in normal tissues I8, In addition, they have to bypass a number of
physiological barriers, namely the endothelium, the extracellular matrix (ECM) and different stromal cells, including
phagocytic immune cells, before releasing their cargo at the target site 2211,

| 2. Bacteriophages: An Overview

Bacteriophages are a class of prokaryotic viruses with different sizes and shapes (icosahedral, such as T4, T7, or A;
filamentous, such as M13), which infect the host bacterial cell initiating either a lytic or a lysogenic cycle. Lytic phages
(e.g., T4) replicate inside the bacterial cell and produce endolysins to destroy the cell membrane and release the viral
particles. Lysogenic phages (e.g., A and T7), instead, integrate their genes into the bacterial genome (prophage) and are
transmitted to the next generations. Under conditions such as stress or cellular damage, the prophage can be reactivated,



viral particles can be produced, and a lytic cycle can be initiated 22, Filamentous phages always behave as lysogenic
viruses and never kill the host cell. Their genome can either be replicated as episomal DNA or integrated into the bacterial
chromosome by recombination. In the latter case, reactivation of viral replication is achieved under certain stimuli
(modification of pH or temperature) that also promote reassembly of new viral particles 2341 |n the infection process,
bacteriophages and host cells establish irreversible interactions that take place between the viral capsid proteins and
specific receptors on the bacterial surface. In filamentous phages, contact with the host cell is mediated by the minor
capsid protein that binds the bacterial F-Pilus. Pili retract towards the bacterial cell and promote the interaction of the
phage with a secondary receptor located in the periplasm. With mechanisms that are still not fully understood, the major
coat protein is inserted into the inner membrane and the phage ssDNA is released inside the cell L3I4l |n tailed
icosahedral bacteriophages, upon binding through the tail fibers, a conformational change is induced in the capsid
baseplate, which ultimately leads to capsid contraction and injection of phage’s genetic material (ds or ssSDNA/RNA) into
the bacterial cytoplasm 15,

Bacteriophages were discovered in 1915 and 1917 by Frederick Twort and Felix d’Herelle, respectively, for their use
against human and animal infections, but research on the theme was abandoned with the advent of common antibiotics.
They are applied as food preservatives, as surface biofilm degradants, and in many other applications that are extensively
reviewed elsewhere 3IIL8] |t was only in 1985 that bacteriophage research for human therapy started to get off the
ground. With the phage display technique, in fact, bacteriophages transformed into a platform to study protein, antibody,
and peptide interactions. Bacteriophages can be genetically modified so that a polypeptide is produced and exposed as
fusion with one of their capsid proteins. The different capsid proteins within a single phage particle are present in numbers
that might vary from a handful to several hundreds. Thus, the surface of a phage can be variably decorated with multiple
copies of the polypeptide of interest and within a phage population, a multiplicity of moieties are rapidly and easily
displayed to create a library A8l | jbraries are propagated in bacteria and phage populations can be selected either in
vitro or in vivo by biopanning—an affinity procedure that makes interacting phages to be retained while non-interacting
phages are washed away. Biopanning on cell cultures, for example, is a straightforward method to identify cell surface-
interacting peptides and to uncover novel tumor-associated antigens for the design of targeted delivery systems 4. |n
recent years, bacteriophage research entered its second youth, with phages being exploited either in cancer therapy and
diagnosis as targeted nanocarriers or employed in gene therapy as vehicles for curative DNAS/RNAs. Furthermore,
phages as immunogenic particles are described in vaccine research for their capability to elicit both cell-mediated and
antibody-mediated (humoral) immune responses 19,

3. Discovery of Cancer Biomarkers and Targeting Moieties by Phage
Display

Smith and Winter paved the way for bacteriophage engineering and received the Nobel Prize in chemistry in 2018 for their
contribution in establishing phage display 2%, This technique is based on the possibility of creating fusion proteins with
antibodies or peptides, by cloning the sequence of interest at the N- or C-terminus of a capsid protein. The filamentous
phage M13 is the most widely and successfully exploited. In this phage, exogenous peptides are expressed as a fusion
with either the major coat protein gp8 or the minor coat protein gp3. The difference relies on the number of peptides with
which the capsid surface is decorated, where the gp3 is positioned at one end of the bacteriophage and is expressed in 5
copies, while the gp8 protein covers the entire length of the phage and is expressed in ~2700 copies 2. As a result,
engineered phages have the ability to recognize and bind, by affinity and avidity, receptor molecules on the surface of a
cell and interfere with their function 22, Other bacteriophages used in phage display include the icosahedral phages A [23],
MS2 24 T4 23] and T7 28 All these platforms share the same biotechnological strategy, i.e., variable copies of

exogenous peptides/antibodies are displayed in different copy numbers as fusion with one or more capsid proteins (Table
1).

Table 1. Platforms for phage display.

Bacteriophage Family Genome Coat Protein Copies Ref.
M13 Inoviridae circular ssDNA gzz ~2§00 21
A Siphovirudae linear dsDNA gpg;)ng ‘1‘82 [27]
MS2 Lseviviridae linear ssDNA CP 178 (28]
T4 Myoviridae linear dsDNA Hoc 160 [29]
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Bacteriophage Family Genome Coat Protein Copies Ref.

T7 Podoviridae linear dsDNA gpl10B 415 =0

Phage display is a high-throughput technology to select protein moieties (namely, peptides, proteins, antibodies, or single-
chain variable fragments (scFvs)) starting from complex libraries, with a multiplicity that can reach 106-10° individual
clones. The affinity selection is carried out in vitro or in vivo, based on the interaction of the library with a target of interest
—a protein, a cell, a tissue, an organ, or even a whole organism. Sequential rounds of selection and amplification,
followed by recovery of specifically enriched phage clones, enable the identification of previously uncharacterized
moieties and their molecular targets. In the last 30 years, several studies sought to identify cancer-specific biomarkers
and cognate targeting peptides/antibodies, through the use of phage platforms for various downstream purposes. There is
a vast literature on the subject, whose full discussion goes beyond the scope of the present review; here, we propose an
overview of different possible approaches, to introduce the reader to the multifaceted applications of phage display in
oncology.

Poul et al. Bl generated an scFv phage library to select internalizing antibodies as a prerequisite to design targeted
therapeutics (e.g., immunotoxins, immunoliposomes, antibody—drug conjugates) and gene delivery systems. They built a
library of 7.0 x 10° human scFvs in an M13-derived phagemid, to be selected on the breast cancer cell line SKBR3.
Depletion of unspecific binders was obtained on normal cells (fibroblasts) and recovery of SKBR3-internalizing scFvs was
achieved after three rounds of panning. Out of 135 clones tested, they found two scFvs (clones F5 and C1) that uniquely
bound to Her2, a receptor frequently overexpressed in breast cancer. For further characterization, they showed that in
between the non-Her2 binders, 10 other scFvs were able to specifically interact with the cancer cell lines of different origin
(breast, SKBR3 and MCF-7, ovary, SKOV3, and prostate, LNCaP). They retrieved one clone to selectively bind transferrin
(Tf) receptor—another cell surface molecule often upregulated in cancer—and to induce, upon internalization, a strong
growth inhibitory effect. Similarly, Tordsson et al. B2l employed phage display to uncover novel target molecules for
immunotherapy and diagnosis of colon cancer. In this case, an M13 gp3-fused library of 2.7 x 107 scFv clones was
derived from antibodies induced in Cynomolgus monkeys, upon immunization with human colon carcinoma cells. The
library was panned on the human colorectal cancer cell line Colo205 and the selected clones were used to stain tissue
sections of normal and cancerous tissues. This procedure allowed the identification of an scFv clone (A3), specific to both
primary and metastatic colorectal cancer and also to pancreatic cancer, with restricted cross-reactivity to normal epithelia.

Using a different setting, Pavoni et al. B3 implemented an immunological screening protocol called SEREX, where a A
phage library was constructed by expression of cDNA-encoded protein fragments (200-300 amino acids in length) from
the breast cancer cell lines MCF-7 and MDA-MB-468. This library was panned on sera from breast carcinoma patients,
where circulating antibodies against cancer antigens are expected to be present in high titers. Twenty-one clones that
specifically interacted with the sera were retrieved and their sequence were determined. Eighteen different gene products
were found and their expression pattern was validated by semi-quantitative RT-PCR in 10 independent breast carcinoma
samples, leading to the identification of five antigens (T6-2, T6-7, T7-1, T9-21, and T9-27) associated with cancer
diagnosis.

An example of phage display performed on whole tissues is the work by Larsen et al. B4 They screened an M13-
displayed synthetic single domain antibody library 3 with a diversity of 6.2 x 107 on consecutive tissue sections for
binding to CD271+ cells, considered as potential cancer stem cells (namely, cells that fuel tumor growth and are often
drug-resistant). Of the 315 screened, they validated one clone (LH8) through immunohistochemical staining on cryo-
preserved breast cancer tissue sections. This antibody showed confined reactivity to cancer cells with variable intensities
within the tissue, confirming an intratumor heterogeneity of different cell populations and indicating a possible application
in the precise identification of cancer stem cells.

Other studies used recombinant proteins as targets. Mueller et al. [28 searched for peptides that could bind to collagen
type 1V, specifically cleaved by the matrix metalloprotease 2 (MMP-2), an event that occurs during angiogenesis—the
abnormal formation of new blood vessels that feed tumor growth. They found one M13 phage clone exposing the peptide
motif TLTYTWS to bind immobilized MMP-2 processed collagen IV. The TLTYTWS peptide inhibited endothelial cell
differentiation in a tube formation assay in vitro, blocked angiogenesis in Matrigel plug assays in vivo, and accumulated at
tumor sites in Lewis Lung carcinoma-bearing mice. A work by Zhang et al. B4 focuses on CD44, a member of the family of
integral membrane glycoproteins and the receptor for hyaluronic acid. CD44 is often aberrantly expressed in cancer and it
is also associated with epithelial-to-mesenchymal transition, a crucial event in cancer progression. Consequently,
generating new diagnostic tools for CD44 can lead to more efficacious treatments and predict response to therapy. Based
on these premises, the authors searched for novel peptide ligands of CD44v—a splice variant often deregulated in gastric
cancer—starting from a commercial M13 phage library of 1 x 10° independent 7-mers. They identified CV-1, the phage



clone with the highest frequency and selectivity, to specifically bind the gastric cancer cell line SGC-7901, and stain both
gastric cancer tissue and metastatic lymph nodes. Recently, Zuo et al. B8 sought to inhibit neovascularization mediated
by vascular endothelial growth factor (VEGF) and its receptor VEGFR2. They generated a mini-library of T4 phages
expressing different fragments of the extracellular domain of VEGFR2 fused with the Soc capsid protein, showing that all
these fragments interacted equally well with plate-immobilized VEGF. Adding T4-VEGFR2 phages to cultured endothelial
cells, significantly impaired their proliferation and migration through inhibition of VEGFR2 phosphorylation and
downstream signaling. Intravenous administration of T4-VEGFR2 phages in mouse xenografts of Lewis lung cancer and
colon cancer, greatly inhibited tumor growth, micro-vessel density, and tumor vascularization, in general.

4. Bacteriophages and Their Derivatives for Drug Delivery and Targeted
Imaging

Phage display-identified peptides are extensively used in tumor-targeting approaches. Peptides penetrate easily within a
given cell or tissue due to their relative small size. Furthermore, they can be rapidly conjugated to any drug or carrier with
a simple and cheap chemistry. Thus, peptides, within protein-based nanocarriers, represent the driving force to identify
target molecules and transform new generation drugs into self-navigating formulations B2, So far evidence shows that
conjugation with tumor-homing peptides ameliorates the therapeutic index of conventional chemotherapeutics, by
lowering the side effects and allowing higher drug accumulation at the disease site. Applications are multiple and were
extensively reviewed elsewhere €. Here, we report a few examples of peculiar studies on this subject.

Shadidi and Sioud 4% employed M13-based 7- and 12-mer commercial phage libraries to screen for breast cancer-
specific internalizing peptides. Internalization is a feature of some peptides that upon recognition with surface receptors
penetrate within the cell via bona fide endocytosis/macropinocytosis 41, thus, shuttling a conjugated active agent into the
cytoplasm. After 5-6 rounds of panning on the Her2-positive SKBR3 breast cancer cell line, the authors found two peptide
motifs, LTVSPWY, and WNLPWYYSVSPT, specific for breast cancer cells, the latter was also capable of binding to
glioma, prostate, colon, and lung cancer cells. Both peptides were shown to internalize and deliver fluorescein-conjugated
anti-Her2 antisense oligonucleotides into SKBR3 cells. Du et al. 2 employed a 12-mer commercial M13-displayed library
for in vivo biopanning of xenograft models of BEL-7402 hepatocarcinoma (HCC). In these experiments, phages were
injected intravenously, followed by animal killing after a short circulation time (15 min), and recovery of specific clones
from explanted tumor masses. After testing the 130 tumor-enriched phage clones, they selected the clone A54 displaying
the motif AGKGTPSLETTP for further validation. Doxorubicin (Dox) conjugated to the A54 peptide exerted a strong
antitumor activity in HCC tumor-bearing mice, improving the overall survival and causing no severe side effects, as
compared to the unconjugated drug. A strategy to target tumor angiogenesis was developed by Fukuta et al. [43]. They
employed sequential in vitro and in vivo biopanning of random pentapeptides fused with the minor coat protein gp3 of M13
filamentous phage. The library was first panned on cultured human endothelial progenitor cells (hEPCs), followed by in
vivo panning of the recovered phages in the dorsal air sac (DAS) model, in which a chamber ring loaded with B16
melanoma cells is dorsally implanted in mice. Among the phages recovered from the newly formed vessels around the
ring, a clone displaying the ASSHN motif was found to be the most frequent and was validated in vitro and in vivo for
binding to both hEPCs and the neo-vessels, respectively. The authors showed that this peptide homes to the vessels and
leaks through them into the tumor. Upon conjugation with Dox-loaded liposomes, ASSHN distributed into the tumor and
drove Dox-dependent growth inhibition to a much greater extent, as compared to untargeted liposomes. An interesting
evolution of these applications combines liposomes and phage-derived proteins to target Dox in a model of human breast
cancer. In a series of studies by Torchilin’s group, a tumor-targeting 8-mer was first selected by panning an M13-based
library displayed on the major coat protein gp8 44, The whole 55-amino acid fusion protein, including both gp8 and the
cancer-targeting 8-mer, was purified and incorporated into the lipid bilayer of Doxil. This formulation, named MCF-7-
targeted phage-Doxil, showed cytotoxic effect in vitro and induced a significant reduction in tumor growth, without affecting
the body weight, when administered to MCF-7 xenograft-bearing mice [42],

Bacteriophages themselves are particles with therapeutic potential. They can be vehicles for curative nucleic acids, and
decoration of their capsids with drugs and imaging dyes transforms phages into theranostic platforms. Original work by
Cai et al. 48] showed that a plasmid coding for a siRNA against focal adhesion kinase (FAK) could be easily packed into
M13 particles displaying epithelial growth factor (EGF) as a fusion with the gp3 protein. The deriving siRNA-carrying
phages were efficiently targeted to the EGF receptor (EGFR)-overexpressing H1299 lung carcinoma cells, with
consequent inhibition of cell growth and invasiveness in vitro. In another work, Huang et al. produced derivatives of HK97
phage by chemically crosslinking a labeling dye (fluorescein), a targeting moiety (Tf), or both, to the capsid protein 44,
The dual-functionalized viral nanoparticles (VNPs) incubated with Tf receptor-overexpressing tumor cells were
internalized and targeted to the endolysosomes, suggesting that they might be amenable for imaging and delivery of
therapeutic molecules in vivo. Similarly, M13 phages targeted to prostate cancer cells via an anti-prostate-specific



membrane antigen (PSMA) antibody were successfully employed as imaging agents. In this system, the antibody was
fused with the gp3 protein, while near infrared (NIR)-fluorescent single-walled carbon nanotubes (SWNTs) were
assembled through a peptide ligand fused with the gp8 protein. The deriving anti PSMA-M13-SWNT, when injected in
tumor-bearing mice showed targeted uptake, thus, holding great promise for in vivo fluorescence imaging 8!,

New therapeutic applications in oncology include photodynamic therapy in which light and a photosensitizer react together
to form reactive oxygen species that kill cancer cells. Usually, the major side effects come from accumulation of the
photosensitizer in off-target tissues and its uneven spreading caused by the EPR effect. To overcome this issue, Cohen et
al. 43 employed MS2 bacteriophages decorated with nucleolin-targeting DNA aptamers to deliver the photosensitizer
meso-tetra-(4-N,N,N,-trimethylani-linium)-porphine (TMAP) to breast cancer cells in vitro. In this experimental setting, the
photosensitizer was incorporated into the phage capsid during the assembly process, while the aptamer was chemically
crosslinked to the phage surface. This study showed that an equivalent of 2-3 yM TMAP administration was able to
reduce cancer cell viability by 50%. Similarly, M13 bacteriophages targeted to SKBR3 breast cancer cells via a gp8-fused
peptide (of sequence VSSTQDFP) and carrying the photosensitizer pyropheophorbid-a induced specific cancer cell death,
as compared to untargeted phages B9,

In another line of research, enzyme replacement therapy or VNP-mediated enzyme prodrug therapy was envisaged as a
new treatment modality against cancer. Sanchez—Sanchez et al. Bl expressed CYPBM3, a variant of Cytochrome P450
from Bacillus magaterium, as a fusion with the capsid protein of bacteriophage P22. The deriving P22-CYP VNPs load a
higher amount of enzyme compared to other nanocarriers and deliver it to the cells that are almost completely active.
Although a functionalization of the VNPs with a targeting ligand for mammalian uptake was not made in this work, the
authors comment on its feasibility as a way of delivering an enzyme that efficiently converts a prodrug in the tissue of
choice.

Among the different approaches described in this paragraph, prototype applications based on the M13 bacteriophage are
summarized in Figure 1.
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Figure 1. M13-based applications. Examples of therapeutic and diagnostic approaches exploiting M13 phage display-
derived peptides 29142 capsid proteins 44431, and whole phages 281148159 5 carriers for tumor-targeted delivery of drugs
(e.g., Dox, antisense oligonucleotides, photosensitizers) or imaging dyes (e.g., fluorescein, NIR-SWNTSs). Figure created
with BioRender.com.

| 5. Bacteriophages and Their Derivatives for Gene Therapy

Gene therapy requires safe and efficient delivery systems that can target a specific cell or tissue. Bacteriophage-mediated
gene therapy is now possible, due to their adaptability. Transgene delivery typically employs eukaryotic viruses, as they
transduce cells with high efficiency. However, their native tropism for mammalian cells severely limits their use, as it leads
to unwanted side effects. Bacteriophages represent a safer option as they can be re-engineered to transduce specific
eukaryotic cells or tissues.



The double cyclic RGD peptide (CDCRGDCFC, RGD4C) that targets avB3 integrin, a marker of cancer vasculature and
tumor tissue, was successfully exploited as a targeting moiety (by the research group of Pasqualini and Arap) to build up a
hybrid adeno-associated virus (AAV)/M13 phage (P) system termed AAVP. This vector carries an eukaryotic AAV cassette
in the intergenomic region of the RGD4C phage, which is packaged within the viral capsid, together with phage DNA 52,
An AAVP vector engineered to include the GFP gene under the CMV promoter was shown to be efficiently internalized by
cancer cells. When systemically administered to human Kaposi sarcoma xenografted mice, RGD4C-AAVP accumulated in
tumor vasculature by a ligand-directed mechanism. Similarly, an AAVP modified with a luciferase reporter gene for
bioluminescence imaging showed specific accumulation in tumors and no accumulation in normal organs. To potentially
translate this system into the clinic, a Herpes simplex virus-1/thymidine kinase (HSVtk) expression cassette was
introduced to be exploited (i) as a suicide gene upon administration of ganciclovir (GCV) and (ii) as a positron emission
tomography (PET) imaging platform, in the presence of the radiolabeled nucleoside analog 20-['8F]-fluoro-20-deoxy-1-p-
D-arabino-furanosyl-5-ethyluracil ([18F]JFEAU). With this system, tumor response to GCV treatment was monitored across
cohorts of human-cancer-cell-xenotransplanted mice showing reduction of tumor volume and destruction of tumor
vasculature at histopathological analysis. In another work by the same group, a similar approach was used to treat and
image nude rats bearing human sarcoma tumors with the purpose of creating a preclinical model to predict drug
response, when the overall tumor-size change does not represent a good read-out of therapy outcome B3I An
implementation of these AAVPs was designed by including an alternative promoter and a different targeting moiety.
Glucose-regulated protein 78 (GRP78) is an endoplasmic reticulum protein chaperone, whose expression is induced in a
variety of tumors, in conditions of glucose deprivation and hypoxia. Therefore, the GRP78 promoter, besides being
specifically activated in cancer cells, is expected to improve gene expression compared to the CMV promoter, also
because it is not silenced in eukaryotic cells B4, Of note, upon a single systemic administration of either AAVP-
RGDA4C/GRP78-HSVtk or AAVP-RGDAC/CMV-HSVtk in L9 gliosarcoma-xenotransplanted nude mice, followed by GCV
treatment, tumors showed similar responses. However, repeated administration of GCV in large tumors showed efficacy
only in AAVP-RGDAC/GRP78-HSVtk treated mice, further confirming transcriptional delivery of the transgene in a stress-
permeated setting 24!, A number of other promoters were assessed in vitro and in vivo to optimize the delivery efficiency
of suicide genes, suggesting that some of them—namely, carcinoembryonic antigen (CEA) 531581 epithelial cell adhesion
molecule (EpCAM) B4, human telomerase reverse transcriptase (hTERT) 8 —might as well be suitably included in AAVP
for cancer targeting. In several cancer settings, the GRP78 protein is not only overexpressed, but is also relocated from
the cytoplasm to the cell surface, becoming suitable for ligand-targeted approaches. For example, moderate to strong
levels of GRP78 are seen in inflammatory breast cancer (IBC), an aggressive disease characterized by difficult-to-detect
micrometastasis at presentation. AAVPs displaying the GRP78-targeting peptide motif WIFPWIQL were employed to
image IBC tumors in vivo with NIR-conjugated dyes. The positive outcome of these preliminary studies was translated into
a theranostic platform to deliver the HSVtk suicide gene via a GRP78-targeted AAVP carrying the GRP78 promoter.
Results demonstrated improved imaging and decreased tumor size upon GCV administration, as a result of ligand-
directed accumulation of the processed drug within the tumor 2. A schematic representation of these theranostic AAVP
vectors is provided in Figure 2.

Cancer cell

Cedl killing PET imaging

Figure 2. Theranostic applications of the hybrid AAVP vector. AAPVs can be ligand-targeted to a tumor-specific cell
surface molecule such as a,B3 integrin B3 or GRP78 B, followed by internalization of DNA and production of AAVP-
coded proteins. The HSVtk transgene codes for TK, an enzyme that adds phosphate groups to thymidine analogues and
converts (i) the prodrug GCV in the cytotoxic drug GCV triphosphate and (i) [*8F]JFEAU in [*8F]JFEAU phosphate, which is
retained intracellularly, allowing detection by PET imaging. Figure created with BioRender.com.



Well-known, biologically active peptides are also a source of targeting ligands that do not require a priori screening. For
example, octreotide (OCT), a synthetic analog of somatostatin, was exposed on AAVP for the delivery of tumor necrosis
factor (TNF) to somatostatin receptor type-2 (SSTR-2) expressing pancreatic neuroendocrine tumors. Mid- and long-term
systemic injection of OCT-AAVP-TNF in transgenic mice with pancreatic insulinomas induced tumor response, as
determined by the decreased insulin secretion, total choline levels, and tumor sizes 89, Transduction in AAVP systems
remains a challenge due to physiological limitations in viral delivery and processing. In particular, both the ECM and the
proteasome system pose a barrier to AAVP efficacy. Hence, ECM depletion by specific enzymes (collagenase and
hyaluronidase) and proteasome inhibition by peptide aldehyde inhibitors (N-benzyloxycarbonyl-L-leucyl-L-leucyl-L-leucinal
(MG132) and N-acetyl-L-leucyl-L-leucyl-leucyl-L-norleucinal (LLnL)) were shown to improve both viral uptake and
transgene expression [64[62],

Bacteriophage-based VNPs are, at present, the only reliable alternative to liposome-mediated noncoding RNA delivery.
Their stability at physiological and supraphysiological conditions proved them to be resistant even at acidic pH and high
temperatures, and encapsulation within the viral capsid protects RNA molecules from degradation. Long-noncoding RNAs
(IncRNAs) are cell regulatory RNAs, typically more than 200 nucleotides in length, whose expression is often lost in
cancer. LncRNA MEG3 re-expression in HCC models is the only rescue attempt that was published so far. Within this
publication, the EGFR-targeting peptide YHWYGYTPQNVI (named GE11l) was crosslinked to the capsid of MS2
bacteriophage-derived VNPs, in order to achieve MEG3 endocytosis. MEG3 reintroduction was shown to cause growth
arrest and apoptosis via p53 stabilization in vitro and to impair tumor growth in vivo (63 (Figure 3a).

Figure 3. Bacteriophage-based platforms to deliver therapeutic and diagnostic agents via RNA technology. (a)
Reintroduction of MEG3 IncRNA in cancer cells via an EGFR-targeted MS2 phage—upon binding to EGFR, the phage is
internalized by endocytosis and releases MEG3, thus inducing apoptosis and inhibiting proliferation of cancer cells €3], (b)
VNPs derived from ®29 bacteriophage pRNA are suitable nanocarriers for the delivery of RNAs (aptamer, ribozyme,
SiRNA), small molecules (drug, dye), or proteins (targeting moiety) to cancer cells B4l Figure created with
BioRender.com.

As a peculiar yet promising application in phage-derived therapeutics, RNA nanotechnology offers the possibility of
manipulating the DNA packaging unit of bacteriophage ®29, to make chimeric RNAs that form dimers via the right and
left-hand loop interactions. Within the bacteriophage, packaging RNA (pRNA) dimers serve as building blocks for bottom-
up assembly of pRNA hexamers that compact its DNA in the procapsid. pRNA dimers are 25 nm in size and sequence
replacement of their helical domain does not alter dimer formations. Thus, redesign of monomers to carry siRNAs for
gene downregulation and aptamers/ribozymes for cell targeting is possible and is shown to produce dimers that mediate
gene silencing in different cell types 8. As an example, specific dimers of pRNA-folate and pRNA-siRNA survivin or
metallothionein Il were shown to degrade the corresponding mRNAs in ovarian cancer cells much more efficiently than
siRNAs alone €7, Furthermore, changing these assemblies to build modules of up to 12 monomers with different
geometries was demonstrated to lead to stable RNA nanoparticles that can also be systemically administered (4.
Recently it was also shown that the 3-way core junction of ®29 pRNA could be functionalized to carry two siRNAs and a
targeting RNA aptamer. Specifically, Her2+ breast cancer cells were targeted with an RNA nanoparticle carrying two
siRNAs for MED1 (a well-known transcriptional co-activator of Her2) and an RNA aptamer targeting Her2. pRNA-Her2apt-
SiMED1 effectively silenced MED1 in breast cancer cells, blocked tumor growth, and completely eradicated lung
metastases 63 (Figure 3b). These results clearly point towards future application of these RNA-based nanoparticles in the
clinic.
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