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Abstract

M13 bacteriophage, a naturally multifunctional nanoplatform, is compost of
thousands of distinct protein subunits arranged in a filamentous viral capsid; It
measures 860 nm in length and 6 nm in diameter. All M13 capsid proteins are
mutable and have the ability to be tailored for the binding and nucleation of inorganics
and nanopatrticles as well as for the production of ligands, functional moieties, and
even enzymes. To harness these capabilities for biomedical applications, we have (i)
engineered M13 for a selective photokiling of Gram negative pathogens, (ii)
developed a M13 based fluorescence complementation system for the development
of biosensors and as an innovative method for enzyme immobilization and (iii) for the
development of a novel vaccine platform based on M13 for personalised cancer
therapies.

In the first study, we demonstrate the potential of using M13 bacteriophage
conjugated with rose bengal (RB) for antimicrobial photodynamic therapy (PDT). To
further improve the specificity of the therapy, we genetically modified M13 to express
a C20 nanobody in fusion with the plll protein. This modification resulted in a specific
tropism for A. baumannii, and when conjugated with RB, the modified phages could
selectively kill A. baumannii in PDT.

Additionally, we developed a wider spectrum activity phage for antimicrobial PDT by
encoding an LPS binding peptide in fusion with the plll protein. Our results showed
that this new phage only targets gram-negative bacteria such as P. aeruginosa and
A. baumannii, while gram-positive bacteria like S. aureus are not bound. M13 anti-
LPS conjugated with RB can selectively kill gram-negative bacteria when irradiated
with light.

In the second study, M13 was engineered to display the GFP11 B strand of a
fluorescence complementation system for a cost-effective and easy production
biodetection tool than may be further fine-tuned for the development of new point-of-
care biosensors. The same system was used for the immobilization of Horseradisch
perxidases (HRP) to M13 as a proof-of-concept strategy for the development of
enzymatic farms.

Finally, in the third study, M13 was conjugated with a poly lysines anchored
SIINFEKL peptide for novel cancer vaccine platform.

The proposed multimodal, nanoplatform is re-designable for applications in
diagnostics, nanomaterials, and a variety of disease kinds.



Chapter 1

Introduction

Bacteriophages, or phages, are viruses that infect bacteria but do not harm
eukaryotic cells. It is estimated that there are more than 103! phages on the planet,
each evolved to infect a specific bacterial host!. They have been studied since their
discovery by Wiliam Tort in 1915 and have had a significant impact on our
understanding of the biological world, paving the road for fundamental discoveries
and many translational applications. Phage research from the 1930s to the 1970s led
to the identification of DNA as genetic material and the understanding of messenger
RNA and the 3-nucleotide codon?. In the 1980s and 1990s, researchers began to
extensively study certain E.coli-infecting phages and utilized recombinant DNA
methods derived from phage vectors, such as lambda vectors, cosmids, and
phagemids, for standard laboratory techniques®. These methods have been widely
used in molecular biology and genetics research, allowing for the manipulation of
DNA sequences in a controlled manner. The use of phage vectors in recombinant
DNA technology has greatly facilitated the study of genes and the understanding of
the mechanisms underlying genetic information transfer. Additionally, phage work
made significant contributions to the library of restriction enzymes and a variety of
DNA/RNA enzymes that are now used in all biology labs*. However, phages have
mostly been confined to the biological toolbox since the 1970s. Recent
advancements in sequencing technology have led to a resurgence of interest in
phage biology, as it has revealed the influence of phage sequences on the genomic
evolution of host bacteria and the dominance of phage numbers and variations in all
bacterial environments?2. Recent studies have begun to investigate the complexity of
phage-bacterial interactions and gene transfer in relation to their effects on various
biological processes. The increasing concern over antibiotic resistance in public
health, as well as growing interest in the role of the microbiome in human health, has
led to renewed attention on the potential applications of phages in medicine and
biotechnology. Phages, being highly specific to certain bacteria, can be used as an
alternative to antibiotics in controlling bacterial infections, especially in cases where
antibiotic resistance is prevalent®. Additionally, the ability of phages to transfer
genetic material between bacteria may have implications for the manipulation of the
microbiome for therapeutic purposes®. Phages are now being studied for their
potential use as designer therapeutics or delivery agents due to their ability to
transmit genetic information that can modify host cells’.



In this scenario, the M13 bacteriophage has gained significant attention in the
scientific community due to its potential for various biotechnological applications. The
M13 phage is a filamentous virus that infects E.coli bacteria, and it is particularly
attractive for biotechnology due to its small genome size, simple genetic
manipulation, and low cost®. The ability to easily and efficiently engineer M13 phages
for different applications, such as gene therapy, protein expression, and biosensors,
has led to a surge in research on this phage®. Additionally, the M13 phage's
filamentous nature allows for the display of foreign peptides or proteins on its surface,
making it a valuable tool in the field of phage-display technology®-*2. The increasing
utilization of M13 phage as a versatile and cost-effective tool in biotechnology is
expected to further expand in the future.

M13 bacteriophage: genome and structure

The phage M13 belongs to the Ff subgroup of filamentous bacteriophages
(Inovirisidae)®.

In addition, the name Ff also indicates that they use the F-pilus, which is responsible
for conjugation in Escherichia coli, as a primary receptor making them specific for
some of these bacterial strains. The M13 bacteriophage's structure is similar to that
of its namesake, which is made up of long, thin filaments, often compared to a
structure that resembles a worm or a strand of spaghetti in some cases. The
estimated dimensions of M13 are 860 nm in length, 6 nm in diameter, and 16.3 MDa
in mass. The whole length of the bacteriophage body is made up of a circular SSDNA
of approximately 6.4 kb composed by 11 genes coding for capsid proteins (genes
VI, IX, VIII, 1l and VI), proteins essential for phage genome replication (genes Il, V,
and X) and proteins essential for the assembly of new phage particles (genes I, XI
and IV)*3. Although the diameter is constant, the phage length is dictated by the size
of the engineered genome packaged along its axis. The smallest Ff-derived particles
yet discovered measured 50 nm in length and contained 221 nt of circular ssSDNA,
The ssDNA strand is of positive (+) polarity; in the replicative process, carried out by
the host replication machinery, the (+) strand leads to a dsDNA consisting of a (+)
polarity strand, corresponding to the ssDNA, and a complementary (-) polarity strand.
The (-) strand is used as a template in transcription, so the RNA transcript will have
the same sequence as the ssDNA (+) genome of the phage?®.

All proteins in the phage genome, with the exception of pll, pV and pX, are
synthesised as membrane proteins that remain on the membrane of the bacterium
until the new phage is formed.

A landscape of around 2700 molecules of the major coat protein makes up the phage
protein sheath. The major coat protein pVlIll is composed by 50 amino acids encoded
by gene VIII (gVIII). Individual pVIII monomers assume an a-helical structure with the
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exception of the 5 N terminal amino acids, which elongate externally to the capsid.
The N-terminal end of pVIll is an acidic domain that is exposed outside of the particle,
whereas the C-terminal domain is basic in nature and is oriented inside of the protein
tube. There are four positively charged lysines in the C-terminal domain which
interact with the negatively charged skeleton of the DNA molecule.

Multiple copies of the pVIIl are able to construct a stable protein tube structure due
to an hydrophobic region that stabilizes the overall structure joining the two domains.
This region enables the crossing of the cytoplasmic membrane of the bacterium
before of virion assembly.

The pVIll creates the rod's tubular shape, but the ends of the tube are closed at the
top and bottom. Two distinct protein pairs, namely pVIl (33aa) with pIX (32aa) at one
end and plll (406aa) with pVI (102aa) at the other, carry out this function.

One end of the particle is composed of around five copies of pVIl and plX. Five copies
of the plll and pVI proteins make up the opposite end. The plll is divided into three
domains (N1, N2 and CT) linked by glycine rich regions. The N1 domain (1-68) has
the function of identifying the bacterial proteins necessary for the transfer of the
phage DNA into the bacterium, while the N2 domain (87-217) is responsible for
binding to the F-pilus. The two N terminal domains interact each self to make up a
tiny knob-like structure in which resides the information for bacteria F-pilus
recognition. The C-terminal domain (CT) is responsible for the final assembly of the
new virion®,

A hollow tube with an interior diameter of around 3.4 nm can be formed due to the
capsid proteins' nature of orientation. The viral single stranded DNA is found in a
non-base-paired antiparallel form inside this little area. A 78 nucleotide hairpin loop
called PS (packaging signal), is always found at the end of pVII/pIX. This sequence
is essential for successful bacteriophage assembly due to its role in the placement
of the DNA within the virion?®,

—>—— ssDNA

Figure 1 lllustration of the M13 phage. Coat proteins arranged around the sSDNA genome.



Infection process and phage life cycle

The M13 phage infection consists of a two-step process: the first necessitates the
interaction of plll with the tip of the F-pilus while second one involves the integration
of the pVIlI protein and possibly other capsid proteins at the inner membrane (IM)
level and DNA translocation at the cytoplasmic level. This process requires the
coding products of the bacterium's TolQRA genes; mutations on these genes make
the bacterium immune to the second phage infections by stimulating only the
retraction of the pilus without actual infection. The TolQRA proteins are located at the
level of the IM, TolQ crosses the membrane three times, TolR and TolA cross it once
through an N-terminal region; some evidence suggests that the transmembrane
regions of these three proteins make contact with each other leading, probably
through depolymerisation of the pilin subunits, to the retraction of the F-pilus from the
membrane surface.

Infection begins when the N2 domain of plll interacts with the tip of the F-pilus, the
interaction leads to the retraction of the F-pilus allowing plll to enter the periplasmic
space. At this point, the N1 domain of plll makes contact with the D3 domain of TolA.
Next steps are not very clear; pVIll seems to act as a carrier for the phage DNA
entrance into the cytoplasm. The implications of tolQ and tolR in the system remain
unknown; they probably originate a channel for the DNA traslocation.
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Figure 2 from Hay ID & al. 1. M13 infection cycle. A) The N2 domain of plil binds to the tip of the F-pilus on the bacterial
surface. Then, the plll/pVI phage terminal is transported into the periplasm of the host cell following the F-pilus retraction.
The N1 domain of plll interacts with the host protein TolA, which belong to the TolQRA complex proteins of the host inner
membrane. The subsequent step, which has not yet been identified, would be the phage disassembly and injection of the
ssDNA genome, “infective form (IF)”, in the cytoplasm. B) The host RNA polymerase is recruited to a hairpin at the negative
(-) origin of replication for the synthesis of a short RNA primer. Then, the host DNA polymerase Il extends the positive (+)
strand to create the "replicative form," a double-stranded phage genome (RF). This can act as a template for host RNA
polymerase to produce phage mRNA early in the infection, which can then be translated into phage proteins. The phage
protein pll attaches to the + origin of replication and nicks the + strand, dislodging the "old" + strand, to leave the place to
host DNA polymerase Il which extends the 3' end of the + strand. A single-stranded IF and a double-stranded RF are the
results of pll's cleavage and ligation of the + strands after one complete cycle of rolling circle replication. The RF can then
go through several cycles of rolling circle replication to duplicate the phage genome and act as a model for phage protein
transcription and translation. Later in the infection, phage protein pV coats single-stranded IF and removes the packaging
signal to prepare it for secretion. The packing signal, the - origin of replication, and the + origin of replication are represented
schematically in the phage intergenic region (inset). (C) Structural phage proteins and phage proteins necessary for
assembly and secretion of the new phages are moved and processed to the inner membrane by SecYEG, YidC, and signal
peptidase machinery. The minor capsid proteins pVIlI and plX, together with pl/pXI IM assembly protein, recognize the
packing signal hairpin of the pV-coated ssDNA. pV is eliminated and replaced by the membrane-embedded main capsid
protein pVIIl when the emerging ssDNA travels through the inner membrane. The tip of the developing phage is pushed
outward through the oligomeric secretin-gated channel plV while pVIIl is added. The plll and pVI proteins in the terminal
phage capsid recognize and cap the nascent phage's end, enabling liberation from the host cell. (inset) The interaction of
phage proteins with bacterial membranes is displayed.
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Phage Technologies

M13 phage display technologies

The phage best studied for the development of phage display and library
technologies is the filamentous M13 bacteriophage. The M13 display techniques,
which were initially described in the middle of the 1980s, were awarded the Chemistry
Nobel Prize in 2018, recognizing the contribution of M13 library technology to the
advancement of contemporary targeted medicines and tools!®. The biotechnology of
M13 can be boosted by the great ease of molecular manipulation of its genome,
allowing the “phage display”. Phage display is a molecular biology technique that
allows for the expression of peptides or proteins in fusion with the N-terminal domain
of capsid proteins, causing the phage to "display” the protein on its outside. This
method is frequently used to create libraries of peptides or proteins, which are then
chosen by a procedure known as panning for their propensity to interact with a
ligand®®.

It is possible to display fusions to pVI?°, pVII, pIX?!, pVIII?? and pllI?® capsid proteins.
Even if there are several possibilities for displaying proteins or peptides on the phage
capsid, the two major and orthogonal display types routinely used in the M13 are
applied on plll and pVIlI proteins.

Particularly, the plll capping protein has been engineered for the efficient display of
various protein sequences, including single-chain variable fragments (scFvs), single-
domain antibodies (sdAbs), and extended peptides while maintaining intact
conformation and function?*.

Display on the plll phage tip, resulting with a maximum of five copies per phage
particle have been used efficiently for protein discovery and other biotechnological
applications.

Conversely, in type 8 display, peptides can be fused in high multiplicity to the
hundreds of copies of the pVIII major capsid protein.

However, long sequence insertions to the pVIll terminal make the assembly of the
phage body unfeasible due to the alpha helical shape and tight packing requirements
of the pVIll capsid arrays along the entire phage.

With the fusion peptide present in about 2700 copies, 8-mer random libraries are
often well tolerated. Other methods for enabling extended insertions on the
filamentous pVIII termini is the 88 or 8+8 display types.

In 88 display, two p8 genes, one is wild-type and the other one is recombinant
allowing for DNA insertions, are encoded by the f88 vectors. In this case, large inserts
are displayed on the phage body without interfering with assembly since the pVIII
coat is naturally mosaic. Depending on the complexity and length of the exogenous
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DNA, a few hundred and several thousand recombinant p8 insertions can be
achieved?®. In display 8+8 each gene copy is placed on separate vectors of a
phagemid system and co transformed or superinfected for phage production as
needed. The phagemid is a cloning tool featuring both bacteriophage and plasmid
properties. It has the gene of pVIII (or plll in case of 3+3 display) fused at the N-
terminus with the sequence of the protein to be displayed. The phagemid is
accompanied by a second vector, called a helper, which carries the genes coding for
all the other proteins phagemid, and often has a mutation in plll and/or in the phagic
replication origin that reduces its encapsulation efficiency, thereby favouring the
assembly of phagemid into the virion?®.

In the 3+3 display, the presence of plll expressed by phagemid can hinder
superinfection of the helper phage, so phagemides often express a truncated plll,
consisting only of the C-terminal domain?’.

Phagemid vectors possess distinct advantages in terms of their plasmidic nature,
which enables facile manipulation of the genome. Furthermore, the level of
expression of encoded peptides or proteins can be modulated through the use of
induction or repression systems.

= g+8

Figure 3 Representation of the principal phage display types on plll and pVIII proteins. The wild-type forms of plil
and pVIIlI are depicted as grey boxes, while exogenous DNA inserts encoding the displayed moiety of interest are
represented by blue squares. The smaller phage in the 3+3 and 8+8 forms represents phagemid virions, whereas the
larger one represents the helper phage. Further details on this representation can be found in the accompanying text.

Engineered M13 phage particles for innovative nanomedicine

Several bacteriophages were already being utilized for antibacterial therapy in the
former Soviet Union and Eastern Europe even before the discovery of filamentous
phage (extensively published in non-English)?8. Although the specific host-range of
Inoviridae encompasses numerous pathogens of medical interest, including
Salmonella, E. coli, Shigella, Pseudomonas, Clostridium, and Mycoplasma species,
the filamentous phage, with its nonlytic life cycle, sports evident clinical utility.

Aiming to increase their bacterial activity, engineered bacteriophages have been
designed to deliver antimicrobial compounds into cells. The cargo, such as genetic
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material, therapeutic drugs, nanoparticles and diagnostic probe can be genetically
inserted as a coding sequence into the phage genome or can be tethered to the
phage with high payload throw physical interaction or chemical conjugation

M13 bacteriophage (together with fd and f1 phages which are close relatives of M13)
is the most investigated nanocatrrier, likely due to well-established cloning techniques
and to its tolerance to chemical modification. The major coat protein (pVIll) can be
modified by genetic engineering (Phage Display) or by chemoselctive organic
synthesis to introduce specific amino acids or specific functional groups.
Particularly, pVIII has potential accessible and reactive aminoacids such as the lysine
residues, the aromatic groups of tyrosine and carboxylic acid groups of acidic
residues which can be combined with functional derivatives in relatively simple
processes including EDC/NHS activation, maleimide-thiol coupling, diazonium
reagents, and click chemistry?°3,

Therefore, positively charged materials may be wrapped around the phage's
negative body to create complexes, as has been done with polymer-phage hybrids
or matrices®..

Moreover, M13 can be modified to express a targeting moiety specific for a desired
receptor resulting in more advanced therapeutic applications for the treatment of
cancer, infectious diseases and autoimmunity (Figure 4).

For example, The MolecularBiotechnology Lab together with NanoBio interface lab
developed an M13 based nanoplatform for targeted EGFR-overexpressing cancer
cells therapy. In this study, M13 was engineered to display a specific EGFR binding
peptide identified from the screening of a phage library®2. This anti-EGFR phage was
conjugated with Ce6 and RB in two separated works, which exhibited cytotoxic
activity upon light irradiation towards ovarian cancer and squamous carcinoma cell
lines, respectively 3334,

Table 1 Examples of M13 engineering as nanoplatform for cargo delivery.

Bglll restriction E.coli M13 encoding lethal but nonlytic 3%

endonuclease proteins, can effectively kill host
bacteria while limiting endotoxin
leakage.

lexA3 gene E. coli EMG2 engineered M13 with the lexA3 36

gene acts as antibiotic adjuvant by
inhibiting the SOS response and
boosting cell death
chloramphenicol S.aureus by displaying the Chloramphenicol attached to M13 37
VHMVAGPGREPT  peptide by a labile crosslinker made it more
on the plll protein. effective at inhibiting S. aureus
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Ag*

Gold nanorods

doxurubicin

E.coli (ATCC 700728)

P. aeruginosa by RBPs
displayed on plil.

Prostate cancer targeted
by plll protein fused to the
SPARC binding peptide

growth than high concentrations of
free chloramphenicol.
Silver functionalised M13 based

fiber exibits bactericidal activity
against E.coli
Phototermal ablation of

P.aeruginosa biofilm and in vivo
wound infections by chimeric M13
bacteriophage

An M13 -based platform for drug
delivery to prostate cancer cells in
vitro.

38

39,40

41

sequence SPPTGIN.
Ovarian cancer and
squamous carcinoma;
EGFR overexpressing
cancer cell by M13
genetically refactored to
display SYPIPDT peptide
on its tip.

Bengal Rose 33,34

Chlorin e6

Development of an orthogonal
approach  (genetic/chemical) to
engineer M13 bacteriophages for
receptor targeted (EGFR-targeted)
anticancer PDT.

Furthermore, due to the unexpected capacity of the M13 phage to enter brain tissue
going throw the brain blood barrier*?, phage exhibiting a scFv against B-amyloid fibrils
showed potential as a theragnostic platform for Alzheimer's and Parkinson's
diseases*344,

A summary of the therapeutic strategies that involve M13 engineered for cargo
delivery are provided in Table 1, showing the variety of cargo and targeting
applications.

In this context, the advantages of the M13 phage over conventional antibody-drug or
protein-peptide conjugates include its capacity to carry very high amount of cargo
and its capacity to access anatomical compartments that are typically inaccessible
by systemic injection of a protein.

Furthermore, early work utilizing anti-phage antisera revealed that the filamentous
phage virion is highly immunogenic and that only the major coat protein (pVIIl) and
the minor coat protein (plll) are attacked by antibodies. This led to the concept of
using the phage as a vaccine carrier to stimulate an antibody response against poorly
immunogenic antigens or polypeptides.

M13 has been utilized to a limited extent as a vector for T-cell peptide epitopes,
primarily in the form of fusion proteins with pVIIl. Studies have confirmed that
immunization with the phage can elicit T-cell helper and that a cytotoxic T-cell (CTL)
epitope from HIV-1 reverse transcriptase can elicit antigen-specific CTLs in vitro and
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in vivo without the need for additional exogenous helper T-cell epitopes, as these are
already present in the phage coat proteins®.

Studies using filamentous phage as an immunogenic carrier for peptide B-cell and
for peptide T-cell epitopes for the vaccination against bacterial, fungal, viral, and
parasitic diseases have been extensively reported °.

In Chapter 4 | will discuss deeper about possibility of using the M13 bacteriophage
as a platform for cancer vaccine.

Engineered phage particles as biosensors

Biosensing device are becoming invaluable tools in healthcare industry, safety
control, environmental monitoring, detecting analytes either via the target binding to
a recognition element (affinity assays) or by monitoring its biochemical conversion.
The most common biodetection techniques today include bacterial cell counts and
culture, antibody-based detection (e.g., ELISAS), nucleic acid-based detection (e.g.,
PCRs), mass spectrometry, and bio or chemi-luminescence, among others.

The use of phages in biosensing have been explored by a few groups but it’s a field
that is growing a lot in very recent years.

Phage are a natural source of molecular diagnostics for bacteria since they have
developed over billions of years in uncontrolled environments to attach to and infect
certain bacterial cells. In contrast to antibodies, phages may interact relatively
strongly with their host bacteria even in unfavorable conditions.

Although phages with lytic cycle have already been used for the detection of
pathogenic bacteria, non-lytic flamentous phages such as phage M13 can also be
used if the detection method does not involve cell lysis. For example, M13 has been
functionalized with single-walled carbon nanotubes for sensing and distinguish
between F’-positive and F’-negative bacterial strains*¢. Additionally, chimeric M13
phages were engineered to cause the aggregation of gold nanoparticles (AuNPS),
resulting in a noticeable shift in the surface plasmonic resonance (SPR) absorbance
spectrum?*’,

M13 phage can be also used for the early in vivo diagnosis of small and deep
tumours, to monitor response to treatment and detecting recurrent or residual
disease. As | already showed in the previous paragraph, M13 can be retargeted to
any kind of cancer cells throw the stably display of tumor-targeting moieties. This
targeted nanoparticle can orthogonally display an imaging probe for cancer detection.
For examples, the same research group which functionalised M13 for bacterial
detection®, engineered the phage for selective, targeted and high contrast imaging
of disseminated ovarian tumors in vivo with an high impact on the clinical need of
guidance for surgical interventions where deep tissue imaging is really informative 48,
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Recently, the University of Bologna, in collaboration with other partners including our
MolecularBiotechnologyLab, has been awarded an European project titled "Eclipse"
for the development of innovative solutions for pathogen detection. ECLipse utilizes
a combination of ElectroChemiLuminescence (ECL) as a transduction mechanism to
create simple, portable, and inexpensive devices. Additionally, bio-, nano-, and
supramolecular-based signal amplification structures are employed to increase
sensitivity. Among others, the project utilizes two recognition strategies based on
engineered M13 bacteriophages to achieve high affinity and selectivity, leading to
high sensitivity. The project will demonstrate the viability and flexibility of the
ECLIPSE platform through testing on three pathogens: a virus (SARS-CoV-2), a
bacterium (Pseudomonas aeruginosa), and a protozoan parasite (Leishmania
infantum).

DNA or RNA Therapeutic
(click chemistry) molecules

Split protein system
(part of protein peptide)

Cationic agents
(Lysine residues)

Photo/Sono
sensitizers or
imaging agents
(RB, Ce6, ECB)

Targeting molecules
(peptides,

."’00..... Nanobodies,scFv)

Figure 4 Surface decorating concepts of M13 phage

Thesis overview and objectives

The utilization of M13 phage in various fields is contingent upon its distinct ability to
be chemically and biologically manipulated. The ability of M13 to exhibit a broad
spectrum of biomolecules across its capsid proteins, as well as its resilience to
modifications of its genome and assembly process, has resulted in the filamentous
phage becoming a widely employed tool in industry. Despite this, the advancement
of M13 phage-based therapeutics is still in its infancy.

This thesis explores the use of M13 phage in nanotechnological and biomedical
applications such as antimicrobial strategies, biosensing, enzyme immobilization,
and cancer vaccines. In In chapter 2, the engineering of M13 for antimicrobial
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Photodynamic therapy (aPDT) has been explored. Specifically, refactored phages i)
with a specific targeting for Acinetobacter baumanii (M13aba) and ii) with a broader
spectrum targeting of Gram negative pathogens (M13gram-) have been molecular
engineered and chemically conjugated with hundreds of Rosa Bengal molecules.
This approach utilizes an orthogonal strategy of phage conjugation to achieve a
selective phototoxicity towards bacterial cells. (Figure 5.A).

Furthermore, in chapter 3 the utilization of engineered M13 bacteriophage as a
component of a fluorescence complementation system has been validated for
bacteria biosensing and for the immobilization of the Horse Radish Peroxidase on
the phage surface. Finally, in Chapter 4, a Hybrid-M13 phage has been developed
as a cancer vaccine platform, leveraging the electrostatic interactions between the
negatively charged surface of M13 and the positively charged polylysine-linked tumor
associated antigens.
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Figure 5 Thesis chapter concept. A) Graphical abstract of

C Chapter 2: Wild type M13 phages naturally bind and kill E.coli
PhageVax TG1 (gray) . Refactored phages are engineered to bind and

kill i) the human pathogen Acinetobacter baumannii with a

PolyK SIINFEKL

e specific activity (light blue) and ii) Gram (-) bacteria with a
—_ iﬁw broadspectrum activity (dark blue). In orange are represented

unspecific targets. B) Representation of Chapter 3: The M13
30mn [ PEG/NaCI phage is genetically modified to express the GFP11 8 strand,
ieubation [, purifeation \vhich binds to the GFP1-10 portion of the split-fluorescent

Priming of néiive T cells green protein (sfGFP), thereby reconstituting the
fluorescence of the sfGFP. The horse radish peroxidase

enzyme is anchored to the surface of the M13 phage through

the binding of the two complementary components of the

MHC class |

\ | Tumorantigen N split-fluorescent green protein (sfGFP) system, resulting in
= TCR \ > immobilization of the enzyme to the phage surface. C)

Schematic representation of Chapter 4: PhageVax, a
Antitumor CTL Dendritic cell (DC) therapeutic cancer vaccine platform based on M13 phage.

The process of priming naive cytotoxic T cells against cancer
cells involves conjugating tumor-associated peptides to the
phage surface. This conjugation allows for the presentation of
the tumor-associated antigens by dendritic cells (gray) via a
process known as cross-presentation. The use of the hybrid
M13 vector as an adjuvant in this process serves to
specifically stimulate the immune response against cancer
cells.
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Chapter 2

A potent modular phage vector platform for targeted photodynamic
therapy of Gram-negative bacterial pathogens

The issue: Antibiotic resistant bacteria

Several Gram(-) bacteria have been declared a serious worldwide threat to public
health by the World Health Organization (WHO). The incessant increase in bacterial
antibiotic resistance, together with the shortening of new alternatives in the pharma
R&D pipelines, has revived interest in phage-inspired antimicrobial approaches
against WHO priority | and Il pathogens. Reports from the majority of studies on
application of phages as alternative therapies against Gram(-) infections by
Enterococcus faecium, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, Enterobacter spp. and Escherichia coli, (all belonging to
the ESKAPEE group of pathogens), are encouraging®. Indeed, classic phage
therapy, envisaging the use of natural lytic phages to control bacterial infections,
provides an interesting and useful tool for the control of antibiotic-resistant infections.
However, despite the recent and past successes, classic phage therapy is hampered
by several drawbacks, including a very narrow host range, which needs to be tackled
by strain- and patient-tailored precision approaches®. Morevorer, the likelihood of
rapid appearance and spreading of resistance against phage infection and
propagation is quite high®!. An alternative approach is to take advantage of the well-
defined molecular biology of several simple model phages (e.g. m13, fd, MS2) for the
assembly of genetically retargeted nanobioscaffolds, overcoming the narrow host
range of natural phages. These vectors may be armed with (triggerable) antimicrobial

functions, providing a modular platform for the treatment of difficult-to-treat infections
9

Photodynamic therapy (PDT)

Photodynamic therapy (PDT) is likewise considered a very promising therapeutic
modality for eradication of drug-resistant bacteria®>=>4. PDT is approved for clinical
treatment of several types of diseases, including cancer, dermatological pathologies
and microbial infections®>=’. In PDT, a compound with photosensitizing properties
(sensitizer) is accumulated in, or concentrated at the target cells. The subsequent
triggering of the sensitizer by light generates highly reactive oxygen species (ROS),
whose local burst exert lethal effects on the target cancer or microbial cells®8-52,
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Compared to conventional antibiotic therapies, antimicrobial PDT presents several
interesting assets: i) the burst of ROS affects multiple biological informational
molecules at once (e.g. DNA, RNA, proteins, lipids etc) and disrupts membrane
integrity; PDT thus provides a physical damage to the cells, which less likely
engenders resistance, ii) for the same reasons PDT is also effective on metabolically
inactive, dormant, and antibiotic-resistant cells, iii) PDT can be applied locally,
exploiting the possibility to focus the triggering irradiation at the desired site of action,
and iv) presents an instant onset of action.

Moreover, the combination of antibiotic therapy with PDT has been proven efficient
in eliminating drug-resistant bacteria in patients carrying microflora resistant to a
previous antibiotic therapy®. In analogy to cancer treatment where the photodynamic
treatment increases the efficacy of the chemoterapic agents®, antimicrobial PDT can
thus have synergistic resistance-breaking effects on antibiotic therapies.

Despite the respective advantages provided by phage-derived therapies and PDT,
only a handful of phage applications for antimicrobial PDT have been reported to
date, principally involving the use of natural phages decorated with chlorine e6°°,
Moreover, a systematic retargeting of photosentisitizer-decorated phages through
specific bacteria-targeting moieties (antibodies and peptides) has never been
reported, except for one study in which chimeric M13 phages were conjugated to
gold nanoparticles for antimicrobial photothermal therapy®®. This leaves a broad
unexplored avenue open for scientific discovery and methodological improvements.
Filamentous bacteriophages like M13 represent a harmless and effective delivery
platform. They can undergo an extremely flexible genetic engineering, allowing for a
plethora of targeting designs. M13 can provide high avidity for the target due to
multivalent display of specific targeting moieties, and a multitude of functionalization
sites resulting in a high payload of effectors. In particular, the possibility to conjugate
M13 with hundreds of photosensitizers 3334 makes them interesting vectors for
antimicrobial PDT applications.

Here we present a flexible and robust M13-based platform for antimicrobial PDT
against Gram(-) bacterial pathogens.

M13 phages with specific tropism against A. baumannii were generated by phage
display of a specific nanobody (C20) on the minor coat protein plll. Likewise, the
fusion of a LPS-binding peptide to plll enabled to expand the target range to
different Gram(-) pathogens, not targeted by wild-type M13. These engineered
vectors were orthogonally functionalized with hundreds of Rose Bengal (RB)
sensitizers on the major capisd protein pVIIl, generating nanobioconjugates able to
selectively kill their specific targets only upon light irradiation (

Figure 6).
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Figure 6 Orthogonal engineering of M13 phage for selective PDT. Phages with targeted tropism i) against Acinetobacter
baumanii (M13aba, light blue) and ii) against the Gram negative Acinetobacter baumanii and Pseudomonas aeruginosa
cells (M13aram-, dark blue) were generated. M13aba is retargeted to the Biofilm activating protein of Acinetobacter baumanii
throw the specific display on the minor coat protein plll of the C20 nanobody (Nb), while M13cram - targets the
lipopolysaccharides of the gram negative outer membrane throw the display on the plll protein of KNYSSSISSIRAC binding
peptide (Bp). The ammino group of M13aba and M13cram - major capsid protein pVIIl were chemically conjugated with
hundreds of RB (red circles) for the production of ROS upon light irradiation in the cell proximity. ROS are highly
antimicrobial.

Results

Conjugation of Rose Bengal to the capsomers of M13 produces a ROS-generating phage
PDT platform

In order to proof that M13 can be engineered into a valuable vector platform for PDT
applications, we set out to conjugate Rose Bengal (RB), a photoreactive molecule
approved by the FDA as ocular diagnostic stain and orphan anticancer drug®®, to the
capsomers of the M13K07 phage (hereafter referred to as M13). Conjugation of RB
was verified by spectroscopic analysis. The absorbance band of the purified M13—
RB, M13Aba-RB and M13Gram-RB shifted to 560 nm and became broader following
conjugation with RB. These spectral changes confirmed that RB was attached to the
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phages capsid (Figure 7). Considering the initial phages concentrations and the
molar extinction coefficients of RB, it has been possible to determine the number of
RB molecules per phage (Table 2).
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Figure 7 Conjugation of RB to phages. Absorption spectra of free RB (black line) and M13-RB (grey line), M13ava-RB
(light blue line) and M13cram- RB (dark blue light).
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Table 2 Features of the Rose Bengal conjugated phages produced.

M13 No E.coli F (+) 510
M13aba NbC20 Biofilm associated | 1761
protein (Bap) of
A.baumanii
M13Gram- KNYSSSISSIRAC | Lipopolysaccharides 1680
binding peptide (LPS) of A.baumanii
P.aeruginosa

Proof-of-concept: specific photokilling of the natural E. coli host by wild-type M13-RB
conjugate

Next, the M13-RB conjugates were tested for their photodynamic antimicrobial
activity on Escherichia coli TGl and two other Gram negative bacteria,
Pseudomonas aeruginosa PA14 and Acinetobacter baumannii (Aba) ATCC 19606.
TG1 is a natural host for M13, expressing the F' pilus, representing the primary
receptor bound by the wild-type plll phage protein promoting infection®’. On the
contrary, P. aeruginosa and A. baumannii lack the F' pilus, and are not efficiently
targeted by wild-type M13%8, Free Rose Bengal was used as control to benchmark
phage-mediated PDT against the non-targeted approach. All bacterial strains tested
exhibited variable sensitivity to the photodynamic treatment, presumably due to
biochemical, metabolic or genetic differences (Figure 8). In particular, E.coli TG1
viability was only partly (41%+8%) affected after incubation with 1 uM free RB
equivalents, by while P.aeruginosa PA14 suffered almost complete (98%) killing
under the same conditions. A. baumannii proved to be the least sensitive to free RB
after irradiation, remaining essentially unaffected by PDT with 1 uM free RB. Despite
these differences, M13-mediated photodynamic killing was effective only towards the
TG1 host strain, starting at 100 nM RB-equivalents (Figure 8).
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Figure 8 Antimicrobial PDT of M13-RB bioconjugates. Survival rate of bacterial cells incubated with increasing
concentration of either RB (white bars) or M13-RB (black bars) and irradiated with white led lamp. PDT assay were
performed on A) E. coli, B) P. aeruginosa and C) A. baumannii. ***= p<0.001, ****=p<0.0001.

Stronger, dose-dependent photodynamic effects were recorded at the highest
sensitizer concentration tested (1 uM), were the M13-RB platform increased PDT
killing of TG1 cells by more than fine orders of magnitude with respect to free RB
alone. Remarkably, the M13-RB vector was not able to induce a significant increase
in mortality (compared to free RB) on Aba and PA14. The lack of specificity towards
these strains indicates that wild-type M13 is able to prime the accumulation of
sufficient RB photosensitizers only towards its natural host, expressing the F’ pilus
These results demonstrate that the M13 phage represents an excellent platform for
the implementation of selective antimicrobial PDT.

Retargeting of M13 phage against Acinetobacter baumannii

The modularity and specificity of M13 phage as delivery agent for antimicrobial PDT
was demonstrated by re-targeting M13 against A. baumannii. The nanobody C20,
that was previously demonstrated to be specific for the BAP (Biofilm Associated
Protein) of A. baumannii, was express in fusion with plll protein of M13. The choice
of C20 nanobody was driven by the demonstration of its high specificity for the BAP
protein of A. baumanni and no significant cross reactivity against other bacteria
species®®.

BAP is a surface protein with a very high molecular mass (~ 1 MDa) associated with
virulence and drug resistance whereas it’s involved in adherence of A. baumannii to

bronchial epithelial cells and neonatal keratinocytes.
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A string DNA fragment encoding for the C20 nanobody was cloned in frame with pllil
gene of a phagemid vector allowing for expression of the fusion protein.

E. coli DH5a was transformed with this phagemid together with a hyper phage DNA
cloned in the Lab, which encodes for all the other viral proteins, but lack for viral
replication origin and plll coding gene and cannot be packaged inside new virions
(M13KO7AGp3AoriF1). This phage production strategy allows to overcome different
limits of the canonical production method via superinfection of the host cell with hyper
phage. Produced phage are characterized by the totally absence of wild type plll,
which could compromise targeting efficiency and selectivity (Figure 9.A).
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Figure 9 Characterization of the anti-A. baumanii phage M13aba. A) Schematic representation of the M13 genetic
engineering through co-transformation in E. coli of ppK_C20 phagemid and hyperphage genome. B) AFM micrograph of
purified M13aba phages. C) M13aba length distribution analysed by AFM D) Immunoblotting of the antiBAP_Nb-plII fusion,
demonstrating incorporation in the purified virion. E) Specificity and selectivity of engineered M13aba phages targeting the
Acinetobacter baumannii’s Biofilm Associated Protein: the binding was determined by SyberGreen real- time PCR using
an oligonucleotide that annils on the plll minor coat protein coding gene. M13cz20 phages showed significant binding to A.
baumanii (light blu) and little or no binding to S.aureus (orange) and P. aeruginosa (magenta) pathogens.

In addition, the characterization through Atomic Force Microscopy (AFM) revealed
the intactness of M13aba, With an average length of 500 nm (Figure 9.B-C). The
shortening of the phage length in comparison to wild type M13 confirm the packaging
of C20 expressing phagemid (pPKC20), while the lack of viral replication origin in the
M13 hyper plasmid avoid its packaging inside virions.

The effective retargeting of M13aba to A. baumanni was demonstrated by qPCR
performed on bacteria cells pre-incubated with phages and washed twice. P.
aeruginosa and S.aureus were used as negative control, due to the lack of BAP
protein on thair surface. Once incubated with A. baumannii, the major part of M13aba

phages remain attached to bacteria cells (62% * 16%), while only the 2.3 % and 16%
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of the same phage preparation bind P. aeruginosa and S.aureus respectively (Figure
9.E).

Taken together these results demonstrate that the display of C20 nanobody on the
tip of the phage allows to selective retargeting of M13 phage to A. baumannii cells.

Potent phage-mediated PDT against Acinetobacter baumannii

M13aba phage was then conjugated on the major capsid protein (pVIII) with hundreds
of RB molecules, as described in Material and Methods, Amplex Red assay for
peroxide detection (Figure 10.A) and ABMDMA for O, detection (Figure 10.B) were
used to assess the capacity of M13apa-RB to produce ROS upon visible light
irradiation.

The conjugation of RB to M13anainduces a photoactivation switch from type Il (energy
transfer process) to type | (electron transfer process) mechanisms. This phenomenon
results in an increase in the generation of peroxides over 102 and it has been already
observed in the photoactivation of RB conjugated proteins®®.

The activation of the type | mechanism typically requires a sacrificial electron donor,
and environments that are rich in electrons are favorable for this mechanism™.
However, the phage protein residues are able to directly participate in the electron
transfer process, obviating the need for an external electron donor’*72,

M13aba retargeting specificity was evaluated by flow cytometry performed on A.
baumannii cells pre-incubated with bio-conjugated phages. Also in this case P.
aeruginosa was used as negative control. Bacterial cells populations were gated on
forward (FSC) and side scatter (SSC) and the RB fluorescence signal was then
evaluated by exciting with laser at 561 nm and recording the emission in the PE
channel (585/42). As a result, 97.9 % of fluorescent event were detected in A.
baumannii population incubated with M13aba-RB, demonstrating the conservation of
an excellent attraction of M13aba for A. baumannii cells, even after conjugation with
the photosensitizer. On P. aeruginosa and S.aureus, M13aba bound only a minor
amount of population (9% and 1.3% respectively), confirming the lack of affinity of
the engineered phage for P. aeruginosa and S.aureus (Figure 10.C-D).
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Figure 10 Photodynamic properties of M13aba- RB. A) Amplex Red assay for the generation of peroxides using different
concentrations of RB (pink) and M13aba- RB (purple). B) Determination of 102 generation following the decrease of
ABMDMA absorbance over the irradiation time under white light irradiation for RB (pink line), M13aba- RB (purple line) and
PBS (black line). C) Flow cytometry analysis of refactored and RB conjugated M13aba-RB targeting unspecifically S.aureus
(orange) and P.aeruginosa (magenta) cells and the specific target A.baumanii (light blue). The fluorescence, detected in
the PE channel, is related to RB. D)% of fluorescent cells at the flow cytometer E) Selective Photodinamic killing of S.
aureus (orange), P.aeruginosa (magenta) and A.baumanii (light blue) after 45’ of light irradiation following incubation with
photoactive M13ava- RB.

In vitro antimicrobial PDT assays employing the M13ana -RB phages were performed
under fixed illumination conditions (45 min under white LED lamp). Photostimulation
of M13ava lead to the killing of more than 75% of A. baumanni cells at the RB
concentration of 0.25 pM, that, considering the functionalization rate, correlates with
a pM phage concentration. The photokilling is also phage-concentration dependent,
as demonstrated by increased survival rate at RB concentration of 0.1 pM. On the
other hand, no significant effect was observed on P. aeruginosa, proving the selective
killing of the PDT phage-mediated (Figure 10.E).

Furthermore, phage-free RB molecules showed no statistically-significant effect
under the conditions examined here. Both RB and the bioconjugate M13aba -RB
showed no significant antimicrobial effect when kept under dark condition (data not
shown), demonstrating the requirement for both the photoactive phage and light for
bacterial inactivation.
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Retargeting of M13 against Gram-negative bacteria

Lipopolysaccharide is the bacterial-associated substance called endotoxin, an
effective immunostimulant due to its induction of inflammatory and immune
responses by activating Toll-Like Receptor 4 (TLR4), which is essential for the
recognition of bacterial LPS and mediates both effective host resistance to infection
as well as some of the pathology associated with LPS-induced shock in animal. In
P.aeruginosa and A.baumannii species, LPS is a proven key factor in virulence’®"4,
Moreover, it has demonstrated that LPS deficient A. baumannii cells show reduced
activation of the host inflammatory response, and increased susceptibility to killing”.
We next investigated whether the phage vector platform could be genetically
retargeted through multivalent display of a peptide targeting lipopolysaccharide,
which is the major component of the outer membrane of Gram negative bacteria.

A synthetic oligonucleotide encoding the KNYSSSISSIRAC peptide was cloned in
frame with plll gene of a phagemid vector.
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Figure 11 Characterization of the anti-Gram - phage M13cram-. A) Schematic representation of the M13 genetic
engineering through co-transformation in E. coli of pPK_LPS phagemid and hyperphage genome. B) AFM micrograph of
purified M13cram- phages. C) M13cram-length distribution analysed by AFM D) Immunoblotting of the KNYSSSISSIRAC-plll
fusion (M13cram-) demonstrating incorporation in the purified virion. E) Selective tropism of engineered M13gram- to P.
aeruginosa and A. baumannii was proved through targeting assays performed on S. aureus (orange), P. aeruginosa
(magenta) and A. baumannii (cyan). the binding was determined by SyberGreen real- time PCR using an oligonucleotide
that annils on the plll minor coat protein coding gene ****=p<0.0001 ***=p<0.001
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The KNYSSSISSIRAC peptide exhibits two basic residues but it is generally
hydrophilic and it was selected because it has known high binding affinity to LPS 7°.
The effective expression of LPS binding peptide in fusion with plll fusion was
detected in the purified recombinant phage by immunoblotting with an anti plll
antibody (Figure 11.D)

The phage morphology was examined through AFM and, similarly to M13asa, the
batch of purified M13cram- Was characterized by intact phages with an average length
of 508 nm. The effective retargeting of the anti-LPS phage was demonstrated
through gPCR on bacteria cells pre-incubated, or not, with M13cram-. Retargeting was
assessed on two Gram negative bacteria, P.aeruginosa and A.baumanii, as well as
on a negative control which represented by the Gram positive S.aureus.

M13cram- preferentially bound both P. aeruginosa and A. baumannii (%50 + 3% and
%49 £ 3%, respectively), whereas only a minor amount (12 £ 2%) of the tested phage
remains attached to the LPS lacking S. aureus (Figure 11.E).

These data demonstrated the selectivity of the retargeted M13cram- phage for those
bacteria tested that express LPS on their surface.

Potent phage-mediated PDT against antibiotic resistant Gram(-) bacteria

Retargeted phages were conjugated to RB and tested for their targeting capacity and
photoinducible antimicrobial properties.

Amplex Red assay for peroxide detection (Figure 12.A) and ABMDMA for 102
detection (Figure 12.B) were used, as for M13ana, to assess the capacity of M13gram-
-RB to produce ROS upon the irradiation with visible light, showing an increased
production of 102 by the photoactivation of M13sam—RB with respect to the free RB.
Flow cytometry experiments reported a clear fluorescent shift when M13gram-was
mixed with both the gram negative A. baumannii and P.aeruginosa bacteria while a
fluorescence comparable to untreated cells was observed for the gram positive S.
aureus. In particular, the totality of fluorescent events was detected on A. baumannii
cells treated with M13gram-, 70% for P.aeruginosa and only 7 % for S, aureus,
suggesting a maintained specificity of the engineered phage for Gram negative
bacteria even after chemical conjugation (Figure 12.C-D). Photodynamic
antimicrobial assay proven a potent phage-concentration-dependent effect of
M13cram- ONly on P.aeruginosa and A. baumannii.

As a control on the specificity of the redirection, RB-conjugated M13gram- Was used
for antimicrobial PDT of the gram positive S.aureus pathogens. Notably, neither of
the two concentrations tested of the retargeted photoactive phage vector showed an
effective in PDT on S.aureus, demonstrating that the engineered phage is harmless
against LPS free cells (Figure 12.E). These results demonstrate that M13 phages
can serve as potent vectors for antimicrobial PDT and that their tropism can be

conveniently tweaked to target diverse Gram(-) bacterial pathogens.
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Figure 12 Photodinamic properties of the M13cram- phage vector A) Amplex Red assay for the generation of peroxides
using different concentrations of RB (pink) and M13cram- -RB (purple). B) Determination of 10? generation following the
decrease of ABMDMA absorbance over the irradiation time under white light irradiation for RB (pink line), M13Gram- -RB
(purple line) and PBS (black line). C) Flow cytometry analysis of retargeted and RB conjugated M13cram- phages (10°
phages per sample) directed to the lipopolysaccharides of the outer membrane of Gram — bacteria: dark lines corresponds
to the bacteria without phages while coloured ones highlight binding of the engineered M13cram - -RB to Acinetobacter
baumanii (light blu), Pseudomonas aeruginosa (magenta) and the unspecific gram + Stafilococcus aureus (orange). D) %
of bacterial fluorescent cells measured by Flow cytometry analysis at 574 nm (A emission). E) % of the same bacterial
pathogens survived to light irradiation after the treatment with M13cram- RB phages. The activity of the phages was tested
at two concentration, 0.1 and 0.25 pM of equivalent RB, while free RB molecules (not conjugated to the phage) shower no
significant effect at the same concentration (data not showed).

Discussion and conclusions

Our results demonstrate that engineered M13 phages can serve as potent vectors
for antimicrobial PDT and that their tropism can be conveniently tweaked to target
diverse Gram(-) bacterial pathogens. Light-activated kiling of microorganisms
represents a promising alternative to treat antibiotic-resistant infections. Antimicrobial
photodynamic therapy (aPDT) finds already a wide use for topical, dental and soft
tissue infections, either alone or in combination with photosensitizers®7’=79,
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Moreover, aPDT can stimulate the immune system to improve bacterial clearance®.
The combination of antibiotic therapy with PDT has also been proven efficient in
eliminating drug-resistant bacteria in patients carrying microflora resistant to a
previous antibiotic therapy 938!, while studies on animals have reported little evidence
of host tissue damage following aPDT"7:82,

However, a major limit of photodynamic (as well as sonodynamic and photothermal)
antimicrobial agents is that the reactive oxygen species generated during irradiation
have the potential to harm bystander host cells. As such, there is extraordinary
interest in developing methods for specifically targeting the sensitizers to the
infectious organism®. The advantage of targeting the photosensitizer is that ROS
production is generated only in immediate proximity of the pathogen, allowing for
lower irradiation and sensitizer dosages needed to achieve lethal photosensitization.
Several studies have shown the effectiveness and reduced toxicity of PDT, in
conjunction with sensitizer targeting systems, including antibodies 842 chemical
modification®®71:87.88 or nanoarchitectonics of vector particles and phages 3334899,
Phages, in their own right, represent eclectic antibacterial solutions. Classic phage
therapy envisaging the use of natural lytic phages to control bacterial infections has
provided a useful tool before the advent of antibiotics and is receiving renews
attention due to the explosion of antibiotic resistant pathogens. However, the intimate
co-evolution of phages with specific bacterial strains results in intrinsic therapeutic
limitations. Natural phages generally sport a very restricted host range, variable
antibacterial (lytic) efficacy, and frequent emergence of host-resistance against
phage infection and propagation®:. In addition, the complex and varying
pharmacokinetics and pharmacodynamics of different phages constitute a major
challenge for clinical translation®:°2, As such, there is growing consensus over the
idea that designer strategies, including synthetic biology and nanotechnology
approaches on well-studied model phages, could contribute to overcome some
constraints of classic phage therapy, for example providing engineered phages with
new (modular) functions, tailored host ranges, improved safety profiles, and a more
reproducible pharmacological behaviour 93,

To date, the most striking evidence for the potential of designer phage
nanobioconjugates in photodynamic antimicrobial treatmets is represented by so
called “phanorods”. Phanorods are M13 phages cojugated to gold nanorods, The
latter can be excited by light in the near-infrared (NIR) window, translating the light
energy into heat, and creating very high local temperatures useful for photothermal
therapy (PTT). In this study M13 was retargeted to bind selectively P.aeruginosa
through plll-display of the orthologus receptor-binding domain of the P.aeruginosa-
specific filamentous PF1 phage. Following their functionalization with gold nanorods,
the conjugates were shown to eradicate P.aeruginosa biofilms after NIR irradiation,
provoking only minor cytotoxicity to bystander mammalian cells co-cultured with the
bacteria. Notably, the irradiation destroyed also the phage vector, reducing potential
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risks of phage replication and horizontal gene transfer associated with classic phage
therapy®®. More recently, the derivatization of phanorods with Zn2+-releasing
peptides allowed to counter antibiotic-resistant P.aeruginosa wound infections in
vivo, showing no detectable toxicity or systemic effects in mice following wound
irradiation “°.

Our results further add to these evidences, highlighting the advantage of phage-
based targeting in photodynamic antimicrobial therapies. This potential is further
boosted by the possibility to rationally modify (change, narrow or broaden) the
tropism of chimeric designer phages: we show that the targeting moieties, achieving
specificity against different bacterial hosts, are not limited to the repertoire of
characterized recepetor-binding domains of natural phages, but also include simple
peptides and stable monomeric sdAb (or scFv) scaffolds, expanding the choice to a
wide portfolio of peptides, immunoglobulin (Ig) folds, and other non-Ig domains able
to bind to bacteria. In particular, the broadening of the target spectrum, achieved by
genetic display of a LPS binding pepdtide, may be important if several Gram(-)
pathogens need to be targeted at once, or in cases where more specific targeting
mojeties are not available. Similarly, the receptor-binding domains of a number
phages with broad host range®, could serve for this purpose.

Here we present evidence that M13 represents an excellent platform for aPDT, with
significant advantages over other active targeting schemes (recently reviewed?®?).
Taking advantage of the long-standing and straightforward molecular toolkit available
for this simple phage?®, targeting moieties such as peptides and antibodies can be
genetically displayed on g3p at one tip of the recombinant virion, much alike the bits
of a modular screwdriver. This leaves the large number of g8p capsomers available
for functionalization with hundreds of sensitizers. The exposed domain of g8p (pVIII)
harbors accessible and reactive aminoacids such as the lysine residues, the aromatic
groups of tyrosine and carboxylic acid groups of acidic residues which can be
combined with functional derivatives in relatively simple processes including
EDC/NHS activation, maleimide-thiol coupling, diazonium reagents, and click
chemistry 2°. Moreover, M13 can be modified to express a targeting moiety specific
for a desired receptor resulting in more advanced therapeutic applications for the
treatment of cancer, infectious diseases and autoimmunity (Figure 6). The
pentavalent display of the targeting moiety on g3p together with the huge sensitizer
payload attainable allows to exploit possible cooperative binding effects of the
targeting moieties displayed on g3p, and to increase ROS generation only in close
proximity of the pathogen, reaching lethal Gram(-) photosensitization at sub-
micromolar concentrations of the vector, without loosing specificity (Figure 12.E).
This result indicates that the reactive oxygen species produced extracellularly by our
platform in aPDT can be very effective without need of photosensitizer internalization.
The dispensability of sensitizer internalization was also determined for a study on
photobactericidal activity of porphyrin—cellulose nanocrystals (CNC-Por) against A.
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baumannii ®’. In our case, the use a of phage scaffold allowed to attain similar killing
effects with >100-fold reduction in sensitizer concentration as compared to CNC-Por.
Also for the other Gram(-) bacteria tested in this study lethal photosensitization
occurred at sub-micromolar RB concentrations when the sensitizer was conjugated
to the M13 vector (Figure 8.A-B), respectively for E.coli and P.aeruginosa). By
contrast, significantly higher concentrations of RB (10-100 uM) were needed to
observe photoinhibition effects when the bare sensitizer was administered to Gram(-
) cultures and biofilms (°8 and data not shown).

Despite the few bacteriophage-sensitizer nanoconjugates reported to date, these
results suggest that important improvements can be obtained in aPDT when routing
the sensitizers with phages, likely because of the higher sensitizer payload of the
phage scaffold.

To conclude, The results presented in this chapter demonstrate the potential of using
M13 bacteriophage conjugated with rose bengal for antimicrobial photodynamic
therapy (aPDT). The use of aPDT in combination with phages allows for the specific
targeting of bacterial cells, increasing the effectiveness of the treatment.

The results suggest that this approach could be a useful tool for the treatment of
bacterial infections, particularly those caused by antibiotic-resistant bacteria.
Additionally, the irradiation of photoactive phages attached to bacteria with LED light
causes the production of cytotoxic ROS, resulting in a significant bactericidal effect
at a sub-micromolar concentration of Rosa Bengal. This represents a more than 100-
fold increase in bacterial killing compared to untargeted RB treatment of PDT®8,
Further studies are needed to evaluate the safety and efficacy of this approach in
animal models.

Materials and methods
Bacterial cultures

Acinetobacter baumannii ATCC 19606, Pseudomonas aeruginosa PA14 (clinical
isolate), Escherichia coli TGl and Staphylococcus aureus ATCC 29213 were
cultured in solid LB agar plates or LB liquid medium.

Phagemid cloning and phage preparation

The tranlsational fusion of the anti-A. baumannii (C20) nanobody or the LPS-binding
peptide at the N-terminus of the minor capsid protein plll was performed by cloning
the coding sequences of interest in pPK3DsbA, a modified version of the
pComb3XSS phagemid %8 obtained from Addgene.
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Briefly, to generate pPK3DsbA, the ompA leader sequence found in the original
pComb3XSS vector was replaced with a dsbA leader sequence, while the Sacl-Spel
insert encompassing the original light and heavy chain stuffers was replaced by a
multiple cloning site (MCS), in frame with the C-terminal domain of the plll protein.
The gene encoding for the anti-BAP nanobody C20 was synthesized by Eurofins
Genomics. Amplification of the synthetic C20 gene with oligonucleotides AD250
(Sacl overhang) and AD251 (Spel overhang), generated amplicons that were further
purified and digested with Sacl/Spel restriction endonucleases (NEB, New England
Biolabs). and then purified through PCR clean-up. The LPS binding peptide coding
sequence (KNYSSSISSIRAC) was obtained by annealing of oligonucleotides
ADO0193
(CATGGCCAAAAACTATTCGAGCTCGATTAGCAGCATTCGTGCGTGCG) and
AD0194 (GATCCGCACGCACGAATGCTGCTAATCGAGCTCGAATAGTTTTTG
GC), resulting in Sacl and Spel overhangs. Both inserts were directionally cloned into
the Sacl-Spel linearized pPK3DsbA vector, generating phagemids pPK_LPS and
pPK_C20Nb. Positive clones were validated by sequencing of purified the constructs.
Engineered phages (M13ana and M13.ps) were generated by co-transforming E. coli
TG1 with the Hyperphage helper (M13KO7AGp3AoriF1, Km+) and respectively
pPK_LPS or pPK_C20Nb phagemids, in order to produce uniform virions (about 600
nm in length), packaging only the pPK phagemids containing the f1 ori.
Cotransformants were grown for 24 hours in LB medium supplemented with
Ampicillin (100 mg L-1), Kanamicin (25 mg L-1) and 0.4 mM IPTG. to induce
expression of the fusion construct. Purification of phage was performed as previously
described®. Briefly, the bacterial culture was pelleted for 30 min at 12.000g to
separate bacterial cells from phages present in the supernatant. PEG 8000 (4% w/v)
and NacCl (3% wi/v) were added to the supernatant and incubated for 90 min at 4 °C.
Next, the solution was centrifuged for 15 min at 12.000g to precipitate virions. The
phage pellet was then resuspended in PBS 1x and further purified by isoelectric point
(IEP) precipitation (ref passaretti et al 2020). Purified phages were finally
resuspended in PBS1x pH 7.4. Phage concentrations were determined by
measurement of the absorbance at 269 nm wavelength in a UV-Vis
spectrophotometer (extinction coefficient € = 3.84 cm2 mg-1) using a 320 nm
wavelength spectrum as baseline.

Immunoblotting

M13gram- and M13apa purified phages at a concentration of 10° pfu yL-1 were
resolved using a 12% (w/v) SDS gel and transferred to a PVDF membrane (GVS).
After treatment with blocking solution (5% milk in PBS pH 7.4 with 0.05% Tween),
the membrane was incubated with Anti-M13 Gp3 Monoclonal Antibody (New England
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BioLabs) diluted 1: 5000 in blocking solution for 1 h at room temperature. After three
washes in PBS Tween 0.05%, the membrane was incubated with HRP-conjugated
IgG anti-mouse secondary antibody (Jackson) diluted 1:10 000 and incubated for 1 h
at room temperature. The membrane development was performed using ECL
solution (GVS). Images were acquired via ChemiDoc™ Imaging System (Bio-Rad).

AFM

Specimens of completely hydrated phages adsorbed on the surface of muscovite
mica were subjected to AFM investigation using a Multimode 8 AFM (Bruker, USA)
(Electron Microscopy Sciences, USA). A little aliquoted of diluted phage was applied
to the mica's surface and allowed to absorb for two minutes in diluted PBS buffer. A
little amount of milliQ, a kind of ultrapure water made by Millipore in the USA, was
then pumped into the AFM fluid cell once it had been installed. Utilizing ScanAsyst
Fluid+ probes, imaging was done using PeakForce Tapping® in liquid (Bruker, USA).
The micrographs were flattened during image processing with the NanoScope
Analysis program (ver. 1.80). The micrographs were semi-automatically used to
digitize the (X, y, and z) coordinates of the contour of several hundreds of distinct
phages using specially created software (made with Matlab, Mathworks, USA)%.

Validation of phage retargeting by gPCR

Engineered or wild type M13 phages were incubated with exponential phase P.
aeruginosa, A. baumannii, and E. coli cells (106 CFU-mL-1) for 15 minutes at room
temperature under gentle shacking. Unbound phages were removed by
centrifugation and washing, twice in PBS. The bacterial pellet containing bound
phages was the resuspended in PBS 1x, collected and store at -20 °C. Samples were
boiled at 98 °C for 15 minutes, to release the viral genome, and then 2 ul were used
as template for the qPCR reaction (PowerUp Green Master Mix; ThermoFisher
Scientific) using primers AD211(TCCGGCCTTGCTAATGGTAA) and AD212
(CGCAAAGACACCACGGAATA), annealing to the C-terminal domain of the plll
gene. Commercial M13KO07 (NEB) was used as a standard to set the calibration
curve.

Bioconjugation and purification of M13-RB, M13cram- and M13aba phage conjugates

Rose Bengal (RB) was conjugated to the capsomers of the M13, M13aba and M13Gram-

phage vectors by EDC/NHS cross coupling reaction between the amino acid amine

groups of M13 capsomers and the carboxylic-acid group of RB, as previously

reported®®. Non-reacted RB and small molecular weight byproducts of the
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crosslinking reaction were removed by dialysis, until extinction of the 550 nm
absorbance peak of free RB. In parallel, a shifted peak at 560 nm became broader
following conjugation with M13 (data not shown). These spectral changes confirmed
that RB was covalently linked to M13 capsid. Considering the initial M13
concentration and the molar extinction coefficients of RB, 510, 1761 and 1680 RB
molecules were attached to M13, M13aga and M13gram-, respectively.

Amplex® red assay

The ability to generate peroxides upon irradiation with visible light was evaluated
using the Amplex Red assay. The Amplex Red assay is a method that utilizes the
reaction of non-fluorescent, colorless Amplex Red with peroxides to form fluorescent,
colored resorufin, catalyzed by horseradish peroxidase (HRP). The concentration of
peroxides produced is calculated as the difference between the resorufin generated
by irradiated samples and that of non-irradiated ones, using identical solutions kept
in the dark. To perform the assay, 10ul of Amplex Red (AR) stock solution (50 mM in
DMSO) was added to 1 ml of 50 mM phosphate buffer at pH 7.4 (PB) to obtain a final
concentration of 500 uyM. 10 pl of HRP (0.4 mg/ml in PBS) was then added to the AR
solution to create the final working solution (WS). Different concentrations of RB and
M13asa/M13cram--RB in phosphate buffer (0 uM, 0.25 uyM, 0.5 uyM, 1 uM, 2 uM, 4 uM)
were irradiated for 45 minutes with visible light (white LED Valex 30 W lamp, at a
distance of 30 cm from the cell plate, irradiation power density on the cell plate = 2.4
mW cm-2) and three technical replicates were performed for each sample. After
irradiation, WS (10 ul) was added to each well and the solutions were then incubated
for 45 minutes at room temperature in the dark. After incubation, the emission was
measured at 590 nm (Aex = 560 nm) using a PerkinElmer EnSpire® Multimode Plate
Reader. A calibration curve generated using standard solutions of H-O> was used to
convert the fluorescence signal to the concentration of peroxides generated upon
irradiation.

Singlet oxygen assay

9,10-Anthracenediyl-bis(methylene) dimalonic acid (ABMDMA) was used as a 102
detector. The disodium salt of ABMDMA reacts with 'O to form an endoperoxide,
which can be detected by the bleaching of ABMDMA. By measuring the decline in
absorbance at 401 nm, the generation of 1O, upon irradiation can be determined. Iso-
absorbing solutions of RB and M13aea/M13cram--RB were prepared in deuterated
PBS (10 mM, pH 7.4). 500 pL of solutions containing 15 yM RB and 25 uM of
ABMDMA, which were kept under vigorous stirring, were irradiated with a visible light
lamp (Valex cold white LED, irradiance on the cuvette surface = 2.4 mW cm).
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Validation of phage retargeting by flow cytometry

10*! RB-conjugated phages particles were incubated with 10%/MI exponential phase
Bacterial cells for 15 min at room temperature and under gently shacking. Bacterial
cells were centrifuged at 6000 g for 10 minutes and washed twice with PBS, to
remove unbound phages, prior to fixation with a solution of paraformaldehyde (PFA)
4% in PBS for 15 minutes. Fixed cells were centrifuged and washed thrice with PBS
to remove excess PFA, resuspended in PBS and analyzed with a CytoFLEX S
cytofluorimeter (Beckam Coulter). Events present in the gated population (gating
performed on forward (FSC) and side (SSC) scatter) were analyzed for the
fluorescence in the PE channel (excitation 561 nm, emission filter 585/42 nm). At
least 100.000 events were recorded for each sample. Results are presented as
percentage of fluorescent cells in comparison to the control (untreated bacterial
cells). Data analysis was processed using CytExpert (Beckman) and FlowJo™.

Antimicrobial PDT assays

The photodynamic effect of RB-phage bioconjugates was assessed on bacteria
grown to exponential phase in planktonic culture. Free Rose Bengal was used as a
further control to verify the targeting efficacy of the phage vector platform. Bacterial
cultures were grown to exponential phase (OD600 = 0.4-0.7), pelleted twice by
centrifugation for 10 min at 5000 g and resuspended in PBS, with a target
concentration of 106 cfu-mL-1. 50 ul of this suspension was seeded in triplicate
together with the phage conjugates in the wells of two 96 well u-bottom plates
(Sarstedt), reaching a final volume of 100 pl. Both plates were preincubated in the
dark for 15 minutes under gentle agitation to allow phage-bacteria interaction.
Unbound phages were removed by two washing with PBS. M13 and free RB were
not removed by washing steps in a manner that did not reduce the antimicrobial
activity of free Rose Bengal. Then, one of the two plates was exposed to white light
(30 W cold light (6500°K) LED projector capable of generating 136000 Ix) at a
distance of 30 cm from the plate and at room temperature, for 45 minutes. The
second plate, representing the negative control, was kept in the dark at room
temperature for the same time. After irradiation, bacteria were gently mixed and
transferred to fresh growth medium (LB broth, dilution 1:10) in a 96-well flat bottom
plate (Sarstedt). Growth rates of live bacteria were then monitored with an EnSpire
Multimode plate reader (PerkinElmer), by measuring the increase of absorbance
(OD600) every 10 minutes for 15 h at 37 °C in each well. Absorbance OD600 values
for each time point were averaged and plotted on graphs mirroring the kinetics
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(recovery) of growth after irradiation. The antimicrobial activity of PDT was inferred
by measuring the delay in time (=number of generations) needed to reach the onset
of the exponential phase of growth (normalized OD600=0.125/0.15), relative to the
control sample without sensitizer kept in the dark. Bacterial survival rates of the
different strains were normalized with respect to light exposure in the absence of RB
conjugated phages or free RB, therefore taking into account the different
susceptibility of these strains to light. At least three biological replicates were
performed for each sample.
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Chapter 3

M13 based fluorescence complementation system for the
development of biosensors and as an innovative method for enzyme
immobilization.

Superfolder GFP

Superfolder GFP (sfGFP), a robust and stable variation created by molecular
engineering of the green fluorescent protein (GFP), has completely changed how
fluorescent markers are used in various areas of biotechnology, including the
development of biosensors.

The Aequorea victoria GFP consists of 238 amino acids, which form a "B-can®
structure with an 11-stranded barrel in the centre that houses the chromophore.
Three amino acid residues—Ser 65, Tyr 66, and Gly 67—comprise the chromophore,
which matures by cyclization, dehydration, and oxidation. Proper GFP folding is
necessary for chromophore maturation and, consequently, fluorescence emission,
The S65T mutation of green fluorescent protein (GFP) results in a distinct peak of
excitation at 489 nm and increased brightness when excited by the 488 nm line of a
laser, a commonly used wavelength in microscopy and flow cytometry!®t. This
substitution, together with 9 folding mutations, create a superfolder GFP which is
more resistant to thermal and chemical denaturation, with a very stable (3 barrell and
with enhanced fluorescent intensity?. Superfolder GFP and not its precursors was
used as a tool in cell localization experiments using the extreme thermophile
Thermus thermophilus!®(at 70 °C). Additionally, superfolder version of the RFP
called mScarlet have been engineered for cellular imaging 1°4.

A unified database containing hundreds of fluorescent proteins (FPs) including all the
superfolder variants was created (https://www.fpbase.orqg), giving researchers quick
access to the most recent data.

Superfolder fluorescent proteins are the progenitors of split fluorescent protein
system.

split sfGFP system

Superfolder GFP was used to generate the first pair of GFP fragments that
spontaneously join without the assistance of protein partners©®,

The acceptable cut-off site was found at position 214/215 using a random screen that
involved cutting the loops that connect each sfGFP {3 strand and examining the ability
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of each isolated strand to attach and restore fluorescence. This resulted in split GFP
which comprises the division of GFP into two fragments, GFP 1-10 and GFP 11
individually non-fluorescent, but capable of assembling and reconstituting the intact
and functional fluorescent protein. GFP1-10 containing amino acids 1-214 is
composed of B-strands 1 to 10 of the B-barrel, while GFP11 including amino acids
214-230 comprises B-strand 11, which completes the structure!®,

The split GFP system finds its main application in localization and quantification
studies of target proteins in mammalian cells by microscopy and/or flow cytometry,
due to the small size of the GFP11 fragment (15 amminoacids) and its negligible
fluorescent background!®’. Several studies explored the application of this
fluorescence complementation system in neuronal cell communication through the
method called GRASP (mammalian GFP reconstitution across synaptic partners):®
and in the explanation of host-pathogens interactions to identify the dynamics of viral
proteins, bacterial proteins, or parasite proteins directed at various subcellular
compartments of the host cell*0%-111,

Compared to conventional indirect immunodetection techniques, this application,
known as GFP1-10 complementation labelling (or simply fluorescence
complementation), has the benefit of requiring only one labeling step. This approach
benefits from an outstanding signal-to-noise ratio because the recombinant GFP1-
10 solution is non-fluorescent and the fluorescence signal only corresponds to the
specific complementation with the protein of interest.

Engineered M13 for conjugation of sfGFP using Split GFP system

Genetic engineering of M13 phages allows the display of fluorescent proteins such
as sfGFP, but it has intrinsic restrictions. Phages with long pVIII fusion (greater than
10 amino acids) have low assembly efficiency. Using a phagemid vector can increase
the length of the fusion, but incorporating larger proteins such as sfGFP (greater than
20 amino acids) on pVIIl is still inefficient!?, However, it is important to note that the
successful assembly of phage fusions does not ensure that the recombinant protein
of interest maintains its native structure. The conditions in which the phage
assembles can potentially disrupt proper protein folding**2.

To expand the versatility of M13 as a display platform of bigger protein we devised a
strategy based on split GFP system. This method involves displaying the 15 amino
acid GFP11 peptide on the major coat protein pVIll, which does not interfere with the
assembly of the phage and reduces the risk of improper folding of GFP. This results
in a functionally orthogonal phage that exhibits fluorescence emission due to the
interaction of the GFP11 pVIII fusion proteins with the GFP1-10 detector and the
intrinsic nature of M13 to specific recognise F’(+) bacterial strain (Figure 13).
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Enzyme assembly on M13 phage shaffold

Various scaffolds have been developed to improve enzyme activity and stability by
spatially arranging enzyme cascades, utilizing concepts such as substrate
channeling. The most biocompatible synthetic scaffolds for enzyme immobilization
are protein and DNA nanostructures4115, We further developed methodologies for
utilizing the bacteriophage M13 as a scaffold for the purpose of binding multiple
enzymes with nanoscale order to pVIll. The horseradish peroxidases (HRP) was
selected as the model protein to explore this system as it is involved in the bi-enzyme
system for glucose detection together with glucose oxidase (GOx)'6. The split-GFP
system was utilized as the methodology to link horseradish peroxidase (HRP) to the
bacteriophage M13 surface, providing at the same time a fluorescent readout to
guantify the levels of enzyme immobilization (Figure 14).
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The activity of HRP is commonly measured using substrates such as 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS), which is the most sensitive and stable
among the substrates commonly used such as 5-aminosalicylic acid (5AS), o-
phenylenediamine (OPD) and o-toluidine (OT). ABTS produces the best visual
results by emitting a bluish-green colour that can be read on a spectrophotometer at
405 nm. The HRP-mediated reaction leads to the oxidation of ABTS in its radical
cation form, taking advantage of the peroxide resulting in the formation of H>.O. The
radical cation ABTSe+ has a maximum absorption at 414 nm (€414 = 3.6 x 104 M-
lem1) but also absorbs at 340 nm (€340 = 5.4 x 103 M-lcm?) but the enzyme activity
of HRP is usually measured at 405 nm (€405 = 3.6 x 103 M-tcm™)!7 (Figure 14.B).

Results and discussion

Validation of the M13 based splitGFP system

Inclusion bodies formed in E.coli are aggregates of denatured protein molecules that
lack biological activity. Thus, solubilization and refolding procedures are required to
recover functionally active products 118,

Commonly, high concentrations of denaturating agents such as urea along with a
reducing agent like DTT are used to solubilize the inclusion bodies *°. The solubilized
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proteins are then refolded by gradually removing the denaturing reagent with TNG
buffer (see Materials & Methods section).

In this work, we produced inclusion bodies of the GFP 1-10 protein in E.coli BL21
DE3 adapting the Cabantous and Waldo protocol**°.

The gene coding for the GFP 1-10 was inserted in a petl5b vector and the protein
was overexpressed and accumulated in E. coli following the induction with IPTG.
SDS PAGE shows a unique band at the level of the GFP 1-10 molecular weight (24
KDa), demonstrating that the protein was successfully purified (Figure 15.A).

E. coli TG1 cells were transformed with phagemid pPK10, which encodes for the
recombinant pVIII-GFP11 protein. The transformed bacteria were then exposed to
helper phages, which resulted in the production of the engineered M13grp11 Which
displays the GFP 11 8 strand on the main coating protein pVIIl.

Then, we measured fluorescence progress curves for the complementation of the
M13crpr11 Using fixed amount of GFP 1-10. The fluorescence assay demonstrates the
effective reconstruction of the superfolder GFP on the phage surface showing the
increase of the fluorescence over time (Figure 15.B)

In the complementation assay, phage solution was diluted 10-fold five times in order
to analyze the response of the fluorescent signal. The result demonstrates that the
signals acquired with the phages diluted 10 and 100 times, illustrated in red and gray
respectively, are proportionally less intense than the ones in blue, which were
acquired with the non-diluted phage solution. Additionally, upon analysis of results
obtained with increasing phage dilutions, a higher signal (yellow) was observed for
the phage diluted 1000 times (corresponding to 1.5*10° phages), although not
proportionally as in the previous case. The signal obtained with the phages diluted
10000 and 100000 times, illustrated in black and green respectively, is on average
superimposable for the entire reading time (Figure 15.B). Considering the
concentrations of M13grpr11, GFP1-10 and the detection limit of the instrument there
are 0.4 molecules of refolded GFP per phage. We conclude M13 well suites
fluorescence complementation on its capsid. However, the yields (of complemented
GFP reporters) per phage turned out to be rather poor resulting in only 40%. As such,
to increase the yield, the 88 type display can be used modifying the phage genome
directly which allows the display of a larger number of recombinant pVIII proteins per
phage particle.
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Figure 15 Characterization of the split M13crp11 - GFP1-10 System complementation. A) SDS PAGE analysis of protein
extraxt of E.coli BL21 DES3 transformed with petl5b_GFPi-10, induced (i.) or not induced (n.i.) by IPTG (left). SDS PAGE
of purified inclusion bodies of GFP1.10. B) Sensitivity of the M13 based split GFP complementation. 50 uL of several
M13crp11 diluition were mixed with 200 pL aliquots containing 0.9 pg/uL of GFP1.10to start complementation (the colour of
the legend is shared between B)D)E) and indicates the number of phage particles). Fluorescence is mesured over time
after the addiction of the GFP1-10 and is expressed on Log10 scale in arbitrary fluorescence units. C) Fluorescence given
by using diiferent concentration of UREA for the refolding of the GFP1.10 protein in complementation assay with 10!
M13crr11 particles. D)E) LOG of signal to noise ratio of the fluorescence using 2 M or 0.5 M urea (D and E, respectively).
F) Flow cytometry analysis performed on E. coli TG1 F(+) and DH5a F(-) treated with PBS (blank), M13crp11 (gray) 15h
with the complex M13crp11 - GFP1-10 . The fluorescence detected in the FL1 channel is related to the reconstruction of
fluorescent sfGFP.

This study addresses a prevalent issue in protein production from inclusion bodies,
specifically the disruption of protein secondary structures due to the utilization of high
concentrations of denaturants. This leads to interactions and aggregation among
denatured protein molecules during refolding, resulting in a decreased yield of
functional proteins!?°,

To alleviate this challenge, four concentrations of urea were evaluated to determine
the optimal folding conditions. Results revealed that the highest fluorescence
intensity was observed at a urea concentration of 0.5 M while lower signals were
obtained at higher urea concentrations. However, a sample containing 0.25 M of urea
exhibited a less intense fluorescence signal in comparison to that detected at 1 and
0.5 M of urea, suggesting that the concentration of urea was inadequate for the
dissociation of inclusion body molecules (Figure 15.C). This optimization resulted in
an increase in fluorescence signal and in an improved signal-to-noise ratio.
Specifically, a higher signal-to-noise ratio was obtained using 0.5 M urea compared
to the signal-to-noise ratio obtained when the GFP1-10 was refolded at higher urea
concentrations (Figure 15.D-E). Finally, the ability of the M13-based GFP
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complementation system to act as a biosensor for the detection of F' (+) bacterial
cells have been evaluated using flow cytometry. The mean fluorescence intensities
(MFI) were analysed for controls (bacteria only) sample alone, bacteria incubated
with M13crr11, and bacteria incubated with M13grp11-GFP1-10. The results indicated
a statistically significant increase in MFI when the M13grp11-GFP1.10 cOmplex was
added to E.coli TG1, which is the natural M13 host. However, no differences were
observed when the system was added to E.coli DH5aq, likely due to the release of the
M13crp11 during washing steps as DH5a lacks the F' pilus. (Figure 15.F)

M13 based splt GFP system for HRP immobilization

Next, the GFPi.10 protein was fused with the coding sequence of horseradish
peroxidase (HRP) and cloned into the petl5b expression vector to produce [GFP1-10-
HRP] inclusion bodies in E. coli BL21 DE3. Overexpression of the fusion protein, as
a result of 1 mM IPTG induction, is evident in Figure 16.A, where a stronger band at
60 kDa (the molecular weight of the fusion protein) is observed after induction. Figure
16.A also depicts bands corresponding to the purified GFP1-10-HRP protein construct.
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Figure 16 Characterization of the split M13crp11 - GFP1-10-HRP system for enzyme immobilization A) SDS PAGE
analysis of protein extraxt of E.coli BL21 DE3 transformed with petl5b_GFP1-10-HRP , induced (i.) or not induced (n.i.)
by IPTG (left). SDS PAGE of purified inclusion bodies of GFP1-10-HRP. B) Complementation between M13crp11 phage
and GFP1-10-HRP fusion proteins by fluorescence assay. Fluorescence is mesured over time after the addiction of the
GFP1-10-HRP and is expressed on Log10 scale in arbitrary fluorescence units. C) Fluorescence misured in the same
condition of B) after one cycle of PEG/NaCl purification step. Legend is shared between A) and B).

GFP1.10-HRP fusion and GFP1.10 were incubated for 30 minutes with 50 ul of 10*? and
10! M13gep11 particles. The GFP1.10-HRP fusion protein demonstrated the ability to
bind the GFP11 peptide displayed on the surface of M13 phage, resulting in a
fluorescence signal that was not observed when the fragments were tested
individually (data not shown). Complementation assay using GFP 1-10, which was
used as a positive control, exhibited a fluorescence signal that was 1 log higher than
the signal obtained with the complementation of the GFP1.10-HRP fusion (Figure
16.B). This could be attributed to the fact that the fusion protein is bigger than GFP1.
10 alone, leading to fewer GFP1-10-HRP molecules interacting with the GFP11 peptide
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displayed on the phage. Notably, the fluorescence of the complexes was retained
even after NaCl/PEG purification, indicating that the signal is associated with the
presence of the engineered phages and not with phage protein debris capable of
generating fluorescence (Figure 16.C).
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Figure 17 Absorbance of ABTSe+ at 405 nm over time. Colorimetric assay after complementation of M13crp11 With
inclusion bodies refolded in A) TNG refolding buffer B) TNG supplemented with 5 uM of the cofactor hemin extracted from
myoglobin and C) TNG buffer supplemented with 5 uM of commercial hemin powder (Sigma Aldrich).

Next, the enzymatic activity of HRP immobilized on the phage surface was evaluated
by using a colorimetric assay. The inclusion bodies were denatured and refolded by
adding hemin, a necessary cofactor for HRP activity, in the refolding buffer.
Specifically, two different sources of heme were tested: Heme 1 was obtained by the
organic extraction of heme from myoglobin?! while Heme 2 was a commercial
powder. Refolded proteins were dialyzed overnight at 4 °C to remove unincorporated
heme. The activity of HRP was determined by measuring the decomposition rate of
hydrogen peroxide, specifically by measuring the green and soluble product derived
from the reaction between HRP and ABTS, catalyzed by peroxidase, at 405 nm.
After 10 minutes of reaction, peroxidase activity was detected in the proteins refolded
with heme 1 (pink and blue dotted line for GFP1.10 and GFP1-10-HRP, respectively),
while lower absorption was observed using commercial heme. Peroxidasic activity
was maintained even following the interaction of the proteins with the M13grr11phage
(pink and blue continue line for GFP1.10 and GFP1.10-HRP, respectively) (Figure 17.B-
C). No absorption was observed when the enzymes were refolded without either of
the two heme groups (Figure 17.A).

These data suggest that active HRP was immobilized on the phage surface through
the interaction of split GFP partners. Additionally, natural heme (Heme 1) was the
most efficient cofactor for the activation of HRP, likely due to its increased solubility
in the refolding buffer. However, GFP 1-10 also exhibited redox activity, which may
be due to the incorporation of heme during the refolding process. This outcome
suggests that the heme was incorporated into the beta-barrel of GFP 1-10 during
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refolding, thereby providing it with peroxidase activity. This is an unanticipated result,
but it may be of interest as the protein has acquired a new enzymatic activity.

Conclusions

Although a split intein system has already been presented on the M13 phage?!??, until
this work no split fluorescent protein systems had been engineered on the M13
bacteriophage.

GFP1-10 was used to detect a F (+) E. coli strain through the complementation with
M13 phage engineered to display GFP11 peptides on the major coat protein pVilii
without altering the high selectivity of the M13 bacteriophage towards its natural
target. This strategy allows for a cost-effective and easy production biodetection
system than may be further fine-tuned for the development of new point-of-care
biosensors'?3. On the other hand, engineered M13 for the orthogonal adaptation of
split GFP can be considered a good strategy for producing fluorescence with a signal
to noise ratio of about 100 in 2.5 hours. Furthermore, as we demonstrated in the
previous chapter, phage M13 can be redirected towards other bacterial strains or
tumour cells 32 with high selectivity, thus expanding the possible analytes that can be
detected with this system.

Together these results show the great potential utility of GFP complementation on
engineered M13 in high throughput applications, including quantification, fluorescent
linked immunosorbant assay (FLISA), multiplexed flow cytometry, affinity
determination and phage display.

Additionally in this study, this method has been exploited for HRP immobilization on
the phage surface. Although the activity of immobilized HRP could be questioned,
this system would be more suitable for immobilising enzymes that do not need
cofactors as the fusion protein is produced as an inclusion body and there may be
artefacts in the incorporation of the coenzyme during refolding.

Future prospects for this project include testing the immobilisation of other proteins
with the same complementation method. For example, Nanoluc could be immobilised
on the phage surface for the development of biosensors based on the principle of
Forster's resonance-based bioluminescence energy transfer (BRET), which are
today mainly used in drug screening and biosensors development!?4-127,

Materials and Methods

Plasmid engineering

The plasmid Ppk10_GFP11 was constructed in the lab by inserting the GFP11
peptide coding sequence and a linker peptide (GGGS)4 into the expression vector
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pComb8, using Xhol, BamHl, and Spel sites.
TCGAGCGTGACCACATGGTCCTTCATGAGTACGTAAATGCTGCTGATTACAG,
gatccTGTAATCCCAGCAGCATTTACGTACTCATGAAGGACCATGTGGTCACGC
(GFP11 foward and reverse, respectively) and gatccGCGGCGGTGGCAGCGGC
AGCGGCAGCGGTGGCAGCA,
CTAGTGCTGCCACCGCCGCTGCCGCTGCCACCGCCGLCCG (GS linker foward
and reverse) are the oligonucleotides annealed for the insertion of GFP 1land GS
linker into pComb8.

A 18 bp deletion (+67, +84) was also made upstream of the GFP11 coding sequence
to remove a sequence of 6 aminoacids which could be an obstacle in the interaction
with GFP1-10.

The pET15b_GFP1-10 plasmid was created by cloning the gene encoding GFP1-10
into the pET15b (Novagen) expression vector using Ncol/Xhol restriction site.

The gene was previously amplified by PCR from the plasmid pS1643 (addgene) with
the oligonucleotides AAGGATTCATGAGTAAAGGTGAAGAATTGTTTACTGGTG
and GTTTTTCTCGAGTCATTTGGATCTTTAGACAAAACAG, foward and reverse
respectively.

Finally, pET15b_GFP1-10-HRP was made by inserting the HRP coding sequence
between BamH1 and Xhol restriction sites (Doulix).

M13crp11 phage production

The F-pilus expressing Escherichia coli TG1 bacteria were transformed with the
phagemid Ppk10_GFP11. The bacteria were grown in LB and ampicillin at 37°C until
reaching exponential growth phase (OD 0.3-0.4) and then superinfected with the
helper phage M13K07, which provides a kanamycin resistance cassette (NEB), at a
ratio of 1:100 for 2 hours at 37°C under agitation. The culture was then scaled up to
200 mL in LB with kanamycin and ampicillin (25 pg/mL and 100 25 pg/mL,
respectively) at 37°C, shaken overnight. Bacteria were pelleted at 15000 g for 15
minutes, after which PEG 8000 and NaCl were added to the supernatant at 4% and
3% wi/v respectively. Phages were purified by centrifugation at 15000 g for 15 minutes
at 4°C, following incubation for 30 minutes on ice. The phage pellet was resuspended
in 1.5 mL of 1X PBS. Phage were quantified as in Chapter 2.

GFP1.10 and GFP1.10-HRP production, purification by inclusion bodies and quantification

The plasmid pET15b_GFP1-10 was transformed into competent DH5a rubidium cells
using Hanahan's protocol and purified by alkaline lysis with a dedicated kit (QIAGEN).
The plasmid was then transformed into a BL21 strain optimized for protein
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expression. GFP 1-10 was purified as inclusion bodies by optimizing the protocol in
'In vivo and in vitro protein solubility assays using split GFP**°,

Bacteria were grown in LB with ampicillin until the exponential phase of growth was
reached, and protein expression was induced with 1 mM IPTG for 5 hours at 37°C
under agitation. The bacteria were then pelleted at 3500 g for 15 min at 4°C and
resuspended in TNG buffer (TrisHCI pH 7.4 100 mM, NaCl 150 mM, Glycerol 10%
v/v), sonicated for 2 min on ice (50% duty cycle) and centrifuged again for 45 min.
Subsequently, the inclusion bodies were purified by 3 cycles of centrifugation (10
min) and sonication in Cellytic B Cell Lysis Reagent (Sigma-Aldrich®/Merck) and a
further 2 cycles in TNG buffer. The final pellet was resuspended in a solution
containing 9 M urea and 5 mM DTT and incubated until dissolved. The samples were
centrifuged to remove any residual aggregate material and resuspended in TNG
buffer achieving a final urea concentration of 2 M. GFP 1-10 was quantified by the
Bradford colorimetric assay and purification was assessed by SDS-PAGE
electrophoretic run (10%) and blue-coomassie staining.

Fluorescence assay for the complementation of Split GFP

A volume of 200 uL of protein and 50 pL of phage in various dilutions per well was
used in black 96-well plates and the reaction was incubated for 1 hour at room
temperature in the dark. Fluorescence was measured using a Perkin Elmer EnSpire®
Multimode Plate Reader (488 nm/530 nm excitation/emission). To approximately
determine the degree of functionalization of the phage with pVIIl fused to GFP 11,
decreasing concentrations of phage and a fixed concentration of GFP protein 1-10
(0.9 pg/uL) were used. The latter is in excess of the detection limit of the instrument
(1 fmol/well) such that phage-dependent fluorescence is obtained. In addition, four
different concentrations of urea in the solution used to resuspend the inclusion bodies
(TNG buffer) were tested for their effect on GFP fluorescence using 10! M13grpi1
phages with the same GFP1.10 concentration.

Flow cytometry

Specific detection of split M13crr11GFP1-10 for F pilus expressing coli was determined
by flow cytometry performed on a BioRad S3e cell sorter.

101 M13grp12/mL were incubated with 10%/mL E.coli TG1 or DHRa cells for 15 min,
washed once in PBS1X and then resuspended with GFP1.10 (0.9 pg/pL) for 15 hours.
The populations ware gated on forward and side scatter. SIGFP related fluorescence
was measured in the FL1 channel (excitation 488 nm, emission filter 525/30 nm). The
mean fluorescence intensity was used to quantify the numbers M13crr11GFP1-10
targeted bacteria compared to controls. At least 10 000 events were evaluated for
each analyzed sample. Data analysis was processed using FlowJo™.
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ABTS assay

GFP1.10and GFP1-10_HRP inclusion bodies have been denaturated as previously
described using 0.5 M of final urea concentration and then refolded in three separated
buffer i) TNGurea ii) TNGurea With 5 UM of heme 1 (extracted from myoglobin) and iii)
TNGurea With 5 uM of heme 2 (Sigma Aldrich).

To perform activity assays, 1 tablet of ABTS containing 10mg of 2,2'-azinobis (3-
ethylbenzthiazoline-6 sulfonic acid) diammonium salt with an inert filler
(ThermoFisher) was dissolved in 25 ml of 200 mM potassium phosphate buffer (pH
5). In a 96 well plate, 190 ul of the ABTS solution, 10 ul of H202, and 50 pl of protein
samples were combined and analyzed for their absorbance at 405 nm using a
EnSpire® Multimode Plate Reade (Perkin Elmer). GFP1.10 and GFP1.10. HRP were
analyzed alone or following 4h interaction with the M13grp11 phage.

All protein samples were dylised at 4 °C overnight with a 14000 Da membrane
(Sigma-Aldrich) to remove unbound heme groups before analysis.
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Chapter 4

PhageVax: M13 as a therapeutic cancer vaccine

Therapeutic cancer vaccines

Cancer immunotherapy has revolutionized the world of cancer treatments increasing
the antitumor immune responses with fewer off target effects than chemotherapies
and other targeted anticancer treatments. In this field, drugs are used to stimulate or
enhance the ability of the immune system to kill cancer cells through natural
mechanisms, many of which are bypassed due to the disease progression.
Consequently, immunotherapy is acknowledged as a potential method to treat, and
possibly even cure, some cancer types33-36, Cancer immunotherapy was marked by
the advent of ipilimumab, a monoclonal antibody that targets the immune system
blocker cytotoxic T lymphocyte antigen-4 (CTLA-4)'%8, and chimeric antigen receptor
T (CAR-T) cell therapies, a tailored therapy that genetically alters a patient's T
lymphocytes to direct them to cancerous cellst?%130,
Among several immune-based strategies, the next immunotherapy frontier is
represented by cancer vaccines which comprise the exogenous delivery of certain
tumor antigens together with adjuvants that stimulate dendritic cells (DCs). The
purpose of therapeutic cancer vaccines is to act as an immunomodulator to stimulate
the specific anti-tumor immune response and generate a long-term memory effect
that kills tumor cellst31:132,
The fundamental elements required for effective therapeutic vaccination against
tumors include delivery of substantial quantities of a high-quality antigen to DCs,
optimal DC activation, induction of strong and persistent CD4+ T helper cell and
cytotoxic T lymphocyte (CTL) responses, infiltration of the tumour microenvironments
(TME), and preservation of response. The mechanism of action of a general cancer
vaccine is represented in Figure 18.
In the TME, the components of the innate immune system such as natural killer (NK)
cells, neutrophils, and macrophages are fundamental for immediate recognition and
assault of tumor cells, while antigen-presenting cells (APCs), such as dendritic cells
(DCs), catch and cross-present the antigens released by tumor cells and stimulate
the antitumor response throw the activation of T cells. Infact, tumor that undergo
immunogenic cell death naturally or following an anticancer treatment, expose and
release damage-associated molecular patterns (DAMPs) which provides a powerful
adjuvanticity to dyeing cancer cells since it encourages the recruitment and activation
of APCs!3,

50



This stimulates DC maturation, antigen uptake, processing, and presentation on
MHC class | (MHC-I) molecules and Il (MHC-II) molecules. These DCs move to
lymph nodes where they interact, throw T cell receptor engagement, with naive CD4+
and CD8+ T cells for their priming and activation. It's important to stress that IL-2
secreted by CD4+ T cells increases CD8+ T cytotoxic cell responses. Subsequently,
activated T cells return to the tumor site to limit its growth through direct killing and
chemokines mediated inhibition of cancer cell proliferation3413%,

Additionally, frequently the tumor microenvironment develops tertiary lymphoid
structures (TLS) where antigen-loaded DCs stimulate T cells while follicular DCs
(fDCs) promote the development of memory B cells and plasma cells that produce
antibodies, inducing an antibody-dependent cellular cytotoxicity (ADCC), and/or
complement-dependent cytotoxicity (CDC) 136:137,

All these players have an important role in the activation of a strong antitumor
immune response enhancing the death of tumor cells.
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Figure 18 From Saxena et al.Z3.Tumor immunity regulation. The migration of immune cells to the tumour microenvironment is
driven by a chemokine gradient. Within the TME, dendritic cells (DCs) process and present tumour antigens on either MHC
class Il or MHC class | molecules through a process known as cross-presentation (bottom-left). This process can occur
through either the cytosolic or vacuolar pathway. In the cytosolic pathway, antigens are transferred into the cytosol,
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processed, and then presented on MHC class | molecules at the cell surface. In the vacuolar pathway, antigens are
processed and presented on MHC class | molecules within phagosomes or endosomes. These antigen-loaded DCs then
travel to secondary lymphoid organs, where they activate T cells through interaction between the MHC-peptide complex-
T cell receptor and cognate receptor-ligand pairs (bottom-right). CD8+ T cell responses are amplified by cytokines secreted
by CD4+ T cells. Activated T cells then travel to the TME, where they induce tumour killing. Antigen-loaded DCs can also
activate T cells and generate memory B cells and antibody-producing plasma cells within tertiary lymphoid structures in
the TME (top-right). These activated T cells, B cells, and antitumour antibodies contribute to tumour cell death through
direct lysis, antibody-dependent cellular cytotoxicity, and/or complement-dependent cytotoxicity. The acronym ECM refers
to the extracellular matrix, ERAP1 represents the endoplasmic reticulum aminopeptidase 1, FLT3L stands for fms-like
tyrosine kinase 3 ligand, NK stands for natural killer, TAA represents tumour-associated antigen, and TAP refers to the
transporter associated with antigen processing.

Among all the adjuvants studied for the activation of the immune system against
cancer cells, Oncolytic adenovirus have been widely exploited as platforms for
cancer vaccines, since they selectively kill tumor cells, controlling tumor growth and
activating the APCs!38-141,

For example, a very promising platform has been developed in 2016 combining two
immunotherapeutic approaches i) oncolytic adenovirus and ii) peptide vaccine in
order to use adenovirus as active carriers of tumor specific peptides (or neoantigens)
to direct the immune system to specifically target and kill cancer cells'#2143, This
platform was recently bought by ValoTx (https://www.valotx.com/ ) for early clinical
trials.

Although this success, there are risks associated with the use of viruses. Usually,
performing genetic manipulation of viruses to boost their immunogenicity might lead
to unexpected toxicities. Moreover, from a practical point of view, the genetic
manipulation of Adenovirus is a high cost and time-consuming technique.

M13 bacteriophage as immunostimulatory nanoplatform

Recent advancements in cancer vaccines have sparked renewed interest in the
development of nano-vaccines using nanotechnology. These nanomedicine-based
approaches have been shown to improve antigen delivery to lymphoid tissues and
promote antigen cross-presentation, leading to an increase in the activation of
cytotoxic T cells.

Studies have also demonstrated that nano-vaccines delivered by pH-sensitive
liposomes can be engulfed by antigen-presenting cells (APCs) for cross-presentation
of antigens to cytotoxic T cells via MHC | molecules, as opposed to the activation of
non-cytotoxic CD4+ T cells through presentation via MHC Il molecules.#4. Moreover,
nanovaccines can be orthogonally conjugated to co-delivery adjuvants or antigens
which increase the cross antigen presentation in order to boost the specific antitumor
immune responsel#®,
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Despite these significant advancements, creating vaccines that have strong immune-
stimulating effects is still a difficult task, particularly for those personalised cancer
vaccine platforms.

Microorganisms have been used as adjuvants for cancer vaccine due to their ability
of activating the host immune response by the production of pathogen associated
molecular patterns (PAMPs). Specifically, bacillus Calmette-Guérin (BCG) is
currently used for urothelial carcinoma and researchers have coated its surface with
tumor neoantigens resulting in a more specific immune response towards the tumour
instead of the bacterium itself!46. Additionally, Coley’s toxins from heat inactivated
Streptococcus pyogens and Serratia marcescens have been studied for cancer
treatment!4’.

In addition to microorganisms, other microorganism-based platforms have also been
studied as adjuvants for cancer vaccines. For example, various types of probiotics
have been engineered, or cytoplasmic membranes, and as already mentioned,
viruses have also been used, including adenoviruses'#¢-1%°, The risk, however, lies
in the biosafety of these adjuvants, which is still being studied by researchers all over
the world?*®?,

M13 bacteriophage is completely inert and safe for mammalian cells since they are
unable to duplicate or replicate the phage genome?!®2. In addition, phages are highly
penetrative in mammalian cells and their uptake could increase throw the display of
specific eukaryotic cell’s ligands?®3,

Moreover, M13 is highly immunogenic and can directly trigger the host immune
system, enhance dendritic cell (DC) maturation, the activation of M1-phenotype
tumor-associated macrophages (TAMs) and the stimulation of adaptative immune
response throw the toll like receptor pathway for nucleic acid sensing*>4-1%,
Filamentous bacteriophages can also be recognized and incorporated by APCs
thanks to their intrinsic characteristics. This phenomenon can be improved by
engineering the phage by giving it a specific tropism to APCs®®”’.

These features together with easy storage conditions and optimized protocols make
the M13 phage a very interesting platform for the development of cancer vaccines.
In the pursuit of development more selective and effective cancer vaccines and to
reduce the risk related to adenovirus and microorganisms based vaccines, we
developed PhageVax, a M13 based platform for personalised cancer immunotherapy
(Figure 19.A).

The core idea of PhageVax is the idea of delivering to APCs SIINFEKL tumor peptide
by using the M13bacteriophage as an adjuvant (Figure 19.B).
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Figure 19 Schematic rapresentation of PhaeVax A) M13 phage and polyK-SIINFEKL ware mixed toghether for 30 minuts
and purified by PEG/NaCl. B) Rapresentation of the SIINFEKL cross presentation by denditric cells for the priming of naive
Tcells.
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Results and discussion

M13 can be coated with poly-lysine SIINFEKL and can display the SIINFEKL peptide on the
major coat proteins pVIll
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Figure 20 Characterization of the Phage Vax complex and of the engineered M13-pVIll SIINFEKL phage. A)
Schematic representation of PhageVax (M13 phage coated with polyK-SIINFEKL) and B) characterization by nano-tracking
analysis (NTA). NTA shows the concentration vs the size measurement of the samples. C) NTA quantification of the mean
and mode of the size among the samples. The data were analyzed by two-way ANOVA. The level of statistical significance
was set at probability level ****p <0.0001, *** p = 0.001 and ** p<0.01. D) Schematic representation of the production
pipeline for the engineered M13-pVIII SIINFEKL phage showing the superinfection of transformed E.coli TG1 by helper
phage. E) Immunoblotting of the recombinant SIINFEKL-aTAG-pVII.

We explored two different approaches i) adding six lysines to the initial SINFEKL
(polyK-SIINFEKL) sequence to increase the positive charge of the peptide for the
interaction with the negative charge of the M13 surface (PhageVax, Figure 20.A) and
i) engineering the phages with tumor associated peptides by phage display
techniques (PhageDisplay, Figure 20.D). We started by considering the SIINFEKL
peptide which is a known MHCI epitope of the model antigen Ovalbumin'®8, The
nano-tracking analysis (NTA) enabled us to quantify the number of phage particles
as a function of their size in the different samples such as PhageVax, Phage without
peptides or PBS. NTA relies on tracking the motion of particles suspended in liquid
using light scattering, and the filamentous structure of M13 phage makes it difficult
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to accurately determine its size. However, the significant increase of the size mean
and mode between the phage alone and PhageVax complex is indicative of the
polyK-SIINFEKL peptides coated to the phage surface (Figure 20.B-C).

E. coli TG1 was transformed with pPK8 phagemid and then superinfected with a
helper phage for the production of a chimeric M13 displaying the SIINFEKL peptide
into some of the pVIII proteins (Figure 20.D). The expression of the SIINFEKL-aTAG-
pVIl fusion was verified by immunoblot analysis using an anti-ALFAtag minibody. The
results showed the presence of a band with the expected molecular weight of 10 kDa
in the purified recombinant M13 pVIII-SIINFEKL phage, indicating successful
incorporation of the SIINFEKL into the M13-pVIII SIINFEKL phage, as the presence
of the aTAG is only found in the recombinant pVIII proteins (Figure 20.E).

Antigen presenting cells can efficiently be activated presenting the SIINFEKL peptide
delivered by PhageVax

The PhageVax platform was therefore tested for its ability to deliver the SIINFEKL
peptide to antigen-presenting cells (APCs), which might consequently cross-present
the MHC-I epitope fragments from this peptide.

PhageVax (M13 bacteriophage coated with the immunodominant epitope form
chicken ovalbumin, KKKKKK-SIINFEKL) was used to stimulate Jaws Il murine DCs
for 24 h followed by a flow cytometric evaluation of the epitope's cross-presentation
efficacy (Figure 21).

The performance of the PhageVax was evaluated by stimulating the Jaws Il cells with
various concentrations of phages coated with SIINFEKL. Specifically, the cells were
stimulated with 10'° and 10! phages coated with 20 and 40 pg of SIINFEKL,
respectively. As expected, PhageVAX composed by 10! phages coated with 40 ug
of SIINFEKL was able to induce enhanced DC activation and cross presentation of
MHCI-SIINFEKL complex compared to the lower concentration as assessed by the
significantly increased expression of cluster of differentiation 86 (CD86) proteins and
of MHCI-SIINFEKL complex (H2Kb bound SIINFKL) (Figure 21.A-B).
PhageDisplay was found to have a potent activating effect on dendritic cells (DCs),
however, no cross-presentation of the peptide was observed after 24 hours of JAWS
Il stimulation with PhageDisplay (Figure 21.C). The lack of cross-presentation of the
SIINFEKL peptide by PhageDisplay, in comparison to PhageVayx, is likely due to the
lower amount of peptide displayed on the phage and to the different nature of the
interaction between the peptide and the phage in the two systems. These differences
may result in distinct timing and/or processing mechanisms within dendritic cells upon
internalization.

In Figure 21.C, we evaluated the effect of increasing the amount of peptide per viral
particle on the immunogenicity response, but results did not show any improvement
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compared to the optimal condition for PhageVAX, which was 10!! phages coated
with 40 ug of SIINFEKL.

We also investigated the stability of PhageVAX over a period of 24 hours at 4°C. The
stored PhageVAX still effectively delivered the peptide for presentation by the
peptide-MHCI complex on the surface of DCs (Figure 21.D). This is particularly
important for vaccines that will be used in resource-limited settings, where storage
conditions may be less than ideal.
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Figure 21 Antigen-presenting cells can readily cross-present antigens delivered by the PhageVax platform.
Murine dendritic cell line Jaws Il was treated with PhageVax, polyK-SIINFEKL (peptide) or PBS (untreated) or Phage
alone were used as control as well. PhageVax was made by A)101° phage particles coated with 20 ug of polyK-SIINFEKL
and B) 10! phage particles mixed with 40 ug of polyK-SIINFEKL. PhageVax was co-incubated with the cells for 24 h in
both A) and B). C) Jaws Il cells were treated with PhageVax made by 10! phage particles with 20,40 or 60 g of polyK-
SIINFEKL, the same concentration of polyK-SIINFEKL alone (peptide), 10! genetically engineered M13-SIINFEKL
(PhageDisplay), 101t M13 (phage) or PBS (untreated). D) Stability assay of the PhageVax complex after 24 h of storage
at 4°C. Cross-presentation was determined by flow cytometry using APC-conjugated anti-H-2Kb 646 bound to SIINFEKL.
CD86 as a measure of dendritic cell maturation and activation was determined by flow cytometry. Each bar is the mean
+ DS of at least 3 biological replicates. Statistical analysis was performed with one-way ANOVA. **** p< 0.0001, *** p<
0.001,** p< 0.01, ,* p< 0.1.

58



Fold change

Animal experiment for prime-boost vaccinations with PhageVax

The PhageVax platform was evaluated for its ability to stimulate T cell-specific
immune responses against SIINFEKL in mice towards the MHC-I restricted epitope
presented by the platform using a prime-boost vaccination strategy.

To this end, naive C57BL/6JOlaHsd mice were vaccinated twice with two doses of
M13, as adjuvant control and of PhageVax or unpurified PhageVax (made by simply
mixing the peptide with the phage without undergoing NaCl PEG purification), with
doses given 21 days apart. 14 days after the second dose, the mice were sacrificed
and spleens and lymph nodes were collected and analyzed for the induction of
SIINFEKL T cell responses using flow cytometry and interferon-gamma detection by
ELISPOT (Figure 22). Vaccination with PhageVax induced a significant systemic
(spleen) SIINFEKL T cell responses in this vaccination setting showing an average 2
fold increase of SIINFEKL*/CD3*/CD8" cytotoxic T cells from mice treated with
PhageVax with respect to mice treated with phage alone (Figure 22.A). However, a
reduced response was observed in the lymph nodes for all vaccination groups
(phage, PhageVax, and unpurified PhageVax) compared to untreated mice (mock),
possibly due to lymphocyte migration from lymph nodes to the spleen as a result of
the intramuscular injection that elicited an inflammatory response (Figure 22.B).
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Figure 22 SIINFEKL specific T cell detected in splenocytes and lymph nodes harvested from mice immunized with
PhageVax technology. SIINFEKL specific T cells detected in A) the spleens and B) in lymph nodes derived from scarified
mice that were intramuscularly immunized with phage, unpurified PhageVax and PhageVax. The mocks are mice treated
with PBS. The data were normalized by removing the baseline of the mock samples followed by a two-way ANOVA
analysis. The level of significance is *p <0.1 C) enzyme-linked immunospot (ELISPOT) assay.of spleenocytes. The data
were analysed by ordinary one way ANOVA. The level of significance is *p <0.1, *p <0.01.

The splenocytes from those mice were harvested and tested for IFN-y production
upon specific stimuli in an ELISpot assay (Figure 22.C).
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Our data revealed a specific T-cell response to the SIINFEKL peptide when using the
unpurified PhageVax platform, compared to the phage alone or untreated control.
Analysis of T cells derived from mice vaccinated with purified PhageVax indicated a
higher average production of interferon gamma upon stimulation with SIINFEKL
peptide, albeit without statistical significance. These findings suggest that PhageVax
vaccination platform, both purified and unpurified, elicits a specific SINFEKL immune
response in vivo. Further studies are required to confirm and enhance the
immunogenic effects of PhageVax.

Conclusions

In sum, we proposed a novel strategy to design cancer vaccine platform based on
hybrid M13 phage (PhageVax) for personalized immunotherapy. PhageVAX
(composed of 10! phage particles mixed with 40 ug of SIINFEKL) exhibited a high-
efficiency and strong adjuvant effect of APCs activation and antigen cross-
presentation in vitro.
M13 conjugated with the SIINFEKL peptide underwent purification without
compromising its stability, which retained its ability to stimulate antigen cross-
presentation. This result supports the conclusion that PhageVax complex, not a
synergistic effect of free phage and peptide, is responsible for eliciting the
phenomenon of antigen cross-presentation of dendritic cells.
On the other hand, PhageDisplay (M13 phage displaying the SIINFEKL peptide on
pVIlI proteins) was recognized by DC cells as a potential pathogen, activating them,
but was unable to cross-present the SIINFEKL epitope on the MHC | complex.
Additionally, the stability of a vaccine is a critical factor in its design, as it determines
its potency and effectiveness over time. A stable vaccine minimizes the risk of
spoilage or potency loss during storage and transportation, ensuring consistent
protection against diseases. Furthermore, stability enhances patient compliance and
accessibility, particularly in areas where strong refrigeration is unavailable. In this
context, the stability of PhageVax at 4°C is a noteworthy characteristic, as it
increases its viability as a potential vaccine platform.
A preliminary in vivo vaccination study revealed that the PhageVax platform therapy
induced a SIINFEKL selective T cell response. This is consistent with our vitro results
and with the literature produced so far which have demonstrated that M13 is
internalized and processed by dendritic cells. To date, the most striking evidence for
the potential of designer phage hybrids for the development of therapeutic cancer
vaccines is represented by the M13@PEI*®°. In this study, the authors utilized the
positive charge of polyethyleneimine (PEI) to coat M13 phages, resulting in the phage
ability to interact with tumor-associated antigens through electrostatic forces. Our
results further add to this evidence the development of M13-based cancer vaccine
platform by conjugating the phage with therapeutic peptides containing poly lysine
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chains. This approach provides a cost-effective, one-step production pipeline that
can be further purified, taking advantage of the positive charge of the polylysine chain
to achieve electrostatic interactions with the phage.

However, optimization of the vaccination protocol and an increase in the number of
animals could further amplify the immunological effect induced by the platform.

We expect that the PhageVax vaccine platform can be broadened to include other
tumor associated peptides and evaluated in mouse models containing tumors that
express those specific peptides.

Materials and methods

Cell line used and phage production

Murine dendritic cell line JAWSII was purchased from ATCC and was maintained in
alpha minimum essential medium (aMEM) supplemented with 20% fetal bovine
serum (FBS) (Life Technologies), ribonucleosides, deoxyribonucleosides, 4 mM L-
glutamine (Life 100 Technologies), 1 mM sodium pyruvate (Life Technologies), and
5 ng/ml murine granulocyte macrophage colony-stimulating factor (GM-CSF)
(PeproTech, USA).

The F-pilus expressing Escherichia coli TG1 bacteria were grown in LB and ampicillin
at 37°C until reaching exponential growth phase (OD 0.3-0.4) and then superinfected
with the helper phage M13KO07, which provides a kanamycin resistance cassette
(NEB), at a ratio of 1:100 for 2 hours at 37°C under agitation. The culture was then
scaled up to 200 mL in LB with kanamycin and ampicillin (25 pg/mL and 100 25
Hug/mL, respectively) at 37°C, shaken overnight. Bacteria were pelleted at 15000 g
for 15 minutes, after which PEG 8000 and NaCl were added to the supernatant at
4% and 3% w/v respectively. Phages were purified by centrifugation at 15000 g for
15 minutes at 4°C, following incubation for 1 hour on ice. The phage pellet was
resuspended in 1.5 mL of 1X PBS and the reimaging bacteria were removed by 2
rounds of centrifugations. The phage particles were tittered by UV-VIS
spectrophotometry at 269/320 nm to determine the amount of phage particles per
millilitre.

PhageDisplay of SIINFEKL peptide on the major coat protein pViIiI

The coding sequence of the SIINFKL peptide was inserted into the pK8001 phagemid

vector obtained from DOULIX together with an aTAG fused at the C terminal of the

peptide. The pK8001 phagemid vector is designed to enable 8+8 phage display

through the inclusion of the SIINFEKL-aTAG upstream of the pVIII major coat protein
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coding sequence. The F-pilus expressing Escherichia coli TG1 bacteria were
transformed with the engineered phagemid (pK8001-SIINFEKL) and were grown in
order to produce the engineered phage displaying the SINFEEKL peptide on the pVIII
proteins. The resulting phage is referred to as the "Phage Display” in the results of
this study.

PhageVax complex formation

The interaction occurs via electrostatic interaction between the negatively charged
capsid of the M13 bacteriophage and the SIINFEKL peptide which is made positively
by the addition of a poly-lysine chain at the N terminus of the peptide. Various
concentrations of both phage and poly-k peptide were evaluated to optimize the
complex for improved cross-presentation of the SIINFEKL peptide on dendritic cells.
Specifically, 10'° phage particles were mixed with 20 pg of polyK-SIINFEKL, while
10* phage particles were mixed with 20, 40, and 60 pg of polyK-SIINFEKL. The
complex was incubated for 30 minutes at 25°C and then placed on ice for 1 hour in
a PBS solution containing containing 3% NaCl and 4% PEG8000 w/v in ice and then
centrifuged at 15000 g for 15 minutes at 4°C. Phage Vax was resuspended in aMEM
for cross presentation test and in PBS 1X for NTA analysis, stability assay and for
the animal experiment.

Immuniblotting for PhageDisplay validation

Phage display particles were denatureted at 99°C and runned on 10% precast
polyacrylamide gel (BioRad) and then transferred to the nitrocellulose membrane of
the Trans-Blot Turbo pack system (BioRad). The membrane was incubated with a
recombinant anti-ALFA minibody (NanoTag Biotechnologies) diluted 1:5000 in
blocking solution for 1 h at room temperature. After three washes in PBS Tween
0.05%, the membrane was incubated with HRP-conjugated IgG anti-mouse
secondary antibody (Jackson) diluted 1:10000 and incubated for 1 h at room
temperature. The membrane development was performed using ECL solution (XXX).
Images were acquired via ChemiDoc™ Imaging System (Bio-Rad).

Nanotrack analysis (NTA) of PhageVax

Phage and PhageVax were analyzed using Nanosight model LM14 (Nanosight)
equipped with blue (404 nm, 70 mW) laser and SCMOS camera. The samples were
diluted in PBS and three 60 s videos were recorded using camera level 13. The data
ware analyzed using NTA software 3.0 with the detection threshold 5 and screen gain
at 10 to track as many particles as possible with minimal background.

62



Flow cytometry for the analysis of in vitro Cross presentation experiment

JAWSII cells were seeded in 24 well plates (4x10°cells/well) and pulsed with
PhageVax prepared as previously described by complexing the M13 bacteriophage
with the polyK-SINNFEKL peptide or no peptides. Free peptides were also used to
pulse JAWSII. After 24h, cells were collected by EDTA and stained with APC-
conjugated anti-mouse H-2Kb bound to SIINFEKL (BioLegend), PE-conjugated anti-
mouse CD86 (BioLegend) antibodies and analysed by flow cytometry.

Animal Experiment for prime boost vaccinations

For the prime-boost vaccination experiments, 8- to 9-week-old immuno-competent
naive female 20 C57BL/6JOlaHsd mice were treated intramuscularly with purified or
unpurified PhageVax, phage without peptides or PBS as a mock treated group.
PhageVax was made by 10! phage particles with 40 pg of polyK-SIINFEKL,
prepared 24 hours before the animal vaccination and kept at 4°C.

Vaccinations were performed 21 days apart. 14 days after the last injection, mice
were sacrificed and spleen together with lymph nodes were collected for ELISpot
assay and flow cytometry.

The protocols for all animal experiments were reviewed and approved by the
Experimental Animal Committee of the University of Helsinki and the Provincial
Government of Southern Finland. Animals were housed in individually ventilated
cages under controlled conditions of light-dark cycle, temperature and humidity, with
ad libitum access to food and water. The animals were regularly monitored for any
signs of distress or pain, including hunched posture, mobility, and coat condition. All
injections were conducted under isoflurane anesthesia.

Flow cytometry for the analysis of the animal experiment for prime boost vaccinations

SIINFEKL epitope specific T Cells were studied analysing cells derived from lymph
node and spleen with the following antibodies: FITC anti-mouse CDS8 (, Proimmune),
Peridinin-Chlorophyll-Protein (PerCP-Cy5.5) anti-mouse CD3 (BD Pharmingen),
APC-labelled anti-mouse CD4 (eBioscience). Phycoerythrin (PE)-labelled SIINFEKL
dextramer (Prolmmune) was used for the detection of SIINFEKL specific T cell
response. Flow cytometric analysis were performed using a BD Accuri 6C Plus (BD
Biosciences) flow cytometer and FlowJo was used for data analysis.
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ELISpot assay

IFN-y ELISpot assays were performed using a commercially available mouse
ELISpot reagent set (ImmunoSpot, Bonn, Germany), and 20 ng/uL of SIINFEKL was
tested in in vitro stimulations of 3 x 10° splenocytes per well derived from mice
scarified after the prime/ boost vaccination with phage alone, unpurified PhageVax
or PhageVax. Splenocytes were incubated with the stimuli at 37 °C for 72 hr. Spots
were counted using an ELISpot reader system (ImmunoSpot).
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Concluding remarks

The incredibly engineerable nature of the filamentous phage type has made M13
famous as a versatile platform due to its unique properties. Small size, simple
structure, and ease of genetic manipulation are some of the key properties of M13
bacteriophage which allows for the chemical, physical attachment or, when possible,
for the molecular display of various biomolecules such as enzymes, peptides,
imaging agents, carbon nanotubes, quantum dots, nucleic acids, drugs and gold
nanoparticles. This makes it an ideal platform for targeted drug delivery, biosensing
and other biomedical applications.

In this thesis, | extensively explored the versatility of M13 phage as a
nanobiotechnological platform for photodynamic antimicrobial therapy, biosensing,
immobilization of enzyme farms, and as an adjuvant for the development of
therapeutic antitumoral vaccines. A variety of functionalization technigques were
employed, including phage display, chemical and physical conjugations (Figure 23).
The M13 phage was genetically engineered to express recognition molecules, such
as nanobodies or peptides, on its tips for targeted antimicrobial photodynamic
therapy of the Gram negative Acinetobacter baumannii and Pseudomonas
aeruginosa pathogens.

These engineered phages were then chemically conjugated in an orthogonal manner
utilizing hundreds of therapeutic molecules referred to as sensitizers. To the best of
my knowledge, this orthogonal mixed molecular and chemical conjugation of M13
phage has not been previously reported in literature for antimicrobial applications.

In learning how to increase the selectivity of these anti-Gram negative engineered
phage towards their targets we have introduced to the field a new phagemid system,
the M13KO7AGp3AoriF1. This system allows for the exclusive packaging of the
recombinant pPK3DsbA by eliminating the phage replication origin and all wild type
plll proteins, resulting in a homogenous length of virions and the incorporation of
exclusively recombinant plll proteins into the capsid of the neo synthetized phage.
This strategy increases the targeting and selectivity of the platform.

Furthermore, | demonstrated that the M13 phage nanoplatform can also be exploited
as a biosensor through a novel approach as for the first time split GFP system have
been adapted to M13 phage technologies. This strategy allows for the interaction
between the M13 phage engineered to display the GFP11 B-strand and the GFP 1-
10 detector resulting in a fluorescent signal.

The modular nature of the M13-based nanobiotechnological platform allows for the
integration of various functional components including the M13 based split GFP. This
biosensor can be used in conjunction with engineered phages retargeted to
specifically bind Gram-negative bacteria, such as Acinetobacter baumannii and
Pseudomonas aeruginosa, enabling sensitive and specific detection of these
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pathogens. This can be achieved by orthogonal display of the phage, expressing
retargeting molecules on its tips (plll), such as the anti-Acinetobacter nanobody or
the anti-Gram negative peptide, and the peptide GFP 11 along its entire length (pVIII)
allowing for the interaction with GFP1-10 to release a fluorescent signal in proximity
to specific cells.

Additionally, the splitGFP M13 phage can also be used for imaging of tumor cells by
orthogonally engineering this phage with targeting molecules that recognise
receptors overexpressed on tumor cells, such as the anti-EGFR phage developed
with colleagues during my PhD (published data not described in this thesis)33.

Now that it has been demonstrated that the split GFP system can be used on the
M13 phage, further studies can be conducted on other split systems such as the split
NanoLuc one which have recently gained particular interest due to their excellent
signal emission performance and high signal-to-noise ratios.

Additionally, | demonstrate that splitGFP system is suitable for immobilization of
enzymes such as horseradish peroxidase for the development of enzymatic farms
on the surface of the phage. These farms can be used in a variety of applications
including industrial biocatalysis, biosensors, and bioremediation. Enzymatic farms
offer several advantages over traditional enzyme systems as they can be used in a
continuous process, which allows for increased efficiency and productivity. The split
GFP phage can also be orthogonally engineered to display streptavidin or cellulose
binding domains for recycling the catalyst

To further investigate the biomedical applications of the M13 platform, | moved to the
University of Helsinki, in the ImmunoViroTherapy lab, to coat the M13 phage with a
polylysine-anchored therapeutic peptide (SIINFEKL). Here, we created a cancer
vaccine, called PhageVax, that use the M13 as an adjuvant and that can be
potentially used in personalized cancer immunotherapies. The goal of this approach
IS to create therapies that are tailored to the specific characteristics of each patient's
tumor, by anchoring specific neoantigens and tumor-associated peptides to the
phage through the electrostatic interaction between the phage and the polyK peptide,
a method that has not yet been found in literature for this purpose.

Finally, to illustrate the full extent of the versatility of this platform, | would like to
emphasize the potential for the development of combinatorial anticancer therapies.
There is now a strong rationale to believe that PDT has the potential to enhance the
immune response, which would be a valuable asset in cancer treatment.

This suggests the potential of utilizing combinatorial treatments that involve the
combination of PhageVax as an anticancer vaccine and the engineered phage for
targeted photodynamic therapy towards cancer cells, to investigate whether there is
a synergistic effect of the two therapies in selectively killing cancer cells through the
production of reactive oxygen species and the activation of the adaptative immune
system by both the photodynamic therapy and the Phage Vax.
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The research presented in this thesis utilized a range of chemical and biological
methods, drawing from fields such as synthetic biology, nanoparticle science, protein
science, microbiology, cancer biology, immunology, and genetic engineering. This
highlights the versatility and broad range of applications for the M13 phage
nanoplatform. Given the extensive history of chemical and genetic methods
developed for modifying the capsid and genes of M13 phages, this M13 platform can
be easily re-engineered to suit specific needs. Additionally, as new targeting moieties
and photosensitisers are discovered, | can anticipate the emergence of many more
M13 based antimicrobial and cancer phototherapies in the future.

Finally, the utilization of M13 phage as a platform for the development of cancer
vaccines has been enhanced by recent advancements in ligandome technology. This
technology provides a comprehensive characterization of cell surface proteins,
allowing for the identification of potential targets and novel cancer-associated
antigens, which can be leveraged to create a more efficacious cancer vaccine
utilizing the M13 platform.

PhageDisplay: GFP 11 8 strand of the »
splitGFP system for biosensonsors j\(x\
and enzymatic farms. =

Chemical conjugation:
Rose Bengal
photosensitisers for
antimicrobial PDT

Phage Display: C20
nanobody and
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targeting of A.baumanii
and P.aeruginosa
pathogens.

Electrostatic interaction: Phage Display:
Poly-lysine anchored SIINFEKL peptide
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for cancer vaccine

Figure 23 Surface decoreting concept fo M13 applied in this thesis.
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