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ABSTRACT

World Health Organization estimates that bloodstream infections affect more than 30
million people worldwide every year causing mortality often due to resistant pathogens.
Moreover, heterogeneity of cancer diseases, linked at the crescent cases of manifested
neurodegenerative disease, such as Alzheimer disease (AD), are the major expenditure
for the public health. Therefore, the costs are predicted to continuously increase over the
time due to the necessity of diagnosis and, intensive and prolonged therapies. To reduce
health costs, biotechnologies may play a pivotal role by introducing innovative systems
cheap and efficient for diagnosis and targeted therapies.

In the present work new biosensors and diagnostic/therapeutic systems based on phage
display technology are designed and tuned. New specific, selective and robust phage
clones are use as probes for both diagnosis and targeted therapies of pathogen bacteria,
cancer cells and misfolded AB-amyloid structure associated to AD.

At this purpose, polymeric platform as well as silica, gold, magnetic and latex
nanoparticles are functionalized with specific phage clones and associated at
conventional (fluorescence microscopy, E.L.I.S.A., Scannig Electron Microscope SEM)
and/or innovative (Raman spectrometry and SERS-Raman) detection systems. In
addition, bioactivity of phage clones against pathogen agents, such as P. aeruginosa, as
well as inhibition and disaggregation of amyloid f42-induced cytotoxicity are tested in
vitro. A new algorithm for the discovery of “self-navigating phage particles” for “smart
drug delivery vehicles” is introduced. Finally, in vivo biodistribution in nude mice of
phage display f8/9 library are performed to identify peptide home-tissue and home-
tumor by qPCR and Next generation sequencing.

The results highlight the polyvalent use of phage clones in cheap, innovative and fast
detection devices, applicable in several fields (clinical, food and environmental

monitoring), as well as in targeted therapy systems for personalized medicine.
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GENERAL INTRODUCTION

Background

The public health costs and the proper allocation of resources are among the most
important World’s problems. World Health Organization estimates, those bloodstream
infections affect more than 30 million people worldwide every year, potentially leading
to 6 million deaths, and three out of every ten deaths, due to sepsis, are thought to be
caused by resistant pathogens. This linked to the heterogeneity of cancer diseases, both
inter and intra patient, are the major expenditure for the public health. However, the
population ageing implies the increase of the neurodegenerative diseases, such as
Alzheimer disease, consequently to the need of long-term cares. Therefore, the costs are
predicted to increase continuously over the time due to for the necessity of targeted
diagnosis and therapies. To reduce health costs, biotechnologies may play a pivotal role
by introducing innovative systems cheap and efficient for diagnosis and therapies.

In this context, the phage display technology satisfies the possibility to study the vast
diversity of protein—ligand interactions taking place in the nature. For such innovative
systems, phage display technology can be exploited as a powerful tool for the research
of new peptides, able to selectively bind to targets. As confirmation of the importance
of this technology “to take control of molecular evolution and use it for purposes that
bring the greatest benefit to humankind”, Smith and Winter obtained a Nobel Prize for
Chemistry in 2018. Principle of the technique relies on the ability to insert exogenous
DNA fragments "in-frame" within one of the genes encoding for the capsid proteins of
bacteriophage (also called phage). The expression of exogenous (poly)peptides on the
surface of phage provided a physical link between phenotype (the displayed peptide)
and genotype (the encoding DNA), and the formation of billion different phage clones,

which formed the phage libraries. These large molecular landscapes represent very



powerful tool for "marker discovery" of target-binding proteins performed by screening
cycle. In the past 30 years, phage display has undergone multiple advances showing
enormous development both in the selection protocols (in vitro and more recently in
vivo), and in the enlargement of target types (including, small molecules, inorganic
materials, natural and biological polymers, nanostructures). The screened phages can be
used as probes or bioactive molecules to receptor disease-specific, cell-specific or
organ-specific peptides, cell epitopes, proteins agonist/antagonist.

The versatility of phages is determined from their shape, charge, robustness, resistance
at acid and alkali as well as easy production. These characteristics make them applicable
as “probes” in the development of biosensor, cellular imaging and label-free biosensor
devises by self-assembling or chemical conjugation with nanomaterial, reducing cost of
production and construction time at the same specificity compared to traditionally
devises. Moreover, the third generation of drug delivery system has highlighted the
possibility to use phage clones or only phage peptides in the drug-targeted delivery
systems. Therapeutic ‘magic bullet’ ushers the era of modern ‘precision medicine’
research where targeted drug is delivered into specific target. The mainly use of these
constructed in cancer therapy such as in chronic pathology has permitted to optimize the
pharmaco-kinetic and pharmaco-dynamic and the dose dependence of the drugs of
disease. Moreover, recent advances describe the use of phage display as novel bioactive
molecules. This allow to produce new proteins and peptides able to minimize the use of
antibodies, antibiotic and cancer drug and overcome the pharmaco-resistance, bringing
at new drugs generation in different medical technological areas, including gene

therapy, vaccine development and nanotechnology.



Aim of the Thesis

In the present work new biosensors and diagnostic/therapeutic systems based on phage

display technology are designed and tuned. Furthermore, a new algorithm for the

analysis of phage population peptides is introduced to identify of “self-navigating phage

particles”. New specific, selective and robust phage clones are use as probes for both

diagnosis and targeted therapies of pathogen bacteria, such as S. aureus, P. aeruginosa

and E. coli, cancer cells, associated to blood disorder (chronic lymphocytic leukemia

and multiple myeloma), and misfolded AB-amyloid structure associated to AD. Finally,

in vivo biodistribution in nude mice of phage display f8/9 library are performed to

identify peptide home-tissue and home-tumor.

Outline of Thesis

Chapter 1. Phage display technology and its applications are introduced;

Chapter 2. “Whole-cells” of Staphylococcus aureus is used in four rounds of
biopanning cycle to isolate target-specific peptides able to selectively bind
bacteria surface. Selected phage clones, together to other phage clones
previously selected against other pathogen agents, are used as probes in sensor-
surfaces. Among the developed detection systems, magnetic beads
functionalized with phages and coupled with Raman Spectroscopy have
permitted to isolate/concentrate/identify bacteria in artificial infected blood, with
an efficiency of 10 CFU/7mL.

Chapter 3. An innovative “double binding” selection method is used to identify
amyloid-like structures by interaction with IgGs. The discovered conformational
peptides are able to discriminate sera of AD and healthy patients by E.L.I.S.A.

Moreover, levels of identified IgG in AD patient show good correlation with the



progression of the pathology, making the phages biomarkers of state/stage in
Alzheimer’s disease (AD). Moreover, the phages permit inhibition and
disaggregation in vitro of amyloid B42-induced cytotoxicity in SH-SYSY cells.
Chapter 4. “Promiscuous selection” against PBMCs and leukemia/myeloma cell
lines is carried out to identify promiscuous peptides able to detect common
marker of inter-specific leukemia/myeloma diseases. Therefore, the selected
phages are used in one-step production fluorescent phage—probes with silicon
nanoparticles or chemical fluorescents and applied in clinical test for diagnosis
of chronic lymphocytic leukemia/multiple myeloma.

Chapter 5. New concept of “self-navigating phage particles programmed” is
introduced. Phage population deriving from selection in vifro against breast
cancer cells is analyzed to highlight mosaic peptides based of CorMs and
SLIMs. Moreover, bio-distributed landscape phage library f8/9 in nude mice
harboring human breast cancer cell has allowed to study the pharmacokinetic of

phage particles in the tissues and in tumor microenvironment.



CHAPTER 1
Phage display: Description and Applications

Phage display technology is a powerful research tool for high-throughput screening of
protein interactions with the advantages of simplicity, high efficiency and low cost. This
was in the first described by George P. Smith in 1985, which has demonstrated the
display of foreign peptides on filamentous phages by the fusion of peptide of interest to
N-terminal of gene III [Smith, 1985]. The expression of exogenous (poly) peptides on
the surface of bacteriophage (also called phage) provided a physical link between
phenotype (the displayed peptide) and genotype (the encoding DNA) [Smith, 1985].
Following Gregory P. Winter and Clackson, in 1991, exploited the phage display
methodology to build large libraries of fully human antibody sequences for the
treatment of diseases such as multiple sclerosis and cancer [Clackson et al., 1991].
Since then, a large number of phage displayed libraries have been constructed [Bass et
al., 1990; McCafferty et al., 1990; Barbas et al. 1991; Smith, 1991; Smith and Scott,
1993; Petrenko et al., 1996; Hoogenboom 2002; Szardenings, 2003], leading to many
peptides discoveries in the fields of cell biology, pharmacology, immunology, and drug
discovery. The power of the in vivo phage display technique was in the first proposed
by Pasqualini and Ruoslahti, which proposed the Ehrlich’s ‘magic bullet’ concept for
organ- and tumor-targeted drug delivery [Pasqualini and Ruoslahti, 1996; Ruoslahti,
2002; Teesalu et al., 2012]. However, most of the anticancer peptides were designed for
exclusively target of one mono-cell type in the cancer complex or for cell of tumor
vasculature [Shi et al., 2017]. Recently, Petrenko introduces the concept of ‘migration
selection’ exploring intrinsic capacity of landscape phage display libraries to
extravasare from the blood stream to the tumor tissue, migrate through the tumor

microenvironment, invade into the tumor and penetrate into the target tumor cells



[Petrenko, 2017]. The collected phages find themselves a way to the tumor and their
specific proteins resulted a mosaic of small binding units with expected tissue migrating
propensity [Petrenko, 2017]. During 30 years long history the phage display has
reaffirmed the power of the method resulting in the development of multiple display
techniques need to satisfy the study the vast diversity of protein-ligand interactions
taking place in the nature. Confirming the importance of this technology Smith and

Winter obtained a Nobel Prize for Chemistry in 2018 for their pioneering works.

1.1 Filamentous Phages as Protein Display Vehicles

For definition, Phage display is a technique that uses bacteriophage, or so-called phage,

to display a random molecular landscape. The most commonly phages used for the

construction of phage display libraries are Ff filamentous phages (M13, {1 and fd) able

to infect a Gram-negative bacteria. They show a high degree of homology [Lowman,

1997; Kehoe and Kay, 2005; Smith, 2011]:

I. Share 98.5% of DNA sequence and can tolerate insertions of foreign DNA up to
12,000 bp in the non essential regions without disrupting phage packaging;

II. Their genome can be isolated as single stranded and double stranded DNA for
cloning and library construction;

III. The phage coat proteins can be modified to display foreign proteins without loss
phage infectivity;

IV. Can to accumulate in high concentration in the infected bacterial cells due to non-
lytic propagation.

These phages are F+ Escherichia coli strains. In fact, the coat protein plIlI interacts with

the receptor on the outer surface of bacteria F pili. The following contraction of the pili,

due to do not understood sequences of events yet, lead to the bound of phage-plll coat

protein with secondary receptor, TolQRA, located in the inner membrane of Gram-
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negative host. The phage transfers its viral genome inside the host cell involving in a
chronic infection which is not kill host cells but slow the cell growth, due to stress in the
production of phage particles. The single-stranded DNA helped from cytoplasmic
enzymes of bacterium converts itself to double-stranded DNA known as replicative
form (RF). The phage replicates as an episome producing more replicative forms and
synthesizing more phage proteins, which are localized on integral inner membrane
thanks leader sequences. When a critical pV concentration is reached, itself bind to the
genome packing sequence and initiate virion assembly [Paschke, 2006; Sidhu, 2000;
Newton and Deutscher, 2008]. The other viral coat proteins encapsulate the single
stranded DNA during its secretion from the host cell. The lack of replication regulation
and the ability of the episome to be transferred to daughter cells during cellular division
allow the production of the first generation, about 1000 phage particles. This number
decreases to 100 to 200 particles in the next generation [Hill and Stockley, 1996;
Webster, 1996]. Together, high titer viral stocks (~10"%) and the effortlessly purification
are major factors for the success of the phage display platform. All three Ff phages are
used for phage display technology; however, the M 13 bacteriophage is the most chosen.

Therefore, for simplicity, the successive sections will be limited to M 13 phage.

1.2 Phage Capsid Structure and Chemical-Physic Properties

M13 phage consists in a rod of (6—7) nm in diameter and 900 nm long with cover a
circular ssDNA [Stopar et al., 2003]. The 6407 nucleotides, which composed the
ssDNA, encode 2700 copies of the major coat protein PVIII, distributed in the entire
length, and five copies each of four different minor coat proteins (PIX, PVII, PVI, PIII)

located at the ends (Figure 1).

11
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Figure 1. Structure of the phage M13. Phage M13 is a ssDNA virus infecting E. coli F+ strains.

The wild-type particle is approximately 900 nm long built from 2700 molecules of the major capsid
protein, PVIIL. The ends of the capsid rod are composed with minor capsid proteins, PIII, PVI, PVII, and
PIX.

The major coat protein pVIII constitutes ~85% of the total virion mass; the ssSDNA

~12%, and five copies for each of the minor coat proteins (pIII- pVI at one and pVII -

pIX at the other end) restante 3% of the total virion mass [Hemminga et al., 2010;

Morag et al., 2015]. The surface area of filamentous phages are about is 18700 nm” with

number of charged residues at the surface of 8800 at pH 7.4 and charge density of 0.48

eq/nm [Zimmermann et al., 1986]. The capsid characteristic and conformation are

mostly due to the major coat protein such as the chemical-physic properties. pVIII

consists of primary sequence of 50 amino acids with molecular weight of about 5240

Da organized at a-helix. It can be divided into three distinct regions [Stopar et al.,

2002]:

I. N-terminal composed by first 20 amino acids, is rich in acidic residues which give a
low isoelectric point of the phage particle;

II. Central region composed by a 19 hydrophobic amino acidics which have structural
support;

III. C-terminal composed by 11 amino acids rich in positive charges due to the lysines
residues, neutralize the negatively charged viral ssDNA making.

The organization is sandwiched with a hydrophobic face inside and a hydrophilic face

exposed outside of the phage particle, mostly stabilized of hydrophobic forces that can

be solubilized by amphiphilic molecules. The hydrophobic parts of the pVIII protein

12



neighboring protein in the phage particles protect the inner part of the coat proteins and
the DNA against the approach of hydrophilic solutes and macromolecules.
Consequently, only the outer region of the phage is accessible to the external
environment and gives the physicochemical properties at the entire phage structure.
Zimmermann et al. showed that only the amino acids below residue in position 21° of
the pVIII sequence are exposed to the aqueous solution and accessible to polyelectrolyte
[Zimmermann et al., 1986]. Consequently, the four negative charges, in the N-terminal
of the pVIII, located in 2°, 4°, 5° and 6° position, influenced the isoelectric point (pl) at
acid value, theoretically calculated and experimentally confirmed as pH 4.2
[Zimmermann et al., 1986]. During the capsid formation, the pVIIls interact to form
pentamers, where the following pentamer is shifted 16.0/16.15 A and twist between 33°
and 36° compared to the next pentamer [Marvin et al., 1994; Papavoine et al., 1998].
Each subunit consists of a single curved, right-handed at an angle of ~20° respect to the
viral axis, with a C-terminal based on a-helix (residues 6—48), positively charged and
directed on the interior to interact with the DNA (negatively charged), and a N-terminal
based on type II B-turn (residues 1-5) which is instead exposed on the exterior of the
phage particle. Each protein in the pentamer has axial and tangential interactions with

10 neighboring along the helical array defined (Figure 2).

Figure 2. Representation of the arrangement of the M13 coat proteins. Starting from the protein
“0” there are tangential interactions with 29 amino acids residues of the protein in position 11 and 5
with located proteins in position 17. The mentioned residues are directed in the interior of the phage
and between them the phenylalanine amino residues in position 11 of the protein 17 with Phe42 and
Phe45 residues on protein 0 giving integrity at the phage particle. All other residues, 41, 10 and 1
amino acid residues from proteins in position 6, 5 and 1 respectively, are directed outside of the phage.
In particular, the Trp26 of protein O is in contact with Gly34, Ala35, Gly38, I1e39 and Phe42 of the
protein 6. [picture comes from Stopar D et al., 2002].

13



Successively, Morag et al performed atomic-resolution structure of non-crystalline
assembled of the M13 capsid model by magic angle spinning solid-state NMR, and
made one 3D model deposited in the Protein Data Bank (PDB ID code 2MJZ) [Morag
et al., 2015]. The model confirm that the first exposed five residues of each pVIII N-
terminal are structurally unconstrained, making an optimal target for genetic
engineering. In fact, this space can be filled with extra amino acids genetically added
(up to 10 amino acids can be added) in the phage peptide display technology without
significantly impairing the viability of the phage [Makowski et al., 1994].

However, look at accessibility of other coat proteins in the context of intact phage
particle Endemann et al. showed that the most important coat proteins spaces are in
middle and N- terminus of pllIl (406 residues) and N-terminus of pVIII (50 residues),
but pIX, is accessible in intact phage in N-terminus [Endemann and Model, 1995].
Moreover, some parts of pVI and pVII are able to take foreign peptide in C- and T —

terminus, respectively [Smith and Petrenko, 1997; Sidhu, 2001] (Table 1).

Protein Number of amino acids Molecular weight Copies per phage Type of Display

P3 406 42500 ~5 NorC
P6 112 12300 ~5 C
P7 33 3600 ~5 N
P8 50 5200 ~2700 NorC
P9 32 3600 ~5 N

Table 1. M13-based phage display alternatives.
Table shows the amino acid number addable for each coat phage proteins.

1.3 Types of Phage Libraries

The phage display constructs are classified in:

I. Monovalent when one or even fewer peptides displayed per phage particle
advantageous when the goal is a high monovalent affinity of displayed peptides to
the target;

I. Polyvalent (or multivalent) when the foreign peptide is fused to all copies of the
protein present on the viral coat.

14



High and low densities of the exposed peptides are due to size of the peptide need to
display. This in turn decides the library engineering in the arrangement of the coat
protein genes [Figure 3, Smith and Petrenko, 1997]. In particular, in a “type 3” vector,
only a single phage chromosome (genome) carrying to engineered gene III with “in-
frame” with foreign DNA and the all other normal genes need to lead a progeny phage.
It will encode a single type of pIIl molecule displaying the peptide theoretically on all
five pllI coat protein on virion. Similar is “type 8” for the engineering of the gene pVIII.
However, only short hexogen peptides (= 8 amino acids) can displayed on all copy of
coat proteins. In fact, if the foreign peptide is large, proteolytic enzymes in the host
bacterium often remove the foreign peptide from most copies of proteins. Moreover,
dramatically alteration of physical and biological properties of the virion’s mass can
interfere with the coat protein function in viral packaging and bacterial infectivity. In a
type “33” or “88” vector, the phage genome carrying two genes of the some protein, one
is recombinant (has a foreign DNA insert) and the other wild-type, as well as the other
genomic code. The resulting virion comprised of both wild-type and recombinant pVIII
molecules consist of a mosaic where the engineered forms usually predominate. This
allows hybrid pVIII proteins with quite large foreign peptides to be displayed on the
virion surface, overcome the limit of phage assembly cannot. A type “3+3” or “8+8”
system differs from a type 33 or 88 systems because the two genes are on separate
genomes. The wild-type protein version is on a phage (usually called the “helper”
phage) which genome carry to all proteins need to give a virions particles, while the
engineered protein version is on a plasmid called a “phagemid.” The genome of the
phagemid carries a “plasmid replication origin” that allows it to replicate in E. coli host,
“filamentous phage replication origin”, which is activates when the cell is co-infected
with the helper phage and an “antibiotic resistance gene” that allows plasmid-bearing

host cells to be selected. When a phagemid virion infects a cell, the cell acquires the
15



antibiotic resistance by the phagemid. However, it need that helper phage virion co-
infects cell host, to produce progeny virions in the normal way. This lead at two types
of secreted progeny virions: particles with helper phage DNA and particles with
phagemid DNA both with a mosaic of recombinant and wild-type pVIII proteins on
own coats. In monovalent or polyvalent forms, another difference there is in the use of
pVIII or pIII (or other minor engineered protein) libraries, the avidity effect caused by
the display valency. Only 3-5 copies of plll per phage particle are present in the coat
surfaces compared to the 2700 copies pVIII. Generally, this leads to significant
differences in the affinity of the proteins or peptides that can be selected by plII or pVIII
display libraries to the same target. Relatively high affinity peptides and proteins can be
isolated with dissociation constants (Kd) of 1-10 mM from pllI libraries, whereas
pVII-fused peptides tend to have lower affinity (Kd of 10-100 mM) due to higher
number of the displayed peptides [Smith, 1991; Noren and Noren, 2001; Kay et al.,

2001].

Type Type Type Type Type Type
3 33 3+3 8 88 8+8
Figure 3. Types of phage display systems. The long vertical ovals represent phage virions, and the
shorter vertical ovals represent the phagemid virions. The twisted line inside each virion represents the
single-stranded viral DNA, the segments encoding coat proteins pVIII and pIII being designated by black
and white boxes, respectively. The hatched segments within these boxes represent foreign coding
sequences spliced into a coat-protein gene, and the hatched circles on the surface of the virions represent
the foreign peptides specified by these foreign coding sequences. The five white circles at one tip of the
virions represent the N-terminal domains of the five pIIl molecules; foreign peptides displayed on plII are
either appended to the N-terminal domain (type 3 systems). In type 8 systems, the foreign peptide is
displayed on all copies of the major coat protein pVIII (type 8 systems). [Picture comes from George P.
Smith and Valery A. Petrenko, 1997].
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1.4 Key Steps in Phage Display Technology

The key advantage of phage display is the possibility to identify target-binding proteins
from a library of zillions of different random peptides without the need to screen each
molecule individually. Phage display cycle can be divided in three steps: library

creation, biopanning and selected clone analysis [Hoogenboom, 2005].

1.4.1 Library Creation

The process starts with library design, which could contain zillions of DNA clones
harboring sequences of interest. In phage random peptide libraries, the DNA inserts
derived from ‘“degenerate” oligonucleotides, since 20 different natural amino acids
exist, the number of different peptide sequences that can be obtained by randomizing N
residues is 20". In the degenerate sequence is synthesized by adding an equal mixture of
Adenine (A), Guanine (G), Cytosine (C) and Tyrosine (T) to a growing nucleotide chain
assisted by incorporating only a mixture of guanine and thymine or guanine and
cytosine in position three of the codons to enhance the formation homogenously
distributing sequences. This strategy leads to the elimination of two of three stop-
codons, while the remaining stop codon, TAG, can be suppressed by a supE E. coli
strain used for phage propagation that contains genes for the corresponding tRNA,
which eventually results in the incorporation of a glutamine residue at the position of
the stop codon during translation, albeit with varying efficiency. The entire base
sequence is an equimolar mixture of over a million different molecular species
collectively encoding all possible residue peptides. A typical random peptide library has

about a 10" — 10" different phage clones.
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1.4.2 Biopanning

The selection of phage clones from randomized peptide libraries is a fundamental

strategy for the development and identification of target specific ligands [Pande et al.,

2010; Bakhshinejad et al.; 2016]. The screening cycle of phage display peptide libraries

represent the platform need to reach specific binders to the target. This process consists

of two steps, namely biopanning and amplification.

Biopanning involves following steps (Figure 4):

L

IL.

III.

IV.

Target choice: it could be an organic or inorganic molecule; moreover, it is even
possible to use tumor bearing animals for in vivo selection. Follow the targets
immobilization that it can be by passive adsorption to a modified 96-well
polystyrene microtiter plates or active functionalization on magnetic beads, or
leaving the target free in buffer solution;

Phage binding: The naive phage display random peptide library is incubated with
the target and left to interact. It is important to start the first round with a large and
highly diverse library for a better chance of isolating peptides of interest.

Removing unbound phage: the washes, need to delay the unbound-phage, are less
stringent in the first round. However, the stringency of selection can be increased by
more extensive washes in subsequent rounds to isolate phage with higher affinity. In
fact, due to stability of the filamentous phage, at pH, ionic strength, denaturants,
limited proteolysis or sonication can be used for non-specific elution of the target
bound phage.

Phage elution: the target bound phage can be obtained by acid solution, which

carried out mix of free target and competing ligand.

After biopanning, the phage eluate is amplified in infecting bacterial cells to increase

the number of only the phage that have bonded to target of interest clones at each round

[Matochko et al., 2014]. This “secondary library” is used as input population for the
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next round of biopanning. In order to restrict the selection to phage clones with greater
avidity towards the target of interest, biopanning is repeated from three to six times.

Finally, a step of extraction and subsequent analysis, by Sanger sequencing, of DNA is
carried to identify the amino acid sequences of the foreign peptides displayed by the

selected phage clones.

Phage library
(>10" ¢clones)

1,|/

- Bacteria
l\‘ , - Cancer cells
Amplification lg i! - Biomarkers of
[ panni | neurodegenerative disease
’ (_ Panning ycles gy B'”“'"g Target types - Inorganic materials
Y s . .
P / , 7/ - Tissues (in vivo selection)
Cloneisolation ~ wer ™
P (TR X (§
Screening and analysis
Eluuon WaShan

Figure 4. Schematic representation of biopanning cycle. Phage library is incubated with the target,
then the phage unbound where washed and the phage bound the target where eluted. This cycle is replied
for three, four time.

From the initial round of the selection can be expected less than 1 percent of the initially
used library that bind to the target prior to extraction and amplification in E. coli.
Considering an amplification factor of three for a selectively binding clone, the library

would consist of 81% binding individuals after four cycles as illustrated in Figure 5.

specific

binding unspecific

nor-binding

fasq slow
propagaticn | propagation

Figure 5. Enrichment phages by affinity selection up line. Schematic representation of the different
type of phage respect to their target binding and evolutionary fitness.
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The clones present in a library bind the target to three categories: non-binding,
unspecific binding and specific binding all with high or less fitness. To decrease the
unspecific binding phages, it is good to depress the phage display with a negative
panning round against naive molecules. The subsequent positive panning is then
performed with a population that is depleted from unselective clones. However, the
phages subpopulation amplification needs to expand the number of binding-target phage
clones for each round, could be risk to compromise the diversity due to non linear
propagation of the individual clones for the different fitness. Recently the advanced
technologies have permitted to accelerate and improve the selection process. The next
generation sequencing (NGS), which can to sequence millions of inserts in parallel
[Bentley, 2006], was proposed as innovative molecular technology to deeply peptide
phage display library after the first rounds of biopanning. In this way only one round

could better to identify all the specific binding phage clones.

1.4.3 Selected phage clone analysis

A few hundred individual clones, from an eluate round of the selection, can be separated
on “plaque lifts” and tested for ability to bind the receptor. Typically, standard selective
tests are the so-called phage enzyme-linked immunosorbent assay (phage-E.L.I.S.A.),
immune-screening and/or western blot, these can evaluate the affinity and specificity of
individual clones or entire eluate populations after biopanning. Those save the cost of
synthesis of peptides which may have been enriched due to artifacts in the screening
process described above. Successively, to assure a reasonable significance, 50—100
phage clones should be sequenced and frequency of each amino acid and the
distribution in the peptide fragments evaluated. All the data lead to identify the peptides
ability and the contribution in the bound with targets of their amino acids. The find

peptides can be “epitope”, that is the part of a ligand with which the receptor makes
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specific contact, when show ability against the target. These epitopes will be
“continuous,” if the sequence motif in the selected peptides matches with the primary
amino acid sequence of the natural ligand, or “discontinuous” when carry of critical
binding residues that are distant in the primary sequence but close in the folded native
conformation. Geysen and colleagues introduced for the first time the term “mimotope”
to refer at small peptides that specifically bind a receptor’s binding site without
matching the natural epitope in the amino acid sequence, considering just cases of these
“conformation-dependent” epitopes or where the natural ligand is non proteinaceous
[Geysen et al.,1986]. Recently, start on the concept that ‘elementary binding units’ is
usually formed of two /three amino, which are important to give function, it is possible
to discern different motif inside of the short peptide sequences up 9-20 amino acids
[Meszaros et al., 2009; Petrenko, 2017]. The phenomenon of “promiscuous peptides” is
of two types: peptides recognizing distinct receptors in the same cells target, and
peptides recognizing the same receptor overexpressed in different cells target. The first
is based on the concept that multiple functions are associated with a single peptide
structure. The peptides are like mosaic structure where are identified more ‘elementary
binding units’ or motifs, which are assembled in the phage-displayed peptides during
consecutive circles of affinity selection [Gross et al., 2016; Gillespie et al., 2016;
Ruoslahti, 2017]. In the second cases the motif is common at more than target against it
was performed the selection. Sometime it talk about receptor overexpress in tumor cells

or ubiquitous in all the cells (Ruoslahti, 1996; Zou et al., 2012; Card6-Vila et al., 2008].

1.5 Phage Applications

The phage display technology born for identification novel interacting protein-proteins.
In this prospective, phage libraries is used to predicted the potential binding residues

that involved in different conditions such as between: bacterial membrane transport
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proteins; intracellular interactions of distinct protein domains (molecular mapping)
[Fack et al., 1997; Caberoy et al., 2010]; to map epitope involved in specific interaction
receptor/antibody or receptor/intrabody [Bratkovic, 2010]. In enzymology, phage
display is used to develop modulators positive or negative of both the active and
allosteric sites of the enzyme or for structure and function of receptors. Moreover, due
to that filamentous phage is resistant to broad range of proteases; it is used in
identification of substrates of various proteases [Lehmann, 2008; Hiraga et al., 2009].
Recently, phage display is applied in the identification of protein and/or amino acid
involved in the interaction with inorganic materials [Chen and Rosi, 2016]. The
versatility of phages is determined by their shape, charge, robustness, selective
modification [Chung et al., 2014], resistance to heat and to many organic solvent
[Royston et al., 2006; Bruckman et al., 2008; Brigati et al., 2004] acid and alkali as well
as a low-cost production [Petrenko and Smith, 2000; Petrenko and Vodyanoy, 2003].
Specific phages could be used in different forms. Therefore, phage has been applied in a
several fields such as biosensing [Lee at al., 2013], cellular imaging [Cochran and
Cochran, 2010], vaccine development [Aghebati-Maleki et al., 2016] and drug and gene
delivery [Sioud, 2019]. Moreover, recent advances describe the use of phage display in
the discovery of novel bioactive molecules to produce proteins and peptides able to

minimize the use of antibodies, antibiotic and cancer drug.

1.5.1 Phage in Biosensor

1.5.1.1 Biosensor composition

Nowadays biosensors have a several range of applications that aim to improve the
quality of life. Biosensors are ubiquitous in applications such as monitoring of treatment
and disease progression, detection of pollutants, food and environmental control,

disease-causing microorganisms and markers that are indicators of a disease in bodily
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fluids (blood, urine, saliva, sweat) and many more. A biosensor is a smart device that

measures biological or chemical reactions by generating signals proportional to the

concentration of an analyte in the reaction.

Traditional biosensor consists in the following components (Figure 6):

L

IL

III.

IV.

Analyte: Substance of interest that needs detection;

Bioprobe: Molecule able to recognize the analyte. The most molecules used, as
bioreceptor or bio-probe, are enzymes, cells, aptamers, deoxyribonucleic acid
(DNA) and antibodies. The interaction between analyte and bioreceptor generates a
signal in the form of light, heat, pH, charge or mass change, etc. defined as bio-
recognition;

Transducer: The transducer is an element that converts one form of energy into
another. The role of the transducer is “energy converter”’, i.e. converts the bio-
recognition event into a measurable signal in a process known as signalization. The
produced signals are usually proportional to the amount of analyte—bioreceptor
interactions;

Electronics: It consists of complex electronic circuitry that converts the signals
from analogue into the digital form. Then the processed signal is quantified by the
display unit of the biosensor that generates the output such as numeric, graphic,

tabular or an image, depending on the requirements of the end user.
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Figure 6: Schematic representation of the biosensor composition.

1.5.1.2 Bioprobes

Selectivity is perhaps the most important feature of a biosensor. This is due to the

ability of a bioprobe to specifically detect an analyte in a sample containing other

contaminants. Antibody-based systems represent the gold standard in biosensors.

However, in the last decade, novel affinity reagents are showed to substitute antibodies

in biosensors, in particular, synthetic aptamers or peptide, oligonucleotide, microRNA,

polysaccharide. The necessity to find a substituted biomolecules is essential for the

development of commercially viable biosensors cheaper and more stable then antibodies

based assay. In this context, several studies employed phage clones like a better

alternative of classic and modern bio-probes like traditional and/or new bio-probe for

several advantages such as:

I. Multiple target-binding sites in one bioactive molecule, which increases avidity in
specific target bond;

II. Massive generation of progeny phages, due to their short replication time;

III. Ability at tolerance critical conditions like organic solvents and large range of pH

and temperature;
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IV.The ductility of the phage making its suitable to a wide range of transduction
systems, including electrochemical, optical and acoustic-sensitive sensors, lateral

flow systems or integrate micro-fabrications.

1.5.1.3 Transducer

Guided micro-Raman Spectroscopy. Noninvasive and label-free vibrational
spectroscopy and microscopy methods have shown great potential for clinical diagnosis
applications. Spectroscopy is an analytical technique for the study of the interaction
between an electromagnetic radiation and atoms or molecules. When a photon collides
with a molecule, its energy can be unaltered and keep same frequency (elastic or
Rayleigh scattering) or, otherwise, be transferred to or from the same molecule, causing
a variation in the frequency of the incident photon (inelastic or Raman scattering). On
the latter phenomenon is based Raman scattering, for which the difference in energy
between the incident and scattered photons corresponds to the energy of the molecular
vibration [Wachsmann-Hogiu et al., 2009] and can be associated with the vibration of a
particular chemical bond (or a single functional group) in the molecule [Choo-Smith et
al., 2002]. Due to its immediacy, convenience and easy-to-use, Raman spectrometry is
increasingly considered in the development of diagnostic applications, label-free and
alternatives to imaging fluorescence. However, practical uses of Raman spectroscopy is
strongly limited by scattering signal [Qian and Nie, 2008] and the richness of
information, often representing a noise for the correct analysis of the sample, especially
in complex and highly variable systems, such as cellular ones. Surface-enhanced Raman
scattering (SERS) allows to exceed these limits by exploiting the giant electromagnetic
field enhancement from noble metal nanostructures to localize surface plasmon
resonances and to obtain an enhancement of Raman signal [Le Ru et al., 2007; 2009]. In

this context, an increasingly common approach is the controlled assembly of bio-hybrid
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nanostructured materials, consisting in metal nanoparticles (NPs), and a probe, such as
antibody, peptide or increasingly common phage, to guide the detection to the target of
interest. In this case, an enhancement signal of the target of interest alone can be
obtained from a dry sample (for example fixed biological samples) or in a prospective
optical SERS sensor for biomolecular detection in liquid (in LIQUId SERS sensOR, or

simple LIQUISOR) [Fazio et al., 2016].

Guided Fluorescence imaging. Another application based on biohybrid structures is
fluorescence. In fact, fluorescence remains one of most diffused diagnostic tools,
because extremely versatile and continuously improved by new emerging techniques.
For this reason in recent years, the increasing availability of fluorescent dyes has
directed researchers to development of non-invasive methodologies in diagnostic
imaging field. Among them, various nanotechnology platforms have been developed to
allow the simultaneous real-time evaluation of a broad range of disease markers by non-
invasive techniques [Riehemann et al., 2009]. Semiconductor nanocrystals and
nanoparticles with dimensions in the order of nanometers can have peculiar optical and
electronic properties, such as tunable emission in visible range, high levels of brightness
and photostability [Chan et al., 2002]. These nanostructures, when illuminated by UV
light, can undergo to transition of an electron to a state of higher energy, from the
valence to the conductance band. The return back of the electron to the valence band
involves a releasing of its energy by the emission of light or photoluminescence.
Respects to conventional organic fluorophores, inorganic nanoparticles have longer
fluorescence lifetime, photostability and high resistance to metabolic degradation
[Walling et al., 2002]. However, the potential toxicity of some semiconductor
nanocrystals due to their chemical composition (i.e. cadmium, selenium or other heavy

metal ions) limited the use in biological applications [Derfus et al., 2004]. In this
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contest, biocompatible and fluorescent silica-based nanoparticles (SiNPs) have the
potential to permit fluorescence imaging techniques of real-time and non-invasive
visualization of biological events in vivo and in vitro test. Despite these advantages,
conventional approaches for the preparation of SiNPs functionalized with biological
molecules involve appropriate technique for surface modification and consequently
onset of impurities in the final preparation and lost of the activities of biological
molecules. In opposition, pulsed laser ablation in liquids (PLAL), widely used for the
fabrication of metal NPs of different composition, morphology and size without
generating external impurities [Rao et al., 2014], has been considered as a successful
method for the conjugation of pure NPs with various conjugated biomolecules such as

proteins, peptides and oligonucleotides [Bagga et al., 2013].

1.5.2 Phage in Therapeutic Applications

One of the dominant problems in modern pharmacology is to find drugs that act directly
on the target disease and have minimal toxicity on healthy tissues, organs and cells.
Recently, research groups use phage display technology in medical science, to find
innovative drugs. The standard use of the phage display in therapy application is the
identification of bioactive molecules. Peptide agonists and antagonists for receptors,
characterization of new protein/peptide-DNA interactive [Bratkovic, 2010; Liu et al.,
2014], protein functional against epitopes [Marino et al., 2009], [Pande et al., 2010;
Soendergaard et al., 2011; Wang et al., 2012] are the standard phage-peptide drug
application. Several papers report that the number of patent applications involving
peptide-related technology has grown in the last decades, a large part of them initially
derived by screening of a peptide-displaying phage library [Nixon et al., 2014]. In
particular, the actually approved and commercialized peptides discover by phage

display technology are described below. Adalimumab (Humira®; AbbVie Inc., formerly
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Abbott Laboratories, North Chicago, IL), the first antibody obtained with this
methodology, is a human IgGk antibody that binds tumor necrosis factor (TNF) and
blocks activation of TNF receptors approved for treatment of psoriasis, inflammatory
bowel and rheumatoid arthritis diseases in 2002 [Nixon et al., 2014]. Ranibizumab
(Lucentis®; Genentech) is an antigen-binding fragment (Fab) and neutralizes the
activity of vascular endothelial growth factor A (VEGF-A), approved for the treatment
of wet age-related macular edema in 2006 [Demidova-Rice et al., 2012]. The first
marketed peptibody has been Romiplostim (Nplate®; Amgen) in 2008, like agonist of
the thrombopoietin receptor, for the treatment of immune thrombocytopenic purpura
[Bussel et al., 2006]. Ecallantide (Kalbitor ®; Dyax Corp., Burlington, MA) approved in
2009 as potent inhibitors of human plasma kallikrein for the treatment of acute
hereditary angioedema (HAE) [Stolz et al., 2010]. Belimumab (Benlysta®;
GlaxoSmithKline, London, UK) is a human IgG1A binds the soluble form of human B-
lymphocyte stimulator (BLyS), preventing its interaction with its receptors, approved in
2011 for the treatment of systemic lupus erythematosus (SLE) [Stohl, 2012].
Raxibacumab (GlaxoSmithKline, London, UK) is a human monoclonal IgG1A antibody
approved for the treatment and prevention of inhaled anthrax in 2012 [Huang et al.,
2012]. More others are in clinical trial phases but still not on the market.

Moreover, based on the “magic bullet concept” by Paul Ehrlich [Strebhardt and Ullrich,
2008; Bertrand et al., 2014; Vigevani and Valcarcel, 2014], the phage display
technology exploits peptides specify for drugs delivery to the desired location ensuring
interaction between a drug and the target [Nemudraya et al., 2015]. Several nanocarriers
have utilized peptides for targeted drug delivery systems like liposomes, micelles,
polymers, nanoparticles and stem cells [Blanco et al.; 2011; Wang et al., 2012; Cao et
al., 2014 B]. Moreover, chemical drugs can be conjugated on phage surface by chemical

modification or gene drugs can also be inserted into the genome of phage by
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recombinant DNA technology [Ju and Sun, 2017]. Today, the fast development of the
research led to commercialization or in late-stage clinical trials of phage display-derived
antibody and peptides for various diseases such as autoimmune and inflammatory

diseases, cancer, metabolic and allergic disorders.

1.5.2.1 Phage library in vivo bio distribution

There are many knowledges about the peptides able to recognize a range of different
human antigens, including cell surface-expressed tumor antigens thanks to phage
libraries in vitro selection against purified antigens or whole tumor cells. However, the
clinical application of these tumor-specific peptides depends on their ability to target
tumor in vivo. Numerous studies have failed to demonstrate a correlation between the in
vitro binding characteristics of antibodies and the in vivo tumor targeting properties.
Consequently in vivo panning represents a significant new application of phage display
technology, may allow the identification of peptides that recognize biologically relevant
tumor targets. The successful of applications in in vivo panning for the isolation of
specific-tumor peptides needs mainly understanding of the pharmacokinetics of phage
display landscape libraries. This includes phage bio-distribution in the tissues, clearance
from the circulation and extravasation capacity for in the interstitial compartments by
optimization of incubation times, phage extraction and propagation procedures.
Consequently, the peptides that home to a desired antigen/organ can be identify. As
described in the previously chapters, the conventional biopanning cycle is based of
several rounds, where the amplification of the bound phage is performed. However, the
latter step could enriched the phages that do not necessarily explain the most bound-
ability but are faster in the amplification. This condition is increased in in vivo selection
due to the necessity to extract phages maintaining the infectivity. The use of the

advance of next generation sequencing (NGS) able to sequence millions of inserts in
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parallel [Bentley, 2006; 2008; Margulies et al.., 2005], overcomes the problem

permitting both DNA quantification and peptides sequences detection contextually.

1.5.2.2 Next Generation Sequencing (NGS)

Next generation sequencing (NGS) is considered the parallel sequencing of massive
DNA sequences. This revolutionary technique has permit to sequence entire human
genome in a single day, at the contrast, of the previous Sanger sequencing technology,
which has required over a decade foe the same purpose. The conventional use of NGS
in clinical application permits to improve patient care of insertions and deletions of
DNA, small base changes (substitutions), large genomic deletions of exons or whole
genes and rearrangements such as inversions and translocations. Moreover, NGS in
microbiology is substituted at conventional method morphology, staining properties and
metabolic criteria with a genomic definition of pathogens. The successive
bioinformatics analyses are used to elaborate the wide volume of data by mapping the
individual reads to the human reference genome. in the phage display context, in
tandem qPCR, for DNA detection, and sequencing by NGS, for sequences knowledge,
represent a new gold standard for phage display selection thanks to accuracy, running
time, diversity coverage, and cost-effectiveness [Dias-Neto et al., 2009]. Is has been
demonstrated that NGS can already found after one round of selection the some positive
peptides generally selected after several round of selection using traditional method of
sequencing, identifying itself as a good alternative fast, accurate and relatively low cost

[’t Hoen et al., 2012; Yang et al., 2017].
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CHAPTER 2
Biosensor for Rapid Detection of Pathogenic Agents

Infectious diseases, due to their high mortality risk, are the main problematic for
community health and subsequent care. In addition, the rapidly increasing of antibiotic
resistant strains [Richter et al., 2018], coupled to spread allogeneic strains, favored by
the increase in trade and tourist travel, makes very difficult the control and monitoring
of the possible contamination.

Blood infection, so-called sepsis, is a systemic inflammatory response, characterized of
the presence and persistence of microorganisms in the bloodstream [Polat et al., 2017].
More of 96 microorganisms, including bacteria, viruses, parasites or fungi, can be
involved in blood lethal infections. Among them, Staphylococcus aureus, Pseudomonas
aeruginosa and Escherichia coli strains the most have been found to be the most
frequent.

Regardless of the type of detection tools, one of the most encountered problems is the
recognition and isolation of the pathogenic agent, especially when it is present at low
concentration. Therefore, rapid, selective and sensitive system tools for the detection
and recognition of pathogens are highly demanded in environmental monitoring
(infection prevention), clinic diagnosis and disease control to prevent disease
progression and to reduce complications that can be serious. The isolation of the few
number of the bacteria (1-10 colony forming units, CFU) from a large volume of the
water, beverages or blood samples (10-100 mL) represents the arduous problem of the
strains identification for which the standard procedures required days of incubation to
allow the bacteria growth. Indeed, the gold standard used is culture system, which
allows detecting the presence of the bacterium by grown on the agar plates, following

by genotypic and phenotypic assays to its specific identify. However, these procedures
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are time consuming and led the results after several days or weeks [Braga et al., 2013].
Recently, molecular techniques, such as real-time polymerase chain reaction
[Tatavarthy and Cannons, 2010] are entered in diagnostic assay but, though more faster,
their use is limited because the often not efficient isolation of microbial DNA from high
concentration of blood cells, can left inhibitor that make difficult the DNA polymerase
reaction.

Phage display can be used to find probes that selectively bind bacteria targets of
infection, more ductile and resistant then antibodies or other standard probes (such as
aptamers, olygomers, DNA/RNA molecules) and able to be functionalized on several
sensor-surfaces for different detection systems.

As described in the previous chapter, a biosensor consists in three main components:
probe, platform (on which the probe is allocated) and detection system (transducing the
bound between probes and analyte in signal).

In this prospective, the chapter describes several approaches of bacteria detection using
phage as bio-probe coupled on several platforms. In particular:

- Firstly, phage clones were selected using biopanning cycle against “whole-cell”
of bacteria target in four rounds, in order to isolate target-specific peptides able
to selectively bind cells surface;

- Afterward, selected clones were used in the functionalization of several sensor-
surfaces by physisorption of charged materials, which mica, APTES and PEI,
and gold nano-particle, and by covalent bound with latex and magnetic beads.
Then the phage/target complexes were identified by appropriate detection
systems;

- Finally, a proof-of-concept of innovative clinical diagnostic system was

proposed coupling phage-magnetic-separation with Raman spectroscopy.
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Moreover, a new therapeutic approach is developed by using phage as both detection-
probes and anti-bacterial molecule. A short hint was made at phage biological activity

found, as antibacterial and anti-biofilm, in in vitro tests against P. aeruginosa.

2.1 “Whole-cells’’ biopanning against Staphylococcus aureus

M13 pVIII-9aa Phage Display random peptide Library was used to affinity selection of
peptides capable of specific binding to “whole-cell” S. aureus ATCC 29213 [De Plano
et al., 2017]. The selection procedure provided the interaction in suspension of phage
clones library with S. aureus, in order to do not block the interacting molecules in a
forced form. In this way, the natural conformation of the bacteria was maintained. After
the fourth rounds, thirty phage clones were individual randomly selected and their DNA
sequenced to determine the peptide sequences displayed in their engineered major coat

protein (Table 1).

Phage clone ID Motif sequence Frequency
St.au9IVS1 RVRSSPVVQ 1
St.au9IVS2 RVRSIPHVA 1
St.au9IVS3 RVRSYSPHL 6
St.au9IVS4 RVRSNAASM 3
St.au9IVS5 RVRSAPSSS 17
Consensus by MEME server RVRS-P-S-

Table 1. Peptide sequence, displaying on the major coat protein of the engineered phage isolated of the
phage display selection against S. aureus ATCC 29213.

The motif based on the four amino acids RVRS was present with a high frequency,
suggesting that the group was essential for the recognition of bacterium target. The
amino acids more represented were the hydrophilic amino acid serine (S) in the 4 and 7
positions, the basic amino acid arginine (R) in 1 and 3 positions, the hydrophobic amino
acids valine (V) in the 2 positions, and alanine (A) in the 5 position. Due to the most
representative and significant similarity with consensus sequences, the phage clone
named St.au9IVS5 was chosen to estimate the specificity and selectivity interaction to

bacterium target by E.L.I.S.A. affinity assay. The selected St.au9IVS5 clone was found
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to interact more efficiently (roughly a factor 4) with the selection target, S. aureus, than

to each of the others tested bacteria, both gram positive and gram negative (Figure 1).
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Figure 1. Specificity of St.au9IVSS phage as determined by E.L.L.S.A. The ability of clone
St.au9IVS5 to preferentially interact with the selection target (S. aureus) was compared to other potential
targets, including Gram-positives bacteria as S. epidermidis, L. monocytogenes, B. subtilis, and Gram-
negatives bacteria as Escherichia coli ATCC 11303, P. aeruginosa, S. flexneri. Mean ODysq is the
average of three separate tests with multiple cultures. Error bars indicate standard deviations. Paired t-test
indicates a significant difference (P < 0.0001) for St.au9IVSS5 binding to S. aureus with reference to all
the other challenge bacteria.

In addition, St.au9IVS5 binding capacity was evaluated against 9 clinical S. aureus
isolates strains, including a methicillin-resistant S. aureus (MRSA) strain (Figure 2).
E.L.I.S.A. assay confirmed that the St.au9IVS5 was the most specific and selective

phage clone for all tested S. aureus strains, including the MRSA strain.
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Figure 2. St.au9IVSS phage capacity to detect clinical S. aureus isolates determined by E.L.I.S.A.
Mean ODysq is the average of three separate experiments with multiple cultures. Error bars indicate
standard deviations.
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Western blot analysis revealed that St.au9IVS5 bound a protein with a mobility band of
about 78 kDa, confirming its selective and specific binding to S. aureus cell surface

(Figure 3).
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Figure 3. Western blot analysis with the selected phage-displayed clone. Proteins isolated from S.
aureus ATCC29213 strain were separated by SDS-PAGE and blotted onto nitrocellulose membranes. The
membrane was explored with phage clone St.au9IVS5. SDS-PAGE broad-range pre-stained markers were
used (Bio Rad, MW indicated in kDa).

Probably, this band was associated at a specific cell-division membrane protein of S.
aureus, as demonstrated by absence of reactivity against both other gram positive and
gram negative bacteria [Nandakumar et al., 2005].

To evaluate the times of interaction between phage clone and its bacterium target, a
kinetic phage-E.L.I.S.A assay was performed (Figure 4). St.au9IVS5 showed the initial

bound at 15° which increased during the incubation time [De Plano et al., 2019].
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Figure 4. Kinetic phage-capture E.L.L.S.A. between St.au9IVS5 against S.aureus ATCC 29213. The
test was conducted at four different times15°, 30°, 60’ and 120’ at 37 °C with shaking. The Mean ODysy is
the average of three separate tests with multiple cultures. Error bars indicate standard deviations.
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2.2 Phages functionalization of platforms for sensors

The selected phage clone St.9IVSS5, specific in the recognition of S. aureus, was used in
the functionalization of several sensor-surfaces. Approaches were extended to other
phage clones, namely P9b and Li5, previously selected [Carnazza et al., 2008 ; De
Plano et al., 2019] for their ability to identify P. aeruginosa and E. coli, respectively.

All phage clones were used as “bacteria-binding probe” for detection tools.

2.2.1 Phage-Physisorption on polymeric surfaces

It 1s known that M13 capsid structure is responsible for the great resistance of phage
when exposed to various physical and chemical stresses (i.e. heat, both acidic or
alkaline organic solvents, and variations in pH values). Moreover, the major coat
protein, pVIII, influences the isoelectric point (pl) of the whole charge expressed on the
capsid at pH 3.94/4.2 [Zimmermann et al., 1986]. Therefore, the phage clones,
displaying foreign peptide “in frame” to the wild-type amino acids sequences of pVIII,
shifted the pl at a different values.

Indeed, theoretical pl values, predicted by protein calculator v3.4, for the peptide
sequences exposed on the surfaces of St.au9IVS5 and P9b phage clone were and 4.87,

6.3, respectively (Table 2).

wild-type vector pC89 St.au9IVSS P9b

pH7 -3 -1 -0.1
plI Neutral (pH: 3.92) Neutral (pH: 4.87) Neutral (pH:6.3)

pH9 -4.1 2.2 -1.7

Table 2. Theoretical pI value and charges exposed at pH 7 and 9 of the exposed N-terminal pVIII of
the wild-type phage and the phage clones by ExPASy tool.

To evaluate the effect of different pl on physisorption, wild-type vector pC89 (without
foreign peptide), P9b and St.au91VS5 were used for functionalization in charged, PEI
and APTES, and no-charged, mica, surfaces. Due to their pl, at pH 7 charge exposed on

surface of wild-type vector pC89, P9b and St.au9IVSS5 resulted -3, -0.1 and -1,
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respectively. Otherwise, at pH 9 charge exposed on surface of wild-type vector pC89,
P9b and St.au9IVS5 resulted -4.1, -2.1 and -1.7, respectively.

The performed test-matrices aimed to verify the different behavior of the phage clones,
due to their peptides exposed, during the functionalization according to pH, buffer
solution and the characteristics of surface (Figure 5).
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Figure 5. AFM images of wild-type vector pC89, P9b and St.au9IVS5 on mica in H20 at pH 7 (the
first line), mica in Tris-buffered saline (TBS) buffer at pl (the second line), PEI in TBS buffer at pI (the
third line), APTES in H20 at pH 7 (the last line).

On mica surface in deionized water pH 7 only few bubbles for wild-type vector pC89
was observed, like St.au9IVS5 which poor sporadic adhesion showed. Instead, P9b
phage clone showed an adhesion in insula disposition at pH 7, condition in which its
charge was near at neutrality. The repulsion between phage clones and mica surface was
attributable to electrostatic effects, mica had a surface with negative potential in turn,

the phages at pH 7 exposed negative charges, consequently never electrostatic
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interaction flocked. When the phage clones were in TBS pl buffer the ions present
influenced the wild-type vector pC89, which covered whole surface; likewise
St.au91VS5 phage clone had a similar behavior; however, a better arrangement was
observed along the surface. Differently, P9b phage clone, at pH corresponding to pl,
showed sporadic adhesion in thin phage bundles elongated on the mica surface.
Probably the peptide played an significant role in the stabilization of salt-bridge, which
was highly dependent upon factors such as the cost of desolvating the charged groups
and the relative flexibility of the side chains involved in the ion pair. Moreover, the acid
pH at pl for wild-type vector pC89 and St.au9IVSS5 led to the formation of reactive ions
species into the TBS buffer (in particular Na* and H") which could interact with phage
surfaces to stabilize salt-bridge with the surfaces. This condition did not occur in the pl
of P9b, which was 6.3 near the neutrality of the buffer. In the same way, the surfaces
stratified with positive polymers, namely APTES and PEI, had been exploited. Wild-
type vector pC89 in deionized water pH 7 was strongly attracted of the positive surfaces
permitting the multi-stratification of the phage on the surfaces. However, in TBS pl, the
present Na' ions covered phage surface and reduced the interaction with the positive
charges exposed on surface leading better stratification. St.au9IVS35 clone had a better
distribution in salts presence (TBS pl) compared to deionized water pH7 where the
phage clone was conditioned in the self-assembling only for its negative charges
exposed. About P9b phage clone, which surface charge was neutral at pl and even
closer to the neutrality at pH7, the immobilization on positive surfaces produced the
formation of highly reticulated phage-networks roughly covering the whole substrates.
TBS at pl permitted an organized stratification of the phage on the surface compared to
deionized water pH7. Table 3 shows the percentage of coverage of the surfaces by

integrated density analysis.
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Mica APTES PEI
H20 TBS H20 TBS
wild-type pH7 (-3) 5.9% no 59% monolayer no
vector pC89  pl (pH: 4.2) no 60% Multilayer no 60% multilayer
21% Sporadic .
St.au9IVS5 pH7 (-1) adhesion no 68% multilayer no
pl (pH: 5.4) no 65% multilayer no 58% multilayer
8.6% S di .
P9b pH7 (-0,1) ashez(i);i ¢ no 53% multilayer no
pl (pH: 6.3) no 10% no 59% multilayer

Table 3. Percentage by integrated density analysis of coverage of the surfaces. no: not tested
condition.

In summary, the specific peptide displayed on the coat of the phage clones was the most
important element to consider, in order finding the correct condition for an organized
phage-probe surface. In deionized water, the stratification was conditioned only of
electrostatic interaction between phages and surfaces and permitted the partial coverage
only when the charges of the two elements were in opposition. In presence of TBS
buffer and electrostatic interaction, the surfaces were covered with thinker bundles
helped lateral aggregation between phages induced by divalent metal ions present in the
solution [Butler et al., 2002; S. Huang et al., 2008]. However, organized phage-
networks was found only when TBS buffer was at pH corresponding to pl. Based on
findings that this combination of elements allowed to lower the natural aggregation
between phages (thank to neutral condition of the coat charge), then the formation of
salt-bridges for the connection of surfaces and phages were facilitated.

The optimal condition of immobilization was observed on PEI in TBS pl for P9b clone
and mica in TBS pl for St.au9IVSS5. In these surfaces, phage networks showed a two-
levels organization:

I. In the first-level, phage self-assembly in short fibers (less than 200 nm wide) and

large bundles (5.68+0.68 nm thick and 34.42+3.29 nm wide);
II. In the second-level, organization mode occurs on the phage bundles with circular

platelets (3.13+£0.24 nm thick and of 40.04+2.56 nm average diameter).
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In order to evaluate the maintenance of phage binding activity, detection test of the
bacteria targets was performed on functionalized surfaces. P. aeruginosa and S. aureus
bacteria cells were stained with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI)
and the bacteria cell captured were visualized by fluorescence microscopy. In particular,
P. aeruginosa and S. aureus displayed the same pattern of the P9b-physorbed and
St.au91VS5-physorbed, confirming that both phage clones maintained their capacity to
bind the targets. These data were confirmed by statistical analysis in terms of integrated
density (I.D.) which showed mean values at 15 significantly higher (P < 0.005)
compared to the surfaces physisorbed with wild-type vector pC89; the difference in
bound target increased during the time get to P < 0.0001 at 1 h (Figure 6). The
selectivity surfaces functionalized with St.au91VS5 and P9b phage clone were evaluated
by testing with also other potential targets (in particular Listeria monocitogenes and
Escherichia coli strains). Only a sporadic adhesion of tested bacteria was observed and
assigned to non-specific bond of the bacteria to the functionalized surface (data not

shown).

Figure 6. Fluorescence microscopy images of S. aureus and P. aeruginosa attached to the surface of
funcionalizated surface. S. aureus attached on mica with the affinity-selected St.au9IVS5 (A) and PEI
with wild-type vector pC89, as negative control phage (B); P. aeruginosa attached on PEI with the
affinity-selected P9b (C) and PEI with wild-type vector pC89, as negative control phage (D).

20x magnification after 1h of incubation.
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Therefore, the analysis of the isoelectric point of the phage clones, it is important
element that needs to be considered in the optimal organized phage-absorption and
maintenance of the recognition capability of cells target. The phage-biosensor-platform
proposed is a model performed to capture about 50% of S. aureus cells and P.
aeruginosa in a few minutes. Moreover, the proposed approach can be extended to other
targets by changing the phage clone. The phage-biosensor-platform could find
application as biochip for developing of miniaturized sensor to detect and monitoring of
pathogen agents, as well as also cancer cells, virus or toxin to which a corresponding

phage was selected for.

2.2.2 Bio-hybrid gold nanoparticles

The small size of the bacteria cells, such as the density and/or the contaminants present
in samples make difficult to obtain the Raman signals. For this region, to increase the
Raman signals of bacteria cells, noble metals, as gold and silver nano-particles, are used
as molecule amplifiers of signal in so-called SERS (previously described in the previous
chapter). Also in this case, the functionalization of noble metal nano-particles with
probes allows a direct amplification of signal to target of interest, providing important
information about the latter. Peptide guided SERS by silver nanoparticles (AgNPs)
conjugated with specific phage clone, directed to the membrane of leukemic cells
(specifically U937 cell line) has previously been proposed in a previous work [Lentini
et al., 2015].

Exploiting the previously data about advantage/disadvantages to maintain correct
folding of displayed peptide, due to changes in pH values [Lentini et al., 2015; Scibilia
et al., 2016], in section the activity about the self-assembling of phage clones with gold

nano-particles (Au-NPs) is described [Franco et al., 2019].
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In particular, firstly, 99.9% purity Au target, immersed in distilled water was abled
using the beam going from a neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser (model New Wave Mod. Tempest 300) focused (532 nm wavelength, 10 Hz
repetition rate) to obtain Au nano-colloids. The characteristics in UV-vis optical
absorption spectrum and the Au-NPs size were showed in Figure 7. The Au nano-
colloid had band at about 510 nm typical of AU in UV-vis analysis, and dimension of

about 10 nm and 35 nm with a PDI value of 0.5.
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Figure 7. (a) UV-vis optical absorption spectrum of Au nano-colloid with a band at about 510 nm
and (b) STEM image of Au-NPs with corresponding size histogram, obtained by DLS in agreement
with STEM, of about 10 nm and 35 nm with a PDI value of 0.5.

Moreover, Au-NPs were characterized by Z potential value of -40 mV. Therefore, P9b
phage/Au-NPs networks (Figure 8) carried out by electrostatic self-assembling,
incubating P9b in ionic buffer at pH7, condition in which its positive charges were
exposed. The presence on the assembled phage network of both elements was indicated
by the EDX, which estimated species: C (25%), O (10%), N (12%) and Au (53%)
assignment to phage and Au respectively. The phage clone is able to be efficient probes
only when their peptides are in the correct form, then able to bind the bacteria target.
Consequently, the efficiency of phage Au-network to detect the P. aeruginosa was

verified putting the complexes in a solution with a suspension of bacteria target.
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Figure 9. SEM image (a) and XPS spectra (b-e) of the Au NPs- P9b phage complex

The comparison of P. aeruginosa Raman spectra alone and after mix with phage-
network solution has permit to confirm the complex maintain the ability to recognize
the bacteria target. In fact, the Raman signal of the P. aeruginosa (PA) mixed Au-
NPs@P9b samples was increased about 2 times with respect to P. aeruginosa alone
(PA) and highlight new Raman features (Figure 10). In particular, the bands in the 800—
1200 cm™ region remain almost unchanged, while a sharp and intense peak appears at
about 750 cm™' due to the ring-stretching mode of DNA/RNA bases thymine. While
spectrum of P. aeruginosa targeted by Au-NPs@P9b network (Figure 10-C) showed
the presence of new contributions at about 1580 and 1655 cm™, ascribed, respectively,
to the DNA bases ring breathing and Amide I stretching modes. This observation lead to
suppose SERS effect was due to nearness with Au-NPs of the phage network, while the

new signals are due to phage interaction on bacteria surfaces.
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Figure 10. Raman spectra of P9b phage (a), P. aeruginosa (PA) (b) and Au-NPs@P9b networks in
PBS (pH 7.18) mixed to PA (c).

The “proof of concept” proposed use P9b consequently the detection of P. aeruginosa
by SERS. However, this phage clone has been used as a model, indeed the concept can
be extended to the other bacteria or eukaryotic cells changing the specific-phage clone

associated to the Au-network.

2.2.3 Phage-based beads for liquid samples

In this section, the optimization of phage-functionalization on surface of commercial
beads (that are latex or magnetic beads) with different characteristics (materials, size,

chemical functionalization) by covalent bonds is described. In addition, for each
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functionalization procedure, the ability of the phage-coated beads to recognize and bind
the bacterial targets (10° CFU/mL) has been evaluated and integrated in phage-based
capture and concentrating systems for single step detection of pathogens in liquid
samples. Covalent bound between phage and beads was obtained by activation of
carboxyl groups (present on the phage or bead) that react with the amino groups on the
counter part's surface. The chemical process provided the activation of EDC (1-Ethyl-
3[3-Dimethylaminopropyl] Carbodiimide) in MES buffer (2-(N-Morpholino) Ethanel
Sulfonic acid), which reacting with the carboxyl groups (COO-), formed highly reactive
O-acylisourea species that in turn react readily with the amino groups (NH,).
Specifically, to perform phage-coated latex beads, the activated carboxyl-groups,
exposed on bead surface, covalently bond specific NH, phage-chemical groups. On the
contrary to obtain phage-coated magnetic beads the phage clone bond covalently the
amino groups exposed on magnetic beads, due to intermedia of reaction formed on the
COO- phage-chemical groups.

In both cases the data showed an efficient coupling of phage onto beads compared to the
negative control (Figure 11-A). The results of capture efficiency were reported as
percentage average of captured bacteria (Figure 11- B and C).
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Figure 11: A) E.L.I.S.A: assay on phage-coated beads. Beads functionalized with P9b phage clone
and respective negative controls (not coated beads); B) Dependence of capture efficiency on the
amount of used phage-coated latex beads; C) Dependence of capture efficiency on the amount of
used phage-coated magnetic beads. All tests were performed in triplicate and results were reported as
percentage average of capture.
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The phages, coated on the beads using both NH; or the COOH present on their surface,
maintained the recognition capacity on both type of functionalization despite the
covalent bind. In particular, % of cells captured by the phage-coated latex beads
increased from 13% to 39.63% when phage-coated beads increased from 5% w/v to
10% w/v. On the contrary, the capture efficacy decreases from 39.63% to 30% when
phage-coated beads further increase, suggesting that the ratio between phage-coated
beads and P. aeruginosa cells was a major factor influencing the capture efficiency [De
Plano et al., 2019; Lentini et al., 2016].

Similarly, phage-coated magnetic beads, at same bacteria concentration (10° CFU/mL),
the capture efficiency were clearly increasing until 67% only until at one optimal
concentration of 10° phage-coated magnetic beads. This is possible because the
probability meeting between two elements is low when was presented both small and
high quantity of phage-coated beads in the solution with same bacteria concentration.
The data showed that 10% w/v of P9b-coated latex beads and 10° P9b-coated magnetic
beads permitted the better capture efficiency of bacteria target. In summary for facility
in the use and for better capture efficiency compared to the latex beads, the magnetic
beads represent a good material to use in biosensor prospective. Similar trends were

obtained by using of the other phage clones with the same type of beads.

2.2.4 Phage-magnetic-separation in blood

Indeed, beads play an important role in biosensor development since they have a three-
dimensional structure with a higher surface area to volume ratio compared to a flat
surface, consequently providing more binding sites for target. Moreover, another
advantage is their easy manipulation in fluids in addition to a low cost also for the
detection of antibodies with a low titer [Hansenova-Mandaskova et al., 2016; Sutarlie et

al., 2016].
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In this prospective, phage-magnetic-separation was exploited in the capture efficiency
in the blood. P9b, St.au9IVS5 and Li5 covered on magnetic beads were used to
concentrate and rapidly detect P. aeruginosa, S. aureus and E. coli microorganisms
responsible for the most frequent bloodstream. The capture-trend of each bacteria
individually in 7 mL blood solution showed a coherent progression compared to the
scalar concentration of the phage-factionalized magnetic beads present in solution

(Figure 12).
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Figure 12. Capture efficiency of phage-coated beads, with the specific phage clone, in capture test
against bacterium target. A) St.au9IVS5-coated beads against S. aureus; B) P9b-coated beads against P.
aeruginosa and C) Li5-coated beads against E. coli. Mean is the average of three separate experiments
with multiple cultures.

In particular, for 10> phage-coated beads the capture efficiency resulted lower compared
to tests with 10" and 10° phage-coated beads, for all the phage clones used in the
system. Instead, 10* phage-coated beads with St.au 9IVS5 captured 60% of bacteria
targets. Similar and/or higher percentages were obtained when using 10° St.au9IVS5
and Li5 coated beads. Consequently, 10* St.au9IVS5-coated beads were considered the
optimal concentration to capture S. aureus bacteria in the blood solution. The best P9b-

coated beads concentration resulted 106, with a maximum of 70% of captured P.
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aeruginosa, likewise, Li5-coated beads which showed the highest efficiency in the
capture of E. coli with the value of 69% in 15’of reaction. Moreover, the results show
that uncoated beads recover a media percentage around 5-10% of bacteria target, and
that this interaction is probably due to electrostatic bonds or van der Waals like forces,
as reported by other authors [Foddai et al., 2010]. Consequently, the relative amount of
bacteria and beads in the solution played an important role in the collision frequency
between the two, then, the capture efficiency was influenced of the probability meeting
between phage-coated beads and bacteria targets. The capture efficiency, evaluated in
comparison with uncoated beads, was 10 CFU/7 mL, when was used the optimal
concentration of each phage coated beads. did not observe any negative interaction
when all the different phage-coated beads were dispersed in the same solution (data not

shown).

2.3 Phage-based assay for rapid detection of bacterial pathogens in
blood by Raman spectroscopy

In biosensor prospective, the complexes were analyzed by Raman spectroscopy. The
bacteria bound at phage-magnetic particle were incubated in rich-medium for 4 h at 37
°C in agitation. Then, grown bacteria were concentrated in 10 pl. PBS and deposited
onto a slide for micro-Raman spectroscopy measurements. The specificity of molecule
vibrational provided information about bacteria strains permitting the distinction
between them. [Chan et al., 2006; Cheng et al., 2005; Shetty et al., 2006; Kast et al.,
2008; Stone et al., 2004].

Particularly, the regions considered for the discrimination, in light gray, show
vibrational features mostly due to proteins (amide I, II, III), aromatic amino acids
(phenylalanine (Phe)) and nucleic acid components (guanine (G), adenine (A)). In the

1500-1550 cm™" spectral region, Raman signal of proteins and relevant bacteria matrix
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components could be also influenced by the interaction with the carotenoids [Jehlicka et
al., 2013], whose main skeletal features are: C=C stretching centered at around 1520
cm™', C-C stretching around 1150 cm™ and C=CH bending around 1000 cm™. (Figure

13 and table 2).

T T T T T
Sl
, =
>3
o
| —
(4]
g
>
e
w
c
..q:_’. _ S. aureus
= M A\, :y-/’\"‘{\ A" / \ |
\ ./ \ M A~ VS
1 | 1 I 1 oy
500 700 200 1100 1300 1500 1700 1900
T T T T T
PC 1
0
PC 2
0
| 1 1 1 1
500 700 900 1100 1300 1500 1700 1900

Raman shift (cm'1)

Figure 13. Representative micro-Raman spectra of P. aeruginosa (red line), E. coli (blue line) and S.
aureus (green line). The shaded area that encloses each curve represents the standard deviation values
limits, while the gray bands highlight the main vibrational contributions due to proteins, lipids and
nucleic acids (upper panel); PC1 and PC2 as a function of wavenumber (lower panel).

Specifically, pretreated spectra from considered bacteria were used as an input set for
the principal component analysis (PCA) procedure. Then, hierarchical cluster algorithm
(HCA) was applied to the PCA results in order to identify statistically similar groups
(Figure 14). HCA output show that bacteria were exactly clustered into three different

groups, also highlighting some existing intra-species subgroups, probably due to a
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different metabolic state within the same cell population (Figure 14) [Klof et al., 2013;

Miinchberg et al., 2014].
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Figure 14. Output by PCA (A) and HCA (B) analysis of bacterial spectra. The points enclosed in the
ellipses and the different color (blue, red and green) refer to the clusters, as they were identified by the
HCA algorithm. Spectra input, from each bacterium strain, are identified by different symbols (square for
E. coli, circle for S. aureus and triangle for P. aeruginosa) in the PCA graph. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Raman band Vibrational modes Assignments References

(cm™)

710-760 Symmetric ring breathing mode DNA/RNA bases Chan et al., 2006

Protein Cheng et al., 2005

940-1010 Skeletal modes Lipid Shetty et al., 2006
Symmetric ring breathing mode Protein Cheng et al., 2005

1070-1170 v(C=C) or v(C-0) Lipid Kast et al., 2008
C-C, C-N stretching Protein Chan et al., 2006

1270-1320 Amide 1T Protein Stone et al., 2004
CH2 deformation Lipid

1420-1450 Ring breathing modes DNA/RNA bases Chan et al., 2006
8(CHy), 6(CH3) Lipid Kast et al., 2008

1550-1600 C= C stretching Protein Cheng et al., 2005
Symmetric ring breathing mode DNA bases Chan et al., 2006

1630-1670 Amide | Protein Cheng et al., 2005
C= C stretching Lipid Stone et al., 2004

Table 2: Raman band used as molecular species-specific fingerprint, corresponding vibrational modes
and their assignments. v stretching mode; d, bending mode.

Therefore, the systems of combination between phage-magnetic separation and micro-
Raman spectroscopy, schematized in Figure 15, was validated using 27, 34 and 23
blood samples artificially infected from S. aureus, P. aeruginosa and E. coli

respectively.
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Phage-magneticcapture

Figure 15. Schematic representation of the proposed proof-of concept. In the first, phage clones were
functionalized on the magnetic beads. Then the phage-magnetic separation of the bacteria carried out in 7
mL of blood samples in 15°. Therefore, the complex amplified in broth bacteria culture and analyzed in
micro-Raman spectroscopy in about 5h. All the process carried out in less 6h.

The biosensor had detection limit of 10 CFU in 7mL blood volume, which are amplified

and concentrate in small volume (10uL) and rapidly detect by Raman-spectra in less 6h

with sensibility of 100% for P. aeruginosa and S. aureus and 96% for E. coli (Figure

16).
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Figure 16. Sensibility of the system. The detection accuracy of: 100% for S. aureus (27 samples /27
samples), 100% for P. aeruginosa (34 samples/34 samples) and 96% for E. coli (22 samples/23 samples).
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2.4 Phages like antibacterial and antibiofilm molecules

Recent advances describe the use of phage display in the discovery of novel bioactive
molecules. This technology leads to produce proteins and peptides able to minimize the
use of antibodies, recently become major causes of human mortality and disability
worldwide due to drug-resistant bacteria strains. Many research groups have used the
phage display in the discovery of new drugs. Consequently, banks online about phages,
or more generally, peptides with antibacterial activity are in continue growth. Starting
from the knowledge present in the literature and in the online tools, clones selected
against S. aureus and P. aeruginosa have been sorted with existent naturally or
synthetic antimicrobial peptides (AMP) by AP-prediction (http:
/laps.unmc.edu/AP/prediction/prediction_main.php) AMP bank server Table 5.
Moreover, the probable toxicity and the penetrant activity were investigated by TOXIN-
PRED (http://crdd.osdd.net/raghava/toxinpred/) and CELL-PPD

(https://webs.iiitd.edu.in/raghava/cellppd/submission.php) , respectively (Table 5).

Bacteria target Peptide sequences Ap-prediction Toxin-pred Cell-PPD
RVRSSPVVQ no no no
RVRSIPHVA no no no

S. aureus RVRSYSPHL no no no
RVRSNAASM yes no No
RVRSAPSSS no no no

P. aeruginosa QRKLAAKLT yes no no

Table 5. shows the bioinformatics analysis of the probable ability of the peptides exposed on the phage
clones selected against P. aeruginosa and S. aureus.

Among all, the peptide, QRKLAAKLT, displayed on the pVIIIs of the P9b and specific
to recognize the P. aeruginosa, result to have a-helix structure and antimicrobial peptide
probable activity. In particular, the most relevant homology, about 42.85 %, is with the
(KLAKLAK), peptide which is part of ligand targeted agents against cancer and obesity
[Javadpour et al., 1996]. This peptide has been proposed like synthetic drug candidates
in its D-enantiomer version, commercialized of ‘“AnaSpec” company

(https://www.anaspec.com/), for its pro-apoptotic induction. The amino acids _KLA—
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KL-_ in P9b were involved in the homologies with (KLAKLAK), showing some motifs
“KLA” (lysine—leucine -alanine) and “KL” (lysine-leucine). Moreover, the non-toxic
and the penetrating probable ability have made this a peptide able to be use in in vitro
analysis. Therefore, several phage concentrations of P9b were test in broth culture with
several P. aeruginosa cell input to evaluate the minimal inhibition concentration (MIC)
(graphic 1). The P9b showed anti-bacterial grown ability at all the condition with p-
value (p) <0,01, however never condition showed the total inhibition of the cell grown,
suggesting that the phage had a bacteriostatic action. According to the phage-doses
used, decreasing concentrations of the phage clones added at the broth culture increase
the vitality of the cells after 24h. In particular, the high phage concentration, 10''/mL,
led to decrease of 62% and 49% of the bacteria growth when the input of the bacteria
cells was 10% and 10° PFU/mL respectively. Consequently, the MIC was evaluated at
10"'phages/mL. Probable the high phage concentration of P9b phage clones in the
solution covered all the specific receptor on the bacteria membrane inhibits the
interchange between inter- and extra- cell environment, preventing the vitality and

leading at bacteriostatic induction of P. aeruginosa cells.
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Figure 17. Inhibition of grown of P. aeruginosa in broth culture. Several phage concentrations of P9b
were incubated with several P. aeruginosa cell input in broth culture and evaluated after 24h.
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The ability to cause infection of P. aeruginosa has also been correlated with its
tendency to form bacteria complex [Lee and Yoon, 2017; Trgstrup et al., 2017]. The
formation of bacteria complex starts with bacterial adhesion on solid surfaces, which
represents a rational step of action to eliminate biofilms or to prevent biofilm formation
[Harmsen et al., 2010]. For this, several times of incubation were used to verify the
inhibition and destabilization of the P. aeruginosa adhesion on the substrate when
incubates with P9b clones at 10" PFU/mL (Figure 18). The results confirm that the P9b
alters the adhesion ability of the phage when inoculate in the first 4h. The interaction of
the phage was present only in the early steps of the bacteria adhesion, probable after this
the bacteria cells change any cells surfaces receptors preventing the phage clones

bound.
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Figure 18: Inhibition of bacteria adhesion of P. aeruginosa from P9b phage clone (10"'/mL) compared to
pC89 phage vector, added at different time and evaluated after 6 day.

The results suggested that this clone could be used only in a prevention of biofilm
formation. The combination between its intrinsic inhibition-biofilm action and the
possibility to be functionalized in several surfaces without lost its recognition ability

could suggested the use as biomaterial in environment and health care.
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ES. Experimental Section

ES.1 Phage peptide library

The M13phage library (donated by Professor F. Felici) expressed random peptides, exposed on
the pVII protein, based on the phagemid vector pC89 on which random oligonucleotide
sequences were inserted in the region 5' of the VIII gene present in the vector, under the control
of the LacZ promoter. The digestion with the restriction enzymes EcoRI and BamHI linearized
the vector and allowed the insertion of the oligonucleotides with random sequences which,
flanked by the same restriction sites, allow the recircularization of the vector through ligase
reaction [Felici et al., 1991; Luzzago and Felici, 1998]. For the selections were used three types
of peptide libraries: pVIII-9aa (expressing nine amino acids in the N-termialpVIII), pVIII-12-aa
(expressing twelve amino acids in the N-terminal pVIII) and pVIII-12cys-aa (have a cysteine-
cysteine constriction expressed in end of the random amino acids sequence, located in the N-
terminal pVIII). The amplitude of each library is comprised between 10 and 100 million
independent clones.

ES.2 Bacteria and growth media

S. aureus ATCC 29213 obtained from the American Type Culture Collection (ATCC, LGC
Promochem, Milan, Italy was propagated in tryptone soya broth (TSB) broth and Mannitol Salt
Agar (MSA). E. coli TG1 (lacZ’) was used for propagation of phage clones. P. aeruginosa
ATCC 27853, S. flexneri ATCC 12022, E. coli ATCC 11303, S. epidermidis ATCC 12228, B.
subtilis ATCC 6633, L. monocytogenes ATCC 7644 and nine S. aureus clinical isolates, were
used in selectivity assessment of phage—bacteria binding. Stock organisms were maintained in
LB broth (or TSB, tryptone soya broth, for S. epidermidis, S. aureus, L. monocytogenes, B.
subtilis and S. aureus clinical isolates nine clinical isolates) containing 20% (v/v) glycerol at
—-80-C.

ES.3 Phage peptide selection

Firstly, the M13 pVIII-9aa library was pretreatment with the plastic materials. This subtracted
library was used to the selection protocol on-binding phage clones for four rounds of affinity
selection against S. aureus ATCC 29213. 10'* phage library was incubated with S. aureus cells
(ODggo 0.5) in 1 mL phosphate-buffered saline (PBS, 137 mM; NaCL2.7 mM; KCIl, 10 mM
phosphate buffer, pH 7.4) with gentle agitation for 60’ at room temperature (RT). Bacteria-
phage complex were precipitated for 5° at 16000 xg, and separated from unbound phage in
solution by a series of 10 washing and centrifugation steps (16000 xg, 5’) with 1mL
TBS/Tween buffer (50 mM Tris—HCI (pH 7.5); 150 mM NacCl, 0.05% (v/v); Tween20) each
time. Bound phages were pelleted with cells, eluted with 250 uL of 0.2 M glycine—HCl (pH 2.2)
with gentle shaking at RT for 20’, and sonicated in ice bath at 20 KHz for 10’. The solution was
neutralized with 25 pL of 1M Tris—HCI (pH 9.1). For each round, eluted phages were used to
infect E. coli TG1 cells and then the solution plated on LB agar plates containing ampicillin.
This cultural condition was used to select bacterial colonies, each containing phage from a
single library clone, were randomly selected and propagated using the standard protocols
(Manual “Ready-To-Use Phage Display Library” Spring Bioscience).

ES.4 DNA sequencing and peptide analysis

Primers M13-40 reverse (5’- GTTTTCCCAGTCACGAC -3’) and E24 forward (5’— GCTAC-
CCTCGTTCCGATGCTGTC -3’) were obtained from Proligo, Sigma (Milan, Italy). 1 uL of
the suspended colony (E.coli TG1 infected with phage clone) was added to the PCR reaction
tube, containing 49 puL of the following PCR mixture:10 x Mg free reaction buffer (Euro Clone,
Milan, Italy) (5vol); 50 mM MgCl, (Euro Clone) (5 vol); Euro-Taq DNA polymerase (5 units
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HL"1 Euro Clone) (0.5 vol); 2.5 mM dNTPs (Roche) (5 vol); primer M13—40 (10 pmol pL_l) ®
vol); primer E24 (10 pmol pL"l) (5 vol); doubly distilled filter sterilized water (23.5 vol). The
PCR was performed by Gene Amp PCR System 2400 (Perkin Elmer, Nor-walk, CT, USA)
under the following cycling conditions: one cycle at 94 °C for 5’; 25 cycles at 94 °C for 30°’, 52
°C for 30, 72 °C for 30’’; and one cycle at 72 °C for 7°. The PCR products (3 pL) were
analyzed by agarose gel electrophoresis (1% wt/vol agarose, Sigma, Milan, Italy) in 1 x TAE
buffer. Gel was stained with ethidium bromide, illuminated on a Dark Reader, while DNA
bands were visualized by a Kodak imaging system. PCR products were purified by Nucleo Spin
PCR Clean-up purification Kit (Macherey-Nagel) and sequenced using the M13-40 reverse
primer. The DNA sequences were converted into amino acids by the ‘translate’ program on the
proteomics server of the Swiss Institute of Bioinformatics Expert Protein Analysis System
(ExPASy [http://www.expasy.ch/]). The amino acid sequences were aligned by the
CLUSTALX sequence alignment program (available at [http://www.ebi.ac.uk/clustalw/]).
GeneDoc software (http://www.psc.edu/biomed/genedoc/) was used for visualizing edit and
analyze multiple sequence alignments of the peptides. Statistical analysis of the insert
composition was performed. A list of the primary amino acid sequences of the variable inserts is
then compiled in the FASTA format and submitted to a motif-elucidation bioinformatics
algorithm called MEME (multiple expectation-maximization for motif elicitation
http://meme.sdsc.edu/meme/intro.html).

ES.5 E.L.LS.A: test

96-well E.L.I.S.A: plates (Nunc Multisorp) were coated overnight at 4 °C with 100 pL
suspensions of ~10'* phage clone/mL in TBS. Washed 3 times with PBS/0.05% Tween 20 on
an automatic plate washer, blocked with 5% non-fat dry milk in PBS/0.05% Tween for 2 h at 37
°C and washed again. 100 puL of S. aureus ATCC 29213 cells (ODgo 2.0) were added in
PBS/1% non-fat dry milk +0,1% Tween 20 for 2 h at RT with shaking; washed again (5 times).
Then 100 pL of 1:3000 dilution of mouse anti-Lipotheicoic acid antibody (QED Biosence)
added for 1 h in PBS/1% non-fat dry milk +0,1% Tween20, washed again; incubated with a
1:50,000 dilution of goat anti-mouse-HRP (AbCAM ab97023) for 1 h with shaking and washed
again. The final reaction with 100 pL of TMB (3,3,5,5-tetramethylbenzidine) liquid substrate
for E.L.I.S.A: added in the plate for 45 at RT and stopped with 100 uL of 1 M H,SO, allowed
the read at 405 nm in Multiskan Reader, LabSystem. Phage particles bearing no recombinant
insert, from superinfection of phagemid vector pC89-containing cells, served as a negative
control for evaluation of background from non-specific binding. A similar procedure was used
to test the binding capacity of selected phage against nine clinical isolated S. aureus and a panel
of other Gram positive, Staphylococcus epidermidis ATCC12228, Bacillus subtilis ATCC 6633,
Listeria monocytogenes ATCC7644 and Gram negative bacteria Pseudomonas aeruginosa
ATCC27853, Shigella flexneri ATCC 12022, Escherichia coli ATCC 11303, in order to assess
its selectivity and specificity of binding.

ES.6 Bacterial protein extraction and Western blot

The extraction procedure was performed according to the protocol of George c. Paoli et al.
[2007] with minor modification. Two aliquots of 5 mL in PBS of S. aureus (ODgyy =1) were
spun down at 3500 xg for 10°, washed two times with PBS and unified. The pellet was
suspended in 100 pL of extraction buffer (125 mM Tris-HCI, pH 7.0 containing 2% SDS,
protease inhibitor cock-tail at 10 uL/mg, 20% glycerol and bromophenol blue) vortexed for 5°.
After 45’ of incubation at 37 °C in agitation 8 rpm, the cell suspension was centrifuged again,
and the supernatant recuperated in a new tube. For Western immunoblot analyses, protein lysate
from S. aureus were boiled for 5’ at 95 °C and separated at 25 mA on Bio-Rad SDS-10%
polyacrylamide gel electrophoresis (PAGE). Following electrophoresis, proteins were
transferred onto a nitrocellulose membrane (0.45 um Bio-Rad) by using the Mini-Trans-Blot
transfer cell (Bio-Rad) for 1620 h at 25 mA. The membranes were blocked at RT for 2 h in
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blocking buffer (5% non-fat dry milk +0.05% Tween20 in PBS), washed for 5° with PBS/0.05%
Tween 20 and then incubated with 10" virions of phage-displayed peptides for 2 h at 37 °C in a
gently agitation. After washing in PBS/0.05% Tween 20 for 15°, the membranes were incubated
with a 1:5000 dilution of anti-M13 peroxidase conjugate antibody in PBS/1% non-fat dry milk
+0.1% Tween20 for 1 h. After the membranes were washed as described above, the bands on
the immunoblots were detected by DAB (Sigma, Milan, Italy) for 15°, dried and preserved in
plastic envelop. SDS-PAGE broad-range pre-stained markers (Bio-Rad) were used for size
estimation of the bands binding the recombinant phage.

ES.7 Phage-capture E.L.I.S.A: (Kkinetic reaction)

96-well E.L.I.S.A: plates were coated overnight at 4 °C with 100 pL suspensions of ~10'*phage
clone/mL in TBS, washed 3 times with PBS/0.05% Tween 20 on an automatic plate washer and
blocked with 5% non-fat dry milk in PBS/0.05% Tween for 2 h at 37 °C. Washed again (5
times); put in the reaction 100 pL/well of §. aureus ATCC 29213 cells (ODgg 2.0) in PBS/1%
non-fat dry milk +0,1% Tween20 for different time (15°, 30°, 60’ and 120’) at RT with shaking,
washed again (5 times). Reacted with 100 pL of 1:3000 dilution of mouse anti-Lipotheicoic acid
antibody (QED Biosence) for 1 h in PBS/1% non-fat dry milk +0,1% Tween20, washed again (5
times) and incubated with a 1:50,000 dilution of goat anti-mouse- HRP for 1 h with shaking.
Then washed again (5 times). Reacted with 100 pLL of TMB for 45 at RT and stopped with 100
pL of 1M H,SO,. Wells were then read on a kinetic plate reader at 405 nm.

ES.8 Phage clones

P9b, St.au 9IVS5 and Li5 phage clones were derived from M13-pVIII-9aa phage peptide library
previously described affinity-selection processes. The clones display the foreign peptide
QRKLAAKLT, RVRSAPSSS and RKILRAGPL, which represent specific and selective probes
for P. aeruginosa [Carnazza et al., 2008], S. aureus [De Plano et al., 2017), and E. coli
respectively [De Plano et al., 2019]. The specificity and selectivity of probes were tested against
different bacteria target as reported in our previous works.

ES.9 Functionalization of Magnetic and Latex Beads

ScreenMAG-Amine superparamagnetic beads (1 pum diameter, Chemicell GmbH (Berlin,
Germany) and Carboxyl-polystyrene latex beads (0.8 um diameter, SERVA Electrophoresis
GmbH (Heidelberg, Germany) were functionalized using protocol described previous
[Calabrese et al., 2015; Lentini et al., 2016]. Phage suspensions in ultrapure water were
functionalized with the ratio about 360 phage clones/magnetic beads or with the ratio w/v of
320 pl of phage (title of 1.3 - 10'> PFU/mL) and 1 mL of beads (10% w/v in ultrapure water). In
order to verify phage coating of the beads, we performed an E.L.I.S.A: test with M13-pVIII
antibody. In order to determine maximum capture efficiency, 10° P. aeruginosa ATCC 27853
cells/mL were incubated for 30’ against scalar concentration of phage-coated beads (for latex
beads: 5, 7.5, 10 and 12.5% w/v; for magnetic beads: 10% 10% 10° and 10® beads). Colony
Forming units per millilitre (CFU/mL) counts were determined before and after beads
incubation with bacteria and the capture efficiency percentage was calculated. The same capture
test was performed with unfunctionalized beads (Blank). Tests were done in triplicate and
results were reported as percentage average of capture.
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ES.10 Optimization of capture efficiency using M13 phage-coated beads

The capture ability of phage-coated beads was performed in 7 mL of artificially infected blood,
captures efficiency was assessed by Standard Plate Count. In details, tests were done incubating
20 pL of M13 phage-coated beads with bacteria target (P. aeruginosa ATCC 27853, S. aureus
ATCC 29213 or E. coli LE392) for 15” at RT in a rotation. Dilutions ranging from 10° to 10>
beads/7 mL of each phage-coated bead complex was evaluated in capture-testing vs ten-fold
bacterial dilutions ranging from 10* to 10 cells/mL; after incubation, the beads were separated
from the mixture using a magnetic-particle concentrator (DynalMPCs-S, Invitrogen Dynal AS,
Oslo, Norway). Then phage-beads-captured bacteria were resuspended in PBS. Colony Forming
Units per mL (CFU/mL) values were determined before and after beads incubation with bacteria
and the capture efficiency percentage was calculated by spread on Agar plates, followed by
incubation overnight at 37 °C. A capture test was performed with not functionalized beads
(Blank). All tests were performed in triplicate and overall results are reported as mean capture
percentage. For the assessment of the efficiency of the phage-magnetic separation we used the
following relation:

Efficiency = Xp; + 3Sy,

where X;,; and 3S;,; are the mean concentration of the blank and the standard deviation of the
blank, respectively (Shrivastava and Gupta, 2011). After the magnetic separation the complexes
(phage-beads-captured/bacteria-captured) were incubated with 1 mL Mueller Hinton Broth
(MHB) for 4 h at 37 °C in agitation. After, phage coated beads were removed, and bacteria
centrifuged at 8000 xg for 10’ and resuspended in 10 pL. PBS buffer and dropped on to CaF,
glass over an area of ~1 cm”. All experiments were conducted in triplicate.

ES.11 Raman spectroscopy analysis

Raman scattering was excited by the 532 nm (2.33 eV) radiation of a diode laser and analyzed
by a Horiba XploRa micro-Raman apparatus equipped with an imaging flat field
monochromator for use with a CCD camera detector cooled at 77 K and a full optical
microscope so that users can also see their samples. An acquisition time of 100 s allowed a good
signal/noise (S/N) ratio. Also, in this case, to ensure reproducibility, experiments were
performed in triplicate. Multivariate data analyses were carried out with Matlab software. See
more details in Ref. [Lentini et al., 2015; Lentini et al., 2016]. To improve Raman analysis, all
the spectra were previously subjected to some data treatment. First of all, a continuous baseline
correction was performed using the adaptive iteratively re-weighted penalized least square
algorithm (airPLS) (Zhang et al., 2010). Corrected spectra were then normalized to their own
maximum intensity and slightly smoothed using the Savitzky- Golay smoothing-derivative
procedure [Savitzky and Golay, 1964]. The resulting spectra were loaded into rows of a matrix
which was used as input for Principal Component Analysis (PCA) and subsequent Hierarchical
Cluster Analysis (HCA). The detection by micro-Raman spectroscopy of the bacteria captured
by phage magnetic separation (at different concentrations in blood samples) allowed the
determination of the limit of detection (LOD).

ES.12 Preparation and characterization of AuNPs

Au nanocolloids were prepared removing material from an 99.9% purity Au target, immersed in
distilled water, on which the beam going from a neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser (model New Wave Mod. Tempest 300) was focused (532 nm wavelength, 10
Hz repetition rate). During the ablation, the beaker was moved using a rotating support to
provide the target fresh surface.

The AuNPs UV-vis optical absorption signal was monitored after the ablation process and the
assembly with the phage clone. To this scope, a Perkin Elmer Lambda 750 UV-Vis
spectrometer in the 190-1100 nm range was used. The NPs size was estimated by Dynamic
Light Scattering (DLS) measurements, using a Horiba Nano Particle Analyzer SZ-100, and
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Scanning Transmission Electron Microscopy (STEM), using a Zeiss microscope operating at
the acceleration voltage of 30 kV.

ES.13 Phage/AuNPs networks preparation

The phage/AuNPs networks were performed by incubation AuNPs with the phage clone
suspended in Phosphate Buffered Saline (PBS) 0.01M, pH 7.18 (final titer of 5-10'' PFU/mL) in
a 5:1 ratio at 30 °C in orbital shaking at 240 rpm (KS130 Basic IKA) over night.

The separation of the phage/AuNPs networks from the unbounded phages and free AuNPs,

networks were carried out by centrifugation at 2150 xg for 40°. Then suspended in 5 mL of
PBS. The complexes were stored at 4 °C until utilization.

ES.14 Sample Preparation for Raman analysis

- Pseudomonas cells: 4-10° cells were put on polylysine (PLL) coated CaF, slides and fixed
by drying.

- p9b phage clone: 50 puL of phage suspension were put on PLL coated CaF, slides. The
sample was allowed to dry in air.

- Phage/AuNPs: 50 uL of phage/AuNPs network suspension were put on PLL coated CaF,
slides. The sample was allowed to dry in air.

- Pseudomonas cells + phage/AuNPs: 4-10° cells were put on PLL coated CaF, slides fixed
by drying. After three washing steps with PBS, cells were incubated with 50 uL of Ag-
phage network for 1h at 37°C. After incubation period, sample was washed thrice to remove
unbound phage clones and then allowed to dry in air.

Before micro-Raman measurements, all samples were washed twice in PBS, and once in

ultrapure water, to remove any crystals of salts after drying.

Micro-Raman spectroscopy measurements were carried out in the 200-1800 cm™ range by the
Horiba XploRa spectrometer. The 532 nm (2.33 eV) laser line was used as the excitation source.
An acquisition time of 80’ and 3 accumulation times are the optimize parameters adopted to
allow a sufficient signal/noise (S/N) ratio, without damaging the bacteria. The experimental
reproducibility was assured by carrying out every single analysis in triplicate.

ES.15 Isoelectric point prediction

ExPASy tool (https://web.expasy.org/protparam/) bioinformatics tool was used to presume
molecular weight, theoretical pl, amino acid composition, atomic composition, extinction
coefficient, estimated half-life, instability index, aliphatic index and grand average of
hydropathicity (GRAVY) of the amino acid sequence of the peptide.

ES.16 Binding of Phage to Polymeric Surface and Capture of Bacteria Target

Polymeric surfaces (1cmx1cm) mica, APTES and PEI were functionalized using physisorption
protocol described previous work [Carnazza et al., 2008; De Plano et al., 2017]. Phage
suspensions in ultrapure water at pH7 and Tris-buffered saline (TBS) (Tris hydrochloride (7.88
g/L) and sodium chloride 140 mM (8.77 g/L) at pl of the bacteriophage, 4.2, 6.3 and 5.4 for
pC89 vector, P9b and St.au9IVSS5, respectively. The organization of the physisorbed phage
layer on the surface was analyzed by AFM analysis. AFM measurements were carried out in
tapping mode by using a Nanoscope IIIA-Multi Mode AFM (Digital Instruments, Santa
Barbara, CA, USA). A negative control, consisting of surface functionalized with pC89 vector
was also analyzed. A culture of P. aeruginosa or S. aureus in PBS at ~4x10° CFU/mL were pre-
labeled with DAPI fluorochrome, then was incubated for 15’ at RT with the functionalized
surface; washed for three times and observed by fluorescence microscopy (Leica DMRE).
Sequential digital images of cell binding were acquired using a CCD camera (LeicaDC300F)
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and cells number estimated by Scion Image Software (Windows version of NIH Image
Software), in terms of integrated density (I.D.).

ES.17 Inhibition test by phage clones on broth culture

Pseudomonas aeruginosa ATCC27853, was cultured in Mueller Hinton Broth (beef infusion
solids 2 g/L; Starch 1.5 g/L; casein hydrolysate 17.5 g/L), a liquid medium for antibiotic
susceptibility studies. Minimum Bactericidal Concentration (MBC) was determined increasing
aliquots of 20 uL phage clone, ranging between 10® vir/mL — 10" vir/mL, in decimal scalar
dilutions. Total of 200 uL of semi-exponential cultures, ranging between 10> CFU/mL — 10°
CFU/mL, were deposited in wells of 96-well plate (8 replicates per condition). Each plate was
incubated in gentle shaking (100 rpm, orbital shaker KS-15, Edmund Biihler GmbH) at 37 °C
for 18 h. In order to verify the possible bactericidal activity, abacteria culture without phage
clone, as positive control was prepared in the same conditions. In all cases, bactericidal activity
is determined by Colony Forming Unity (CFU) and expressed as bacterial viability percentage,
compared to positive control. Briefly, 100 pL aliquots of bacterial suspension were serially
diluted in 900 pL aliquots of sterile Phosphate Buffer Saline (PBS). From each dilution, 100 pL
were spread on solid medium and incubated overnight at 37 °C. After incubation, colonies in the
range 30-300 were considered to determine the number of CFU, which was calculated as
follows:
(number of colonies)

CFU =
volume (0.1 mL) X dilution factor

Statistical analysis: one way ANOVA was used to analyze difference among groups by PRISM
software (GraphPad), and difference was regarded significant if p < 0.05.

ES.18 Inhibition test by phage clones of bacteria adhesion

The inhibition of biofilm formation was assessed using methods according to [Haney E.F et al
2015]. Briefly, 100 pL of a bacterial suspension (final ODgy = 0.01, ranging between 10*
CFU/mL — 10° CFU/mL), prepared by diluting an overnight culture grown in LB broth into the
medium of interest, was added to the wells of a 96-well polystyrene microtitre plate, and
incubated at 37°C under static conditions to allow for bacterial growth and biofilm maturation.
10 uL of phage clone at MBC value (10''vir/mL), or 10 uL of phage control (pC89 wild-type)
were added at times 0, 2, 4, 8, 24 and 72 h after biofilm stimulation. At final 6 days, bacterial
growth was quantified by recording ODgy of each well using an Epoch Microplate
Spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA). The planktonic cells and
the spent medium were discarded, and the adhered biomass was rinsed three times with distilled
water. The biomass was stained with 0.1% CV solution for 20’ and then rinsed three times with
distilled water to remove unbound dye. The bound CV dye was resuspended in 70% ethanol
with gentle mixing and the ODsg5 was recorded in the same sample plate. The amount of biofilm
inhibition was calculated relative to the amount of biofilm that was grown in the absence of
phage clones (defined as 100% biofilm) and the media sterility control (defined as 0% biofilm).
Results from at least three separate biological replicates were averaged.

Statistical analysis: one way ANOVA was used to analyze difference among groups by PRISM
software (GraphPad), and difference was regarded significant if p < 0.05.
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CHAPTER 3
Amyloid Mimotope from Phage Display:
State/Stage Diagnosis and Therapy in Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of dementia and is a leading cause
of morbidity and mortality worldwide. In the population of most industrialized
countries, AD cases are rapidly increasing with the ageing society, thus there is a crucial
need for new methods for early diagnosis and prevention [Jack et al., 2018]. Actually,
diagnosis of AD consists in the combination of neuropsychiatric tests and laboratory
assay for the positive biomarker identification of both amyloid and pathologic tau in
biological samples. These screening is not enough to correct characterization of the AD,
due to the false-positive that are associated ad different neurodegenerative disease, such
as Parkinson, Scleroses multiple etc. Therefore, the most accurate AD diagnosis
remains the identification of AD plaques in the brain post-mortem [Petersen, 2018].

For this, many research groups are focused on biomarkers discovery in a non-invasive
way, thought the investigation levels of antibodies binding amyloid-f (Af) in biological
fluids, such as cerebrospinal fluid (CSF), saliva, urine and blood [Thambisetty and
Lovestone, 2010; Blennow and Zetterberg, 2009]. However, the results of these studies
are contradictory or inconsistent due to several factors affecting the detection of specific
AB-IgGs such as the circulation of AB-autoantibodies both in free and antigen-bound
forms and as several structural conformations of AP42. In fact, some author reported
high levels of anti-AB-IgGs in subjects with AD compared to healthy controls
[Mruthinti et al., 2004], whereas others, on the contrary, showed a reduction of anti-AB-
IgGs in AD patients [Qu et al., 2014], or even no difference [Baril et al., 2004].

The AP has a plastic structure able to form aggregates of different conformation, indeed,
its polymorphism lead to assume several -sheets conformations [Kodali et al., 2010].

Therefore, it is reasonable to assume that the deposition of diverse misfolded amyloids
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can self-assemble and generate new epitopes (e.g. discontinuous or conformational
epitopes derived from amyloid-based aggregation), that could induce an immune
response. These epitopes, specific for many types of amyloid fibrils can be identified
from conformation-dependent antibodies, regardless their amino acid sequence [Kayed
et al., 2007; Yoshiike et al., 2008]. These antibodies, although not specific, can likewise
recognize other proteins with similar amyloid conformation. Consequently, the
detection in AD patients of antibodies against conformational epitopes of the
aggregation states of the amyloid fibrils could be very useful, in order to define the
state/stage markers of the disease. Since both the antigen and the antibody are unknown,
this objective is difficult to fulfill. In this research, the use of phage peptides libraries is
advantageous to find antibody ligands with partly or completely structures unlike to the
native antigen [Knittelfelder et al., 2009].

In the present chapter is described “double binding” selection approach forisolation of
phage clones displaying conformational structures similar to fibrillar AB42. The
approach consists in a preliminary research and identification of other proteins with
region conformational similar to A fibrils by using of bioinformatics tools. From this
analysis, an epitopic region of Yersinia pestis, F1 capsular antigen, was chosen for the
significant structural homology with fibrillar AB42. Then mAbYPF19 (monoclonal
antibody anti Yersinia pestis F1 antigen) were used as primary target to restrict the
phage display library to phage clones with peptide mimotope to APB42-like structure.
Restrict phage display library was, finally, selected against IgGs of a pool of sera from
AD patient, in order to select phage clones recognized by both IgG from AD-sera,
named IgG AD and mAbYPF19 (“Double Binding” screening).

Among the most reactive selected phage pool, 12III1 phage clone was found to
significantly enhance inhibition in vitro of AP fibrillation as well as disaggregation of

preformed fibrils, compared to wild-type vector pC89 without peptide, in SH-SY5Y
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neuroblastoma cell line. Moreover, this phage used in E.L.I.S.A. assay, was found
significantly discriminate AD-IgGs levels between sera of AD and in healthy subjects,
as well as in AD-IgGs levels to have a good correlation with the state progression of the
disease, giving significant impact in the AD state/stage diagnosis.The significant results
obtained has led to require a patent of the displayed peptides on the selected phage

clones.

3.1 “Double Binding” selection of phages displaying conformational
peptides

The bioinformatics planning was performed for the identification of amyloid-like
structures “common” to AP fibrils. By UniProtKB tool (https://www.uniprot.org/) 47
proteins were found to be AB42-like template proteins. However, the next analysis has
led to exclude, the proteins uncharacterized, without identified 3D structure, belonging
to infectious agents involved in common human diseases or commensal bacteria of
human microbiome, then only F1 capsular antigen (Caf1) of Yersinia pestis and fibrillar
AP42 was identify like good template. This identification not surprising because similar
amyloid oligomer conformations were found in several bacterial, yeast, human and
mammalian proteins, suggesting that they share a common structure, the so-called
amyloid oligomer conformation [Yoshiike et al., 2008]. The F1 capsular antigen
includes linear fibers of monomers subunits (Cafl) assembled via the chaperone/usher
pathway [Zavialov et al., 2003; 2005]. The 2.2 A resolution crystal structure of the
ternary CaflM:Cafl:CaflN complex revealed that Cafl is an incomplete B-sandwich
immunoglobulin-like fold [Soliakov et al., 2010; Zavialov et al., 2003]. The final stable
fold is the result of replacement of the chaperone parallel B-strand by the “spare” anti-
parallel B-strand from the N terminus of the subsequent subunit, thus linking them to

form a chain. Similarly, it is known that the 3D structure of the AP42 protofilament is
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formed by two stacked, intermolecular, parallel, in-register B-sheets that perpetuate
along the fibril axis [Liihrs et al., 2005]. On the other hand, it is well known that A}
amyloid exists in several polymorphs with varying width and helical pitch, different
cross-section profiles and different interactions between the monomers [Gremer et al.,
2007]. F1 antigen (UNIPROT ID: P26948) in 3D protein structure (identify with PDB
ID number 1p5u, 1z9s, 3dos, 3dpb, 3dsn) were used to verify the conformational match
with AP amyloid fibril structures (2NAO).PDB&fold (section in EMBL-EBI tool
http://www.ebi.ac.uk/msd-srv/ssm/) showed the alignments distant in amino acids
primary sequence but contiguous in the 3D structure. Moreover, RCSB Sequence &
Structure Alignment tool (https://www.rcsb.org/pages/analyze_features#Sequence)
identify the 3D alignment in immunogenic F1 capsule antigen and different amyloid
fibrils. The conformational homology found between the different forms taken by F1
capsular antigen and AP42 fibril confirms the non-probability that these are randomly

similar (Figure 1).

Figure 1. 3D conformational alignments between 2NAQO amyloid fibril and different 3D F1 capsule
antigen structure identify with PDB ID number 1p5u, 1z9s, 3dos, 3dpb, 3dsn. The chains of 2NAO
(chain A: orange) and 3p5u (chains C: light blue) involved in the homologies of the immunodominant
region.
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In particular, the match between the structures was observed in the immunodominant
and highly immunogenic sequences of F1 protein, region 121-144 amino acid position
of the chain B and C, which is recognized by a high amount of antibodies raised against
the native F1 antigen [Sabhnani,and Rao, 2000]with regions of Ap42, 1-DAEF--------
RHDSGYEVHHQKLVFFAE-22 (with 3dos.C), 9-GYEVHHQKLVFFAE-22 (with
1z9s.C, 3dpb.C) and, 18-VFFAEDVGSNKGAIIGLM-35 (with 1p5u.C, 3dsn.C),
comprised in the main AP epitopes for immunoglobulins and involved in the formation
of proto-filaments (1-16) [Frenkel et al., 1998; 2000] and for “plaque-specific”
antibodies inhibiting both A fibrillogenesis and cytotoxicity (4-10) [McLaurin et al.,
2002], moreover, the region AP(21-37), recognized by “fibril-inhibiting” Ap-

autoantibodies. [Przybylski et al., 2006; Dodel et al., 2018].
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Figure 2. “Double Binding” screening of pVIII-phage display random peptide library IgG-AD
andmAbYPF19.Dynabeads, functionalized with IgG-AD (DYN-IgG-AD) or mAbYPF19 (DYN-
mAbYPF19) and blocked for with PBS pH 7.4-5%-not fat milk-0.05% Tween 20, were used in "double-
blinding" with human sera pool IgG-AD and mAbYPF19 in order to isolate phage expressing common
sequences recognized. Briefly, four selection cycles were performed. In the first round, the phage
population select were capable of binding the mAb YPF19immobilized on the beads. The eluted phages
in this step are used in the second selection round for screening against IgG-AD. In this case, only phage
clones which cross react also with mAbYPF19 will have the possibility of binding the target, so as to
limit the number of reactive phages to those common to the two antibody classes IgG-AD and
mAbYPF19. A third biopanning cycle is then carried out, with the eluted phages from the second
selection round, against the mAbYPF19 again, and finally a fourth against IgG-AD, in order to select
phage pools having more affinity for the latter.
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On the base of these analyses, F1 was considered as protein with amyloid oligomer
conformation. Then, M13 pVIII-12-aa and pVIII-12-cys-aa phage random peptide
library were screened to find “conformational mimotopes” of AP42 fibril able to
recognize AD-IgG by circulating antibodies in AD patients. The monoclonal antibody
anti YersiniapestisFlantigen (mAb YPF19) is used in a “double binding” selection as
stamp to restrict the libraries at the misfold amyloid-like epitope then pool of five AD
sera IgGs is used to select against natural amyloid misfold epitope. In particular four
rounds were performed: in the first round, the phage library was screened against mAb
YPF19, then eluted phages (restricted Cafl library), were used in the second selection
round against a pool of sera from patients’ AD (IgG-AD). A third round was carried out
against the mAb YPF19again, and finally with IgG-AD (Figure 2).

Antibodies-associated phage isolated by acid elution in each biopanning cycle were
separately amplified in E. coli strain TG1 and used for subsequent rounds of selection.
After each round of selection, the yield of phage eluted from the DYN-antibodies was

determined prior amplification (Table 1).

12aa-cys 12aa
ROUND IN® ouT® YIELD® IN® ouT® YIELD¢
I. (against mabYPF19) 3.5x107  3.3x107  9.43x10° | 1.5x10"”  1.3x10"  8.67x10°
II. (against AD IgGs) 1.45x10%  42x10°  29x10* | 1.7x10"  2.65x10° 1.56x10™
IMl. (against mabYPF19) 3.6x10"%  3.65x10°  1.01x10™* | 5.32x10"*  8.25x10°  1.55%x10*
IV. (against AD IgGs) 8.75x10"%  2.75x10° 3.14x10* | 1.8x10?  1.5x10°  8.33x10™

Table 1. yields of ‘“double-binding” selection of M13 PVIII-12aa and PVIII-12aa-cys phage display
libraries. “input quantity of engineered bacteriophages at the start of the biopanning process. "quantity of
phage recovered at the end of each selection round. ¢ input to output ratio to indicate the number of
bacteriophages remained bound to the selection target.

Phage clones selected were tested in indirect E.L.I.S.A. assays using both mAb YPF19
and AD sera. All the clones resulted the most reactive compared to the pC89; however,
between them 12I1I1 was significantly reactive, suggesting that displayed peptides
likely miming conformational epitopes recognized by circulating IgGs from AD

patients but also by the mAb YPF19(Figure 3).
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Figure 3. E.L.L.S.A. reactivity of phage clones isolated by ‘“double binding” selection against mAb
YPF19 and pool of AD sera.

3.2 In silico docking view of selected phage with AB-42 fibril

121111 displays sequence RWPPHFEWHFDD, was verified in the conformational
mimotope by three-dimensional alignment using Pepsurf and Mapitope tools. The
algorithm for the prediction of epitopes deriving from combinatorial phage-display
libraries elaborated a picture with confirms that the best 3D alignment cluster for 121111
peptide on AP fibril is in 3-EFRH-6 (Figure 4), region of homology also obtained for

Cafl and AB-42.

Figure 4. PepSurf analysis results of 12III1 exposed peptide with Ap42 (PDB ID 2nao chain A,
library type. Random _AA) Alignment with highest score 656.675; P-value: 0.00244419.

67



In the context of the whole phage capsid (model build like described in material and
method) the pVIll-displaying peptide RWPPHFEWHFDD was modeled using
MODELLER software and used in molecular docking with AB42 (PDB ID: 2nao)(used
to perform the bioinformatics analysis before the “double binding” phage cycle)
(FigureS). The probable regions of interaction between the two proteins are better
detailed in the Tables2 and 3, where are indicated all the amino acid position involved
in the contact (Table 2 and 3).Also in this view the data confirm that the interaction
involved the amino-acids of the region AP (21-37), recognized by ‘“fibril-inhibiting”
Ap-autoantibodies and comprised in the main AP epitopes for immunoglobulins and
involved in the formation of proto-filaments (1-16) like describe above for the
interaction involved with the Cafl. Moreover, peptide plays an important role in the
interaction acting mainly with the negative amino acids which phenylalanine, proline,
tryptophan and glutamic acid; and with positive amino acid histidine and glutamine

(Table 2 and 3).

Figure 5. in silico models of 3D molecule and docking view.

(A) 3D model of the 121111 pVIII built using Modeller software in backbones style with highlight the
peptides in wireframe style. (B) molecule 3D of the fibril amyloid (2NAO) in surface style (C) the
molecular docking view of the fibril amyloid (2NAO) in surface style and the 12III1-pVIII in backbones
style. The amino acids involved in the interaction are listed in the Table 2 and 3.
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Fibril pamyloid Stearic Electrostatic
Chains Interaction Interaction
Chain A none None

Chain B Phe (11)* none

Chain C Trp (7)*, Pro(8)*, Pro (9), His (10)*, Phe (11)*. none

Chain D Tyr (35), Ile (36), Tyr (38). Glu (34).

Chain E Phe (11)*, Ala (32) none

. Pro (9)*, His (10)*, Phe (11)*, Glu (12)*, Trp (13)*, . « «

Chain F Ala (24), Phe (25), leu (28), Gln (29). His (10)*, Glu (12)

Table 2. Amino acids of 12II11-pVIII model involved in the interaction with Fibril pamyloid.
*amino acids belonging to peptides displayed in 12I1I1-pVIIL. None: no interaction.

Type of Chain Chain Chain Chain Chain Chain
interaction A B C D E F
H-bound none none Gly (37) none none His (14)
Gly (38) Gln (15)
Stearic none Met (35) Met (35) Phe (4) Phe (4), Phe (4)
interaction Val (36) Gly (37) Glu (11) His (14) His (6)
Gly (37) Gly (38) Val (12) His (14)
Val (39) His(13) Gln (15)
Val (40) His (14) Tyr (10)
Lys (16)
Leu (17)
Electrostatic none none none His (14) none none
interaction

Table 3. Amino acids of fibril pamyloid chains involved in the interaction with designed 12II11-
pVIIIL Interaction between fibril amyloid (2NAO) and the designed 12III1-pVIII, fractionated in H-
bound, Electrostatic and Steric interaction. None: no interaction.

3.3 Invitro 121111 inhibition and disaggregation of AB42 cytotoxicity

It is showed that highly purified preparations of native M13 potently and broadly
mediate binding to and disruption of a variety of misfolded protein assemblies,
including AP, a-synuclein, tau and yeast prion Sup35 [Krishnan et al., 2014]. Indeed, it
has been descripted that filamentous M13 phage can mediate disruption of amyloid
assemblies [Dimant et al., 2009; Dimant and Solomon 2010; Messing, 2016] through a
bound with the middle and C-terminal residues of the AP subunit [Krishnan et al.,
2014]. This interaction was considered conformational and not protein primary
sequence dependent, because three different amyloid fibers resulted as targets for M 13-
mediated binding and remodeling. [Messing, 2016]. Phage uses TolA-C binding
sequences of pllI to recognize and bind the canonical amyloid fold, inducing binding

and disruption of amyloids by its two N-terminal domains as a general amyloid
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interaction motif (GAIM). Considering the data reported in the literature, in order to
verify the effect of exposed peptide on the pVIII of the engineered 12I111against AB42,
also phage wild-type, i.e pC89 vector, were used in vitro testes. AB42 showed in vitro
on cell type used in the test a cytotoxicity of about 60%; phage clones by themselves
showed no cytotoxicity in vitro on SHSY-5Y cells at any time tested (data not shown).
In the inhibition of AB-amyloid aggregation, the 12I1I1 phages allowed significantly
reduction AP42-induced cytotoxicity at all the phage concentrations used. In
comparison, wild-type vector pC89 showed a lower inhibition of APB42-induced

cytotoxicity than 12111 phage at all the assayed titers (Figure 6).
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Figure 6. Inhibition of Ap42-induced -cytotoxicity at increasing concentrations of 12III1
recombinant phage clone and wild-type vector pC89, as evaluated in SHSY-5Y cell viability in vitro
test.

Moreover, when phages were added after 3h and 6h of the AP stimulation, 12III1 phage
increased cell survival about 23% after 3h and 6h. Instead, wild-type vector pC89
showed no significant activity after 3h that increase in the cell viability, about 18%,
when added after 6h of the AP stimulation (Figure 7).
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Figure 7. Reduction of Af-amyloid cytotoxicity in SHSY-5Y cell viability in vitro test after addition
of wild-type vector pC89 and 12III1 recombinant phage clone, at 3h and 6h following Ap-
stimulation.

In any case, 121111 showed a significant enhancement of activity in both inhibition and
disaggregation of AP42 amyloid fibrillation. The natural ability of the pIIl of wild type
phage to interact with AP explained the inhibition capacity on AP cytotoxicity observed
against human SH-SY5Y cells. However, data suggest that 12III1 displaying also
peptide in the pVIII able to interact with AP increases affinity to AP fibrils. Probably,
the peptides on pVIII could confer at the phage the ability to interact with AB-amyloid

fibrils in a different conformational stage then plII coat protein.

34 E.L.LS.A. diagnostic assay for Alzheimer’s biomarkers
identification

The selected clone, 121111, was used like probe for specific IgGs discrimination between
AD and healthy human sera samples. The clinical criteria used for diagnosis of AD,
without the current possibility to analyze how serum IgG levels were related to
biomarkers such as AP deposition or tau-mediated neuronal degeneration. Firstly, the

E.L.I.S.A. assay was optimized using several phage concentrations (1x10", 1x10",
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1x10'%) adsorbed onto 96 microwells E.L.I.S.A. plates and reciprocal sera dilutions at
1:10, 1:50, 1:100 (data not shown), with 12III1 phage clone and wild-type vector pC89.
Optimal phage binding was found at 1:50 sera dilution and at 10'' phage clone
concentration. Therefore, the average of the data obtained with wild-type vector pC89
was used to calculate an arbitrary cut-off value (CO). Sera that showed an absorbance
value less to 0.398 (CO= Nx3, where N is the average value of pc89) were considered
as not responsive for 12III1.

Then, preliminary study on 55 serum samples, 29-AD and 26-CTR, showed that the
121111 phage clone, as antigen target, was able to discern IgG sera of patients with AD

from control group without dementia signs (Figure 8).
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Figure 8. Antibody binding to 12II11 phage clone in serum samples from patients with AD (n =29),
and healthy individuals (CTR) (n= 26). The dashed line represents the cutoff for positive binding (Nx3,
where N is the average value of pc89). Data are reported as absorbance at 450 nm.

The data showed IgG levels in AD patients significantly higher than in healthy controls
(mean AD=0.89 CTR=0.51, with a p-value=0.0012, R2 0.18), providing a significant
level of discrimination between diseased and non-demented subjects. In particular,

25/29 AD sera (86.21%) and 14/26 CTR sera (53.85%) have 1gGs recognized by 121111
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phage clone, whereas in 4 AD patients (13.79%) and in 12 control subjects (46.15%),
IgG levels were below the wild-type cut off value.

Four of the control subjects, without apparent clinical AD signs, display a relatively
high level of antibodies (similar to AD patients). This may represent a possible false
positive result, probably due to the cross-reaction of non-AD associated antibodies with
this mimotope. In alternative, this could represent pre-symptomatic detection of
developing disease. On the other hand, four of AD patients were negative this could be
due to an incorrect diagnosis of Alzheimer’s disease. In fact, more recent clinical
studies have demonstrated biomarker evidence of ‘“‘suspected non-Alzheimer disease
pathophysiology” (SNAP) causing amnestic type cognitive impairment with substantial
hippocampal atrophy but lacking detectable 3-amyloid amyloidosis [Caroli et al., 2015].
Indeed, other proteinopathy has been associated with substantial cognitive impairment
that mimicked AD clinical syndrome (i.e. limbic-predominant age-related TDP-43
encephalopathy (LATE) [Nelson et al., 2019]. Since a small group of AD patients had
IgG titers overlapping to the control subjects, we evaluated the possibility to find a

correlation with the disease stage evaluated on the basis of MMSE values (Figure 9).
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Figure 9. Antibody binding to 12I1I1 phage clone in serum samples from patients with AD reported
as average values of absorbance at 450 nm within three disease stages according MMSE evaluation.
Mild dementia: score of 20- 24; Moderate dementia: score 12- 20; Severe dementia: score less than 10.
Error bars: standard deviations. The plotted trend line, the regression equation, and the R2 value are
showed.
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Based on MMSE data, the stratification of AD serum IgGs recognized by 121111 are low
in subjects with mild dementia, while they rise significantly in 88% of patients with
moderate AD and they are elevated in all sera with severe Alzheimer, suggesting this
phage clone could be used as probe for different A polymorphisms typical of disease
progression. It has been reported that serum levels of AB-autoantibodies were lower in
AD patients than in healthy subjects, [Brettschneider et al., 2005; Qu et al., 2014;
Weksler et al., 2002] while others reported either higher values (Mruthinti et al 2004) or
no difference [Baril et al., 2004; Hyman et al., 2001]. Our results indicate that 1gG
levels detected by 121111 phage clone are significantly higher as the disease progresses,
suggesting that these IgG antibodies recognize other epitopes respect to ApP-
autoantibodies detected by several authors (Kayed et al., 2010; Nagele et al., 2010).
Similar approach for discovery of IgG serum biomarkers, without prior knowledge of
native antigens, and similar results were obtained using the selected synthetic peptoids
by Reddy et al (Reddy et al., 2011). These data highlight the ability of this technology
to discovery unknown antigen/antibody, mainly requested in self-degenerating disease
[Wu and Li]. In fact, the production of high affinity autoantibodies toward targeting
self-antigens, mostly belonging to the IgG class, is due to inflammation, then at the
successive breakdown of immune tolerance. In the specific, autoantibodies, with
unknown role, against a variety of molecules have been associated with AD. Therefore,
the increase in knowledge of new unknown epitope conformational could play a key
role in the development of more efficient systems in diagnosis than in therapy, as

preliminarly confirmed by the results described above.
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ES. Experimental Section

ES.1 Bioinformatics analyses

Structural similarity search, to identify AP42-like conformational structures, consisted of the

following steps:

I. Template selection— using UniProtKB tool (https://www.uniprot.org/). The search was
restricted according to the known properties of amyloid oligomer conformations, using
settin set: i) field: UniProt KB AC Term: beta strand. ii) field: structure; 3D structure
available. iii) field: NOT Homo sapiens (Human) [9606]. iv) field: binary interaction. v)
field: NOT function Function CC, enzyme classification, activity regulation, catalytic
activity.

II. The 47 proteins identified were screened from the protein that had 3D structures and the
proteins not involved in infectious agents, common human diseases or commensal bacteria
of human microbiome. Then F1 capsule antigen (UNIPROT ID: P26948) was isolated.

III. Alignments homology were performed between AP42and F1 antigen using Clustal
X2.11(Gonnet 250 Protein Weight Matrix, Gap opening 10, Gap extend 0.1) and GeneDoc
(http://www.psc.edu/biomed/genedoc/) tool to identify similar regions based on physico-
chemical properties of side chain amino acids. Then, alignment of 3D protein structure was
performed to verify the conformational match of F1 protein with AP amyloid structures.
The PDB IDs associated to 3D structure of the F1 capsule antigen (1p5Su, 1z9s, 3dos, 3dpb,
3dsn) were obtained from Uniprot KB, through the ENTRY code P26948 and excluding
which were not in the mature conformation. Then evaluated using PDB&fold (in EMBL-
EBI tool) (http://www.ebi.ac.uk/msd-srv/ssm/) and Structure Alignment tool available in
https://www.rcsb.org/pages/analyze_features#Sequence, with algorithm JFATCAT rigid in
3D alignment with AP amyloid in fibril form (PDB ID 2nao).

ES.2 Human samples

29 sera (15 men and 14 women, mean age 70.7) of patients affected by AD diagnosed according
to the criteria of the National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer's Disease and Related Disorders Association,2 attending the
Neurologic Unit of the University Hospital “Policlinico Vittorio Emanuele” in Catania. All AD
patients underwent clinical and instrumental evaluations as normal diagnostic workup at the
time of their admission. Presence and severity of cognitive impairment was assessed through the
Mini-Mental State Examination (MMSE).3 During the admission a serum sample was collected
and stored at -80°C. At the time of the admission, patients signed an informed consent allowing
further use of the samples for diagnostic or research purposes. 26 healthy controls (12 men and
14 women, mean age 65.3) were recruited from subjects who accompanied patients for hospital
check-ups. Healthy controls underwent a standard neurological examination performed by
experienced neurologists in order to exclude the presence of neurological disorders and were
enrolled in the study only after signed an informed consent. A serum sample was collected at
the time of the enrolment and stored at -80°C. The study was approved by the Ethic committee
of the Policlinico Vittorio Emanuele of Catania.

ES.3 Functionalization of Dynabeads® Protein G with Antibodies

As source of antibodies directed against possible conformational epitopes of human
polymorphic beta-amyloid 1-42 (AP42), was use a pool of 5 human sera from patients with AD
(IgG-AD) (mean age of 77.4 years, mean value of MMSE = 15.2). The mAb YPFI19
(AbDSerotec® A Bio-Rad Company, 1gG1-9820-5007) anti-Yersinia pestis F1 (reacting to Y.
pestis F1 capsular antigen, Uniprot code P26948) was used to screen for putative
conformational mimotopes homologous to Cafl of Yersinia pestis which results Ap42like
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conformational structure by bioinformatic analysis. These antibodies were immobilized in
Dynabeads® Protein G (Thermo Fischer scientific) super magnetic beads of 2.8 um. Buffers
and reagents were purchased at Sigma Aldrich. 50 pL. of Dynabeads® Protein G were washed 3
times with citrate-phosphate buffer under stirring for 10', separated with a magnetic device for
1-2', then incubated with respectively sera pool containing IgG-AD diluted 1:10 and 5 pg of
mAbYPF19, for 60' at room temperature (RT) under mild stirring. Dynabeads, functionalized
with IgG-AD (DYN-IgG-AD) or mAbYPFI19 (DYNmAbYPF19), were separated with a
magnetic device for 2', washed 4 times with Conjugation Buffer (20 mM sodium phosphate,
0.15 M NaCl, pH 7-9), separated with a magnetic device for 2' and resuspended in 250 pL of 5
mM BS3 (bis (sulfosuccinimidyl) suberate) at RT for 30’. Crosslinking reaction was blocked by
adding 12.5 pL of Quenching Buffer, from 25 mM to 60 mMTris, incubated at room
temperature for 15' with inclination/rotation. DYN-IgG-AD and DYNmAbYPF19 were washed
3 times with 200 pLL PBST and finally resuspended in 1 mL of storage solution (PBS + 1% BSA
+ 0.01% Tween 20 pH 7.4). Before using for phage display selection, beads were blocked for 1
h at room temperature with PBS pH 7.4-5%-not fat milk-0.05% Tween 20.

ES.4 Phage peptide library

The MI13phage library (kindly donated by Professor F.Felici) expressed random peptides,
exposed on the pVIII protein, based on the phagemid vector pC89 on which random
oligonucleotide sequences were inserted in the region 5' of the VIII gene present in the vector,
under the control of the LacZ promoter. The digestion with the restriction enzymes EcoRI and
BamHI linearized the vector and allowed the insertion of the oligonucleotides with random
sequences which, flanked by the same restriction sites, allow the recircularization of the vector
through ligase reaction. [Felici et al., 1991; Lugazzo and Felici, 1998]. For the selections were
used three types of peptide libraries: pVIII-9aa (expressing nine amino acids in the N-
termialpVIII), pVIII-12-aa (expressing twelve amino acids in the N-terminal pVIII) and pVIII-
12cys-aa (have a cysteine-cysteine constriction expressed in end of the random amino acids
sequence, located in the N-terminal pVIII). The amplitude of each library is comprised between
10 and 100 million independent clones.

ES.5 “Double binding”’ phage display selection

Then M13 pVIII-12aa and pVII-12cys-aa phage libraries (1x10'* viral particles) were
pretreatment with 50 pL of Dynabeads® Protein G and resuspended in 190 pL of TBS-Tween
0.1%. After 30' incubation, separate with a magnetic device for 1-2'; the supernatant is
recovered and used to carry out again the two preceding steps twice before the use of the library
for the selection. The restricted libraries were used in four selection rounds. In the first round,
500 pL. of DynabeadsmAb YPF19 were incubated with phage libraries for 3-4 h at room
temperature under mild stirring. The beads were washed 3 times in PBS-0.05%Tween 20 and
separate with a magnetic device for 1-2' and selected phage clones eluted from antibodies with
500 pL of eluting buffer, 0.2 M of glycine-HCI (pH 2.2) + 0.1% BSA, neutralized immediately
with 1 M Tris—HCI pH 9.6. Biopanning affinity selection was repeated in the second round
against Dynabeads IgG-AD, then in the third round against DynabeadsmAb YPF19 again, and
finally a fourth selection round was carried out with Dynabeads IgG-AD, in order to select
phage pools having more affinity for the latter. For each round, the eluted phage pools were
amplified by infecting TG1 E. coli, purified twice by PEG and used for the next round (Figure
10).
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ES.6 E.L.LS.A. binding specificity of the phage clones for the mAb YPF19 and
the IgG-AD of the AD pool.

Firstly, filamentous the M13 wild-type, in vector pC89 form (containing no insert) was tested
against antibodies used as bait in “double binding” phage display selection. It showed no
reactivity against mAb YPF19 (mean 0.045, as the negative control in E.L.I.S.A. assay at every
phage titer tested) and a mild reactivity against AD-sera pool (mean 0.1326 in E.L.I.S.A. assay
at 10'" phage/well) that was used to calculate the cut-off value in serum platforms of E.L.LS.A.
assays with recombinant phage clones obtained by selection. Phage clones at concentration of
10"*virions/mL were added in duplicate 100 pL/well into a 96-well microtiter plate (Multisorp,
Nunc, Roskilde, Denmark). Plates were left overnight at 4°C, blocked for 2 h at room
temperature with blocking buffer (PBS - Tween 20 0.05% - 6% Not Fat milk), and washed in
PBS-0.05% Tween 20. 100 uL. of mAb YPF19 diluted 1:100 in dilution buffer (PBS - Tween 20
0.1% - 1% Not Fat milk) or 100 puL of AD sera pool diluted 1:50 in dilution buffer were added
in duplicate into wells and incubated 1 h at 37 °C under stirring. The plates were washed 10
times as described above and exposed to (HRP)-conjugated anti-human IgG (IgG Fc AP113P)
diluted 1:15000 in dilution buffer, or anti-mouse diluted 1:50000, for 1 h at 37 °C under stirring.
The plates were washed 5 times as described above and developed with TMB substrate,
incubating in the dark for 30'-45' at room temperature, and stopped with 100 pL of 1IN HCI.
Optical absorbance was recorded at 450 nm (Labsystem Multiskan Bichromatic).

ES.7 In silico analysis: Sequence determination and epitope conformation

The most reactive phage clones in E.L.I.S.A. were amplified and their DNA sequenced to
determine the amino acid sequences of the displayed peptides. Briefly, the sequencing primers
M13-40 reverse (5°- GTTTTCCCAGTCACGAC -3’) and E24 forward (5’— GCTAC-
CCTCGTTCCGATGCTGTC -3’) were obtained from Proligo, Sigma (Milan, Italy). 1 uL of
the suspended colony (E.coli TG1 infected with phage clone) was added to the PCR reaction
tube, containing 49 uL of the following PCR mixture:10 x Mg free reaction buffer (Euro Clone,
Milan, Italy) (Svol); 50 mM MgCl2 (Euro Clone) (5 vol); Euro-Taq DNA polymerase (5 units
pl_l Euro Clone) (0.5 vol); 2.5 mM dNTPs (Roche) (5 vol); primer M13—40 (10 pmol pL_l) ®
vol); primer E24 (10 pmol pl_l) (5 vol); doubly distilled filter sterilized water (23.5 vol). The
PCR was performed by GeneAmp PCR System 2400 (Perkin Elmer, Nor-walk, CT, USA)
under the following cycling conditions: one cycle at 94 °C for 57; 25 cycles at 94 °C for 30 s, 52
°C for 30 s, 72 °C for 30 s; and one cycle at 72 °C for 7°. The PCR products (3 ul) were
analyzed by agarose gel electrophoresis (1% wt/vol agarose, Sigma, Milan, Italy) in 1 x TAE
buffer. Gel was stained with ethidium bromide, illuminated on a Dark Reader, while DNA
bands were visualized by a Kodak imaging system. PCR products were purified by NucleoSpin
PCR Clean-up purification Kit (Macherey-Nagel) and sequenced using the M13—40 reverse
primer. The DNA sequences were translated into amino acids by the ‘translate’ program on the
proteomics server of the Swiss Institute of Bioinformatics Expert Protein Analysis System
(ExPASy [http://www.expasy.ch/]). The amino acid sequences were aligned by the
CLUSTALX sequence alignment program (available at [http://www.ebi.ac.uk/clustalw/]).
GeneDoc software (http://www.psc.edu/biomed/genedoc/)was used for visualization edit and
analyze multiple sequence alignments of the peptides. Statistical analysis of the insert
composition was performed. A list of the primary amino acid sequences of the variable inserts is
then compiled in the FASTA format and submitted to a motif-elucidation bioinformatics
algorithm called MEME (multiple expectation-maximization for motif elicitation
http://meme.sdsc.edu/meme/intro.html).

The epitope mapping algorithm, PepSurf (http://pepitope.tau.ac.il/), was used to map 12III1
peptide onto the three-dimensional protein structure of F1 capsular antigen (chain C of the
relative PDB IDs) and AB42 (chain A of PDB ID 2nao), and the algorithm Mapitope to map the
selected peptide flanked by the sequence of exposed pVIII protein. The GRANTHAM matrix
was used since it is based on physico-chemical properties, such as side chain composition,
polarity, and molecular volume. The gap penalty accounting for unmatched peptide residues
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was set to the default value of -0.5. Library type is random amino acid and the stop codon UAG
is read as glutamine (in TG1 bacterial strain this function is encoded by the gene supE which
suppresses the UAG stop codon inserting a tRNA-amino acid instead).

ES.8 Building 3D models and molecular docking

Engineered pVIIl Protein Structure Modeling was performed using MODELLER9.20
(https://salilab.org/modeller/) a computer program for comparative protein structure modeling.
The user provides an alignment of a sequence (target) to be modeled with known related
structures (template) and MODELLER automatically calculates a model containing all non-
hydrogen atoms. The models were built as reported previously [Webb and Sali, 2014]. Briefly,
PDB structure of pVIII protein (PDB ID: 2mjz) was downloaded for M13 phage. In the context
of the whole virus particle of 2mjz, pVIII proteins, Chain [1a] have been chosen for modelling
the pVIII engineered protein. The pVIII proteins were kept like single pVIII protein in a PDB-
format, namely chain A then used like template. The amino acid sequences of engineered pVIII
proteins of phage clone, with foreign peptide inside of fourth/fifth amino acids of the pVIII
wild-type (more 2 extra residues of Phenylalanine and Glutamine, encoded by the EcoRI site as
reported in Felici et al. [1991]) were written in FASTA format and then converted in ALI
format.
i) 'AEGDDPAKAAFNSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKAS™ for
wild-type vector pC89;
ii) 'AEGEFRWPPHFEWHFDDGDPAKAAFNSLQASATEYIGYAWAMVVVIVGATIGIK
LFKKFTSKAS® for 121111 (in bold the foreign amino acid sequence).
The scripts of the computer program were modified with the name of the engineered protein and
with ID of the molecule template then a target-template alignment is constructed. Successively,
MODELLER calculates several 3-D models of the target in PDB format. The best model was
selected picking the model with the lowest value of DOPE, which value indicates the
construction energy. For each engineered pVIII proteins were obtained the model of the chain A
in the capsid context PDB ID: 2mjz.
Molecular docking was performed using Z-DOC online tools. The 12III1-pVIII model was
upload like ligand-template, and the PDB ID 2nao (corresponding to the 3D model of the AP
fibril) upload like template of protein. Then the tool ran, and the output obtained in pdb format.

ES.9 Inhibition test by 121111 and pc89 on B-amyloid cytotoxicity

Unless otherwise stated, all compounds were obtained from Sigma-Aldrich. All other chemicals
were of the highest commercial grade available. All stock solutions were prepared in non-
pyrogenic saline (0.9% NaCl, Baxter, Milan, Italy). AP1-42was purchased from Tocris
Bioscience and was dissolved 1 mg/mL in sterile water. SH-SYSY cells were purchase from
ATCC (CRL-2266™).

SH-SYSY cells are a cloned sub-line of SK-N-SH cells originally established from a bone
marrow biopsy of a neuroblastoma patient with sympathetic adrenergic ganglialorigin.10 SH-
SYS5Y neuroblastoma cells can be differentiated into neuron-like cells displaying morphological
and biochemical features of mature neurons. Furthermore, these cells display axonal expression
of mature tau protein isoforms. In the light of this, we found the best overall neuronal
differentiation was achieved using retinoic acid (RA) pretreated SH-SYSY cells as previously
described.11 Human neuroblastoma SH-SYS5Y cells were obtained from American Type
Culture Collection (ATCC CLR-2266) and were grown to monolayer in a culture medium
containing Dulbecco’s Minimal Essential Medium (DMEM) and Ham’s F12, modified with 2
mM L-glutamine, 1.0 mM sodium piruvate, supplemented with fetal bovine serum (FBS) to
10%, streptomycin 50 mg/mL. SH-SYSY cells were maintained at 37 °C and 5% CO?2.

For cell viability tests, 3x104 cells were plated in 96-well plates (Corning Cell Culture) in a
volume of 150 pL and differentiated with RA (100 nM) for 24h. In order to test the inhibition of
AB-amyloid aggregation, different titers (10°, 10* and 10'° TU/mL) of 12III1 phage clone or
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wild-type vector pC89 were added simultaneously to AB;.4, peptide 1 ug/mL, and cell viability
was assayed after 24h incubation. For evaluation of cytotoxicity inhibition by phages on
preassembled AB-amyloid, differentiated SH-SYSY cells were stimulated with AB;.4, peptide 1
pg/mL for 3, 6 or 12 hours and then, at each time, incubated with the different titers of
121111/pC89 phage for other 24h.

Cell viability was evaluated by using the mitochondria-dependent dye 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay as previously described,"
expressed as % viability versus control cells grown in normal culture medium (Ctr). Cultures
pre-treated with increasing concentrations of the test compound were incubated at 37°C with
MTT (0.2 mg/mL) for 1 h. Medium was removed and the cells lysed with dimethyl sulfoxide
(100 ul). The extent of reduction of MTT to formazan was quantified by measurement of optical
density at 550 nm with a microplate reader.

Statistical analysis: one way ANOVA was used to analyze difference among groups by PRISM
software (GraphPad), and difference was regarded significant if p < 0.05.

ES.10 E.L.L.S.A. assay of 121111 phage clone against single AD and healthy (CTR)
subjects sera

29 patients affected with AD with a MMSE index comprised between 22 and 6.8 and 26 healthy
non-demented control individuals were recruited, and the samples were tested according to a
phage E.L.I.S.A. assay as follows. Indirect E.L.I.S.A. test was standardized for 121111 clone and
pC89 vector, adsorbing on the bottom of the wells logarithmic scale dilutions of phage (1x10'?,
1x10", 1x10'° phage final concentrations) and then using 1:10, 1:50 and 1:100 dilutions of sera.
The procedure showed to give maximal phage specific binding for all sera used with phage
concentration at 1x10"" TU/well and serum dilution at 1:50.

Phage preparations were added in duplicate 100 pL/well into a 96-well microtiter plate
(Multisorp, Nunc, Roskilde, Denmark). Plates were left overnight at 4°C, blocked for 2 h at
room temperature with blocking buffer (PBS - Tween 20 0.05% - 6% Not Fat milk), and
washed in PBS-0.05% Tween 20. 200 pL of 1:50 AD/CTR-sera were added and incubated 2 h
at 37°C. The plates were washed 10 times as described above and exposed to (HRP)-conjugated
anti-human IgG (IgG Fc AP113P) diluted 1:15000 in dilution buffer for 1 h at 37°C. The plates
were washed 5 times as described above and developed with TMB substrate, incubating in the
dark for 30'-45' at room temperature, and stopped with 100 pL of 1N HCI. Optical absorbance
was recorded at 450 nm (LabsystemMultiskanBichromatic). The TBS was used as a negative
control for the evaluation of the non-specific binding background. The cut-off value (CO=
0.398) was calculated as CO= N x 3 where N is the average of the data obtained with wild-type
vector pC89.

Statistical analysis: one way ANOVA was used to analyze difference among groups by PRISM
software (GraphPad), and difference was regarded significant if p < 0.05.

No unexpected or unusually high safety hazards were encountered.
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Chapter 4
Phage Display for direct detection of
Leukemia/Mieloma Cells

Cancer has become the number one cause of death amongst in the World. It can exist in
several forms, and can be separated in two macro-classes, liquid and solid tumors. For
both of them there is a relative high risk to form chemo-resistant cells and/or to have
cytotoxicity for the healthy cells due to chemo-drugs used to kill carcinogenic cells
themselves. Therefore, prominent priority in medicine is the necessity to find different
approaches for the development of novel methods of early and not invasive detection
and/or effective treatments of cancer diseases. In this prospective, identification of
tumor-specific ligands is a growing area of research. Tumor-specific binding agents can
be used as probe for tumor cell phenotype identification for both diagnosis and therapy
applications. However, the choice of binding agents is central for the success of
targeting applications.

The use of phage clones, selected by phage-display libraries, not only, could ensure
affinity and specificity for the targets of interest, but also be advantageous thanks to the
exposition of more receptor binding peptides in one probe (phage-probe), compared to
the antibodies, or synthetic peptides [Brown, 2010]. Moreover, the resistance and
ductility of the phages could make them wuseful in the functionalization with
biocompatible and conductive materials for the identification of last residue cell in the
monitoring of minimal residual disease, often found in neoplasia and disorder in blood.
For example, chronic lymphocytic leukemia (CLL), which is characterized from
accumulation of neoplastic B cells in the peripheral blood (PB), bone marrow (BM) and
lymph nodes (LN), is one the most cause of mortality for its asymptomatic course
[Chiorazzi et al., 2005]. However, the knowledge has undergone remarkable changes
during the past decade, highlighting that the neoplastic clonal cells exhibit marked
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heterogeneity, and that your outgrowth is the major causes of disease progression in

CLL (Landau et al, 2013]. These evidences can also relate to other neoplases associated

with blood disorders, such as multiple myeloma (MM) that is a cancer of plasma cells

characterized by accumulation of clonal plasma cells (PCs). Low levels of CD45

expression, a regulator involved in antigen-mediated signaling and activation of

lymphocytes, have been found in myeloma patients with advanced disease, bone lesions

and high-grade angiogenesis [Kumar et al., 2005].

These characteristics make difficult to find peptides useful for several “cancer patients”

using traditional selection methods.

In this chapter is described:

An alternative approach ‘“Promiscuous selection”, to identify phage clone from
peripheral blood mononuclear cells (PBMC) of two patients affected by chronic
lymphocytic leukemia (CLL), was performed. The selected clone was analyzed in
silico comparing the amino-acids sequences of the displayed peptide, for mimotopic
homology with known proteins hematological neoplasm-associated.

Then phage clone was labeled with silicon nano-particles (SiNPs), and Fluorescein
isothiocyanate (FITC). The fluorescent phage-complexes obtained were verified in
the recognition of the PBMCs targets.

Finally, ex-vivo diagnostic system was proposed using FITC-labeled-phage as probe
to detect leukemia cells in whole blood from patients affected by CLL and the
bound detected by fluorescent microscopy.

By same experimental design, other phage clones have been selected for their ability

to bind/discriminate myeloma cells from non-myeloma cell.
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4.1 “Promiscuous selection” against PBMCs from CLL patients

The heterogeneity of the cells and clones neoplastic of CLL is the first cause of disease
progression. In order to find peptide useful for several “cancer patients”, able to identify
a common, always expressed receptor leukemia-associated, a new scheme of selection
was performed.

pVIII-9-aa M13 phage-display peptide library was used in a “promiscuous selection”
against peripheral blood mononuclear cells (PBMCs). Firstly, the library was subtracted
again the PBMCs from healthy patients, then the depressed library was used to four
affinity rounds selection against PBMCs from two patients affected by chronic

lymphocytic leukaemia (CLL) (Figure 1).
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Figure 1. Promiscuous selection. The schema shows the promiscuous selection of pVIII-9-aa M13
phage-display peptide library against leukemic PBMCs. Firstly, the library was subtracted again the
PBMCs from healthy patients, then the depressed library was used to four affinity rounds selection
against PBMCs from two patients affected by chronic lymphocytic leukaemia (CLL).

The phage clone, named CLL-1, shown the most reactive specific bound with leukemic
PBMCs-binding in E.L.I.S.A. assay (data not shown). Therefore, the displayed peptide,
ARKMNPPAG, on the pVIlI-phage coat were determined from DNA sequencing and
translated in the amino-acid sequences, then in silico analysed. The primary sequence of

the peptide compared to homo sapience sequences collected in BLAST server, show a
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statistically significant (about 100% identity in the amino acid sequence query covered)
with motif of 182 KDa tankyrase 1-binding protein (Figure 2). This data was

conferment in the identity of homology by CLUSTALX 2.1 alignment tool (Figure 3).

Sequences producing significant alignments Download Manage Columns *  Show ]

selectall 100 sequences selected GenPept Graphics Distance tree of results  Multiple alignment

Max Total Query E Per.
Score Score Cover value Ident

182kDa tankyrase1-binding protein [Homo sapiens) 252 252 100% 22 88.89% AAMIBS31A

Description Accession

Figure 2. BLAST analysis of the peptides ARKMNPPAG, displayed on the CLL1. The match was
performed choose in sequences set: Not-redundant protein sequences; and Humo sapient (taxid: 9606).
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Figure 3. CLUSTALX 2.1 alignment. The peptides ARKMNPPAG, displayed on the CLLI1, almost
entirely aligns with 182KDa tankyrase 1-binding protein (TAB 182).

Tankyrase is a protein, belonging to the ankyrin protein family, with several functions
in both the nucleus and the cytoplasm where the majority of tankyrase molecules can be
found [Smith et al., 1998; Chi and Lodish, 2000]. The predict target could interacts with
several Bcl-2 family proteins in the modulation of apoptosis pathway of the leukemic
cells and neoplastic cells. Consequently, it is possible to think that the clones CLL1
could identify neoplastic cells coming from several CLL-patents.

The in vitro ability of the phage to detect CLLs-PBMCs of different samples was
described in the next paragraph after the functionalization of the phage with fluorescent

markers.

4.2 Fluorescent functionalization of phage-probes
Fluorescence imaging remains the simultaneous real-time technique most used in
diagnostic imaging because fast and cheap. The strength is the use of labelled probes,
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which permit the development of non-invasive, early, and accurate identification system
of biomarkers disease in biological samples such as biologic fluid, serum and blood. In
this prospective, the optimization of fluorescent phage-probes has been performed using
biocompatible and self-fluorescent silica nanoparticles (SiNPs) and traditional

chemical-fluorcrome as Fluorescein isothiocyanate (FITC).

4.2.1 One-step production of phage-SiNPs

Promising candidate to create new biocompatible devices with longer fluorescence
lifetime, photo-stability and high resistance to metabolic degradation is silica [Walling
et al., 2009]. SiNPs have the potential to permit fluorescence imaging techniques in
real-time and noninvasive tests, due to their intrinsically light emission. An “one-step”
approach for bio-functionalization of SiNPs based on pulsed laser ablation (PLAL) was
exploited [De Plano et al., 2018]. In particular, silicon plate ablation was performed in

Tris-buffer-solution (TBS) without phages (Figure 4) and with phages (Figure 5).
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Figure 4. PLAL of Si in TBS. (A) Bright-field STEM (BF-STEM) image obtained at 30,000 kV, shows
SiNPS obtained from PLAL of Si plate in TBS, and the relative range of size distribution (in the inset)
showing the mean diameter of ~ 8 nm and ~ 15.1 nm. (B) EDX analysis of SiNPs.

The broad range of size distribution, between ~8 nm and ~ 15.1 nm (insert Figure 4),
obtained in PLAL in TBS was due to ions present in the buffer, which exceeding 6 mM

NaCl, led to the attractive between nanoparticles then at their aggregation [Chewchinda
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et al., 2016]. The consistent presence of oxygen (O) shown in EDX analysis
presupposed that the SiNPs performed could be found as amorphous silica (SiOx)
(figure 4 B). It was probable because when the temperature is high (above 1050 °C),
silicon was brought at the full oxidation [Ulusoy Ghobadi et al., 2016]. Indeed, the
temperature in the silicon bulk reached the same temperature during the PLAL,
therefore, the oxidation occurred when formed SiNPs and water/ions entered in contact,
leading at the formation of the observed amorphous SiOx, as also demonstrated
Intartaglia et al. [2012]. Despite the high temperature generated during the process,
phage maintained its structure. Indeed, the phage degradation occurs at 1.34x10° J/mol
[Brigati and Petrenko, 2005], therefore, most of the phage population complexed with
SiNPs maintains intact its structure as shown in SEM image (Figure 5). The obtained
complexes CLL1 and SiNPs clearly show the arrangement of the SiNPs on the capsid

proteins of the phage filaments.
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Figure 5. PLAL of Si in TBS with CLL1 phage. (A) SEM image obtained at 3.00 kV shows phage-
SiNPS obtained from PLAL of Si plate in TBS with CLL1. SiNPs clearly cover the surfaces of the CLL1.
(B) EDX analysis of phage—SiNPs.

The phage appeared decorated of SiNPs probable due to both the electrostatic
interaction between charges of SiNPs’ surface and pVIII coat protein of phage, and by

the ions present in TBS buffer, which formed salt bridges between SiNP and phages
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[Coen et al., 2001]. Moreover, EDX analysis confirmed the bond between SiNPs and
CLL1 phage, for the presence of nitrogen (N), atomic species typical relate to the
protein presented on the phage surface. The successive, Ultraviolet (UV)-visible
absorption spectra of SiNPs (black line) and phage—SiNPs (red line), also, revealed the
presence of centered peak at 550 nm, ascribable to the silicon for both the spectra;
moreover, another peak, around 269 nm presented by SiNP—phage spectra, was
attributed to aromatic residues of phage (Figure 6A) [Schmid, 2005]. CLL1 phage
appeared as a template where the SiNPs could be stratified. The SiNPs on the phage
surface were aggregates (around 50 nm) or as single particles of few nm (~8 and ~ 15.1
nm likewise the values obtained in the insert Figure 6A). Photoluminescence (PL)
spectrum showed different peaks of less intensity at 438,454, 485, 495 nm and an
intense band around 465 nm (Figure 6B) and, confirming the presence of the different
size of the SiNPs and different states of SiOx as reported from Ulusoy Ghobadi et al.
[2016]. The PL values were indicative of yellow-green light emission of the SiNPs due

to the size and different oxidation state (SiOx).
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Figure 6. UV-vis and PL spectra. (A) The UV-Vis absorption spectra of SiNPs (black line), SiNPs—
phage (red line) obtained by PLAL on a Si plate in TBS with and without phage. (B) The PL spectrum of
phage—SiNPs.

After the characterization of the CLL1-SiNPs complexes, Leukemia-PBMCs cells were
incubated with SiNPs alone, and with CLL1-SiNPs complexes to evaluate ability and

specificity of the complexes to bind targets. After reaction, the bright fluorescence on
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the Leukemia-PBMCs indicated that CLL1-SiNPs was able to effectively bind the cells
target, thanks to CLL1 phages, and due to the presence of SiNPs yellow-green
fluorescent cover the PBMCs (Figure 7A). This did not happen with SiNPs alone
(Figure 7 B). Moreover, from these data, it can deduce, also, that the CLL1 complexed

with SiNPs maintained the ability to recognize the cells target.

Figure 7. Leukemia-PBMCs after reaction with and without CLL1-SiNPs. (A) The yellow-green
fluorescence due to the CLL1-SiNPs complexes on the leukemia-PBMC cells confirmed the interaction
by fluorescent microscopy. In particular, phage—SiNPs was able to effectively bind the cellular target,
thanks to CLL1 phage, in addition, due to the presence of SiNPs a yellow-green fluorescence is observed
on PBMC cells. (B) Never fluorescence was observed in the leukemia-PBMC after reaction with SiNPs
alone.

4.2.2 FITC-labelled phage

The use of the chemical- fluorochrome had permitted to obtain another phage-
fluorescent complex. In this case, FITC was used to label CLL1. Between the
advantages in the use of labelled phage there are the lung time stability and resistant to
temperature, pH, organic solvents, but also, in this context, the possibility to bring on
the cells target more than one fluorescent molecule, acting as amplifier. Indeed, 2/3
molecules of FITC stained the phage coat in its amino-groups exposed in the N-teminal
of pVIII major coat protein, as demonstrated by Jaye et al [2004].

The CLL1 maintained the ability to recognize the target after conjugation with FITC, as
was showed in the interaction CLL1-FITC with leukemic-PBMCs by fluorescence

microscopy (Figure 8A). Moreover, the specificity of recognition was observed
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comparing the fluorescence on the leukemic-PBMCs due to the CLL1 with pC89 wild-
type vector (phage without the specific peptide). The bright green fluorescent, due to the

FITC, stained only the leukemic-PBMCs placed in reaction with CLL1 (Figure 8B).

Figure 8. PBMC targeting by FITC-labelled CLL1 (A), compared to pC89 wild-type (phage
without specific peptide) (B) (magnification 40x). Microscopy observations revealed bright green
fluorescent stained leukemic PBMC cells due to CLL-1 FITC-labelled. On the contrary, only background
fluorescence was observed in leukemic PBMC by using FITC-labelled pC89 (insert-less phagemid),
confirming leukemic PBMC specificity by E.L.I.S.A. test of the peptide expressed by CLL-1. (C)
Specific localization of FITC-labelled CLL-1in leukemic PBMC subcellular sites (magnification 63x).

In some cells that had reacted with CLL1-FITC, green fluorescence seemed localized in
subcellular sites (Figure 8C) according to bioinformatics results, and as descripted from
Chang et al. about the distribution of tankyrase 1 in multiple subcellular sites [Chang et
al., 2005]. However further studies should be carried out to confirm the hypothesis of

interaction between the tankyrase 1 and CLL-1.

4.3 Single Drop Biosensor based on FITC-labelled phage for
fluorescent imaging

Therefore, Single Drop Biosensor based on phage-labelled as probes to directly detect
leukaemia cells in blood from patients affected by chronic lymphocytic leukaemia

(CLL) has been performed. The schematized design of system is described in Figure 9.
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Figure 8: Single Drop Biosensor Based on phage-labeled probes to detect leukemia cells in blood from
patient affected by CLL.

Ex-vivo diagnosis of whole blood from patients affected by CLL was placed to reach
with CLL1-labeled-FITC. The time-lapse performed at 30’, 1 h and 2 h incubation
times, showed that the complexes were not influenced by the presence of other blood
elements (erythrocytes, thrombocytes and other elements of leukocytes), then maintain

the ability to recognition the cells target, already after 30’ (Figure 9).

Figure 9. Time-lapse of whole blood from CLL patients in reaction with CLL1-labeled-FITC. Light
phase contrast (a, b and ¢) and fluorescence (d, e and f) of blood blood from patient affected by CLL in
reaction with CLL1- labelled FITC in at 30’ (a and d), 1 h (b and e) and 2 h (¢ and f) incubation times
(magnification 20x). The bring fluorescence due to FITC was present only in Leukaemia-PBMCs cell,
target of CLL1.
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Detection of circulating cancer cells in the blood is very useful in order not only to
characterize leukaemia typologies but also for the monitoring of therapy, the control of
treatment efficacy and, after the therapy, the detection of the minimal residual disease.
The “proofs of concept” proposed demonstrated good selectivity and high reliability for
measurements in real-time of blood samples, which may find potential applications in

chronic lymphocytic leukaemia control.

4.4 Fluorescent probes from phage display for myeloma molecular
mapping

Same approach and experimental design are used to select three other phage clones,
named CLL-IV, EIII-14 and EIII-10, have been found for their ability to
bind/discriminate myeloma cells from non-myeloma cell, discriminated for the cluster
differentiation CD45, CD38 and CD138. This approach validates use of Phage Display
for an antigenic mapping of cells from hematological neoplasm.

CLL-1V phage clone displays a foreign peptide with the amino acid sequences
RRANNPSPQ. By Blast-p analysis, we deduced a significant alignment with chains A
and B of several proteins, including the Thrombospondin (TSP) type 1. Particularly, we
found that the amino acid motif NNPSPQ of foreign peptide align in two different
protein portions (regions 30-35 and 87-92) with a degree of identity of 83%, namely 5/6

amino acids (Figure 10)

CLL-TV jﬂ ————————————————————————————————————————————
TSE-1 PCEGEARETKACKKDACPENGGRCPHS
>
D oo T Moo Mo o Moo T
Sk kkk kR
CLL-IV - ili
TSP-1 FG'PC'G-C-CP.GGlGP.P-C-CGGGu ccRpcicDirENalcNRoDC
£ >
4 i L L a a m 1

Figﬁre 10. Alignmént of foreign peptide displayed by CLL-IV phage clone with several regions of
TSP-1 by using CLUSTALX 2.1. Dashes indicate gaps used to maximize the alignment.
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Expression levels of TSP type 1 and 2, along with high levels of CD47, have been
found in plasma cells cultures from bone marrow of MM patients compared to healthy
subjects [Rendtlew Danielsen et al., 2007]. At this purpose, it has been hypothesized
that CD47 and TSP-1 and -2 are involved in the progression from Monoclonal
Gammopathy of Undetermined Significance (MGUS) to Myeloma Multiple (MM) and
subsequently in interaction of MM plasma cells with the microenvironment [Rendtlew
Danielsen et al., 2007]. By including the Blast-p analysis to insertion amino acids,
namely EF (N-terminus) and D (C-terminus), a significant alignment to integrin aXp2
(regions 186-93) were deduced for the amino acid motif EFRRANNP of foreign peptide

with a degree of identity of 75%, namely 6/8 amino acids (Figure 11)

CLL-IV
Integrin

Figure 11. Alignmént of foreign peptide, including insertion amino acids, displayed by CLL-IV
phage clone with integrin aXp2 by using CLUSTALX 2.1. Dashes indicate gaps used to maximize the
alignment.

B2-integrins are trans-membrane receptors involved in the biology of many human
pathologies. Specifically, integrin aXp2 seems to be involved, as well as also aMp2, in
phagocytosis, migration and cellular adherence during inflammation and antimicrobial
responses [Jawhara et al., 2017]. It’s known that integrins aDB2, aMB2 and aXB2 also
show interaction with ICAM-1, making them possible alternative binding partners that
tumor cells could make use of to accomplish adhesion [Humphries et al., 2006].
Moreover, aXfB2 is most expressed on tumor-infiltrating dendritic cells that mediate an
anti-tumor immune response [Harjunpii et al., 2019; Leone et al., 2017].

These findings could be directed to other types of tumors, in addition to what has been

described for myeloma plasma cells [Wang et al., 2015].
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About EIII-14, phage clone displays a peptide with the amino acids sequences
RRYTHPNNS. By Blast-p analysis, we deduced that the foreign peptide shows a
significant alignment with the inhibitor of nuclear factor kappa-B kinase subunit beta
(IKK-B, or more commonly IKK2). Particularly, we found that the amino acid motif
RRYTHPN of foreign peptide align with a protein portions of both A and B chains
(region 66-72 for chain A and 72-78 chain B) with a degree of identity of 86%, namely

6/7 amino acids (Figure 12)

*k kkkk *

EIII-14
TRK2 ChainA

EIII-14
IRR2_ChainB

Figure 12. Alignment of foreign peptide, including insertion amino acids, displayed by EIII-14
phage clone with chain A and B of IKK2 by using CLUSTALX 2.1. Dashes indicate gaps used to
maximize the alignment.

This enzymatic complex regulates the activity of the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) by phosphorylation of IkBa (inhibitor of kappa
B) [Karin, 1998; Frelin et al., 2005]. Deregulated activity of NF-kB has been implicated
in the pathogenesis of multiple myeloma, promoting proliferation, survival and drug-
resistance of myeloma cells [Mazzera et al., 2013; Roy et al., 2018].

In our case study, experimental data of fluorescent imaging show that both CLL-IV and
EIII-14 phage clones were able to bind CD45-/38+/138+ plasma cells, as indicated by

the presence of green fluorescence, but not CD45+/38+/138- (Figure 13).
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CD45-/CD38+/CD138+ (Myeloma cell) CD45+/CD38+/CD138- (Non-myeloma celly

++ -

Figure 13. CD45-/38+/138+ and CD45+/38+/138- targeting by FITC-labelled CLL-IV and EIII-14
phage clones (green) and staining by DAPI (blue). Magnification 100x

CLL-IV phage clone

EIII-14 phage clone

By the comparison with the non-specific marking of the nucleus from the DAPI
coloring, we observed that FITC-labeled phage was homogeneously distributed on the
whole cell surface for CLL-IV phage clone and specifically localized in subcellular
sites, identified as nuclear, for EIII-14 phage clone (Figure 13). These findings are in
according with deductions from the Blast-p analysis that would assume a selectively
recognition of foreign peptides displayed by phage clones in different sub-cellular sites
of CD45-/38+/138+ plasma cells and not present in the other plasma cells tested.

Regarding EIII-10 phage clone, displayed peptide has the amino acid sequence
KKAHPGGSP. By Blast-p analysis, we deduced that the foreign peptide shows a
significant alignment with the chain A of Netrin-1. Particularly, we found that the
amino acid motif KKAHP of foreign peptide aligns with the protein regions 62-66 of

Netrin-1 with a degree of identity of 100%, namely 5/5 amino acids (Figure 14).

*kkkk * *

EITI-10

*

P G P
Netrin-1 [SENCEERUNSCHNCNASH? PP-P-C_P_GK_CIPIP.
£ >

Figure 14. Alignment of foreign peptide displayed by EIII-10 phage clone with Netrin-1 by using
CLUSTALX 2.1. Dashes indicate gaps used to maximize the alignment.
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Netrin-1 receptor is involved in the osteoblast/osteoclast differentiation and tumor
suppression by preventions of cell growth [Sato et al., 2017; Nagoshi et al., 2015].
Although loser o decrease of expression of gene encoding a netrin-1 receptor has been
associated to progression of solid tumor and hematologic malignancies, its role in MM
is still unknown. However, it has been supposed an involvement in the MM refractory
patient as consequence of the modulation of osteoclast activity [Mediero et al., 2015].
Experimental data of fluorescent imaging for EIII-10 phage clone shows a reversal of
the recognition trend with respect to what has been described for the other two phage
clones (Figure 15).

CD45-/CD38+/CD138+ (Myeloma cell) CD45+/CD38+/CD138- (Non-myeloma cell)

EIII-10 phage clone

- ++
Figure 15. CD45-/38+/138+ and CD45+/38+/138- targeting by FITC-labelled phage clone (green)
and staining by DAPI (blue). Magnification 100x.

The recognition of plasma cells by EIII-10 phage clone would seem to follow the
expression alterations of Netrin-1 and its associated receptors, generally reduced in the
presence of neoplastic conditions.

By described approach, three different phage peptides have been identified for their
ability to bind/discriminate myeloma cells from non—myeloma cell, discriminated for
the cluster differentiation CD45, CD38 and CD138. The phage peptides displayed by
phage clones named CLL-IV and EIII-14, showed fluorescence positivity to myeloma
cells CD45-/CD38+/CD138+, while that by EIII-10 phage clone showed fluorescence

positivity toward non-myeloma cells CD45+/CD38+/CD138-.
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Based on these findings, it was possible to construct a simplified phage array for the

distinction of myeloma cells from non-myeloma cells.

Blastp Myeloma Non-myeloma (CCllll)s)ter of differentiation
Phage Clone Structural homology cell cell CD45 CD38 CD138
TSP type 1; Integrin i i :
CLL-1V aXp2 ++ +/ +
EIII-10 Netrin-1; pp-GalNAc - ++ + +/- -
EIlI-14 IxB kinase +/++ +/- +/- +/- +

Table 1. Simplified phage array for myeloma/non myeloma discrimination

Preliminary results from the three phage clones, labeled with a fluorescent dye, had

allowed to discriminate the two different types of plasma cells.
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ES. Experimental Section

ES.1 ‘“Promiscuous selection” against PBMCs from CLL patients

The M13 pVIII-9aa phage library was used in the selection against whole peripheral blood
mononuclear cells (PBMC) provided by from Messina University Hospital. Firstly, the 10"
phage library was subtracted by pretreatment with 2x10° cells PBMCs from healthy patients,
then it was used to the selection protocol-binding phage clones for four rounds of affinity
selection against 2x10° cells PBMCs from two patients affected by chronic lymphocytic
leukemia (CLL), two for each one, according to our previous work [Lentini et al., 2015; De
Plano et al., 2018, Franco et al., 2018]. The most reactive phage clones showing a specific
leukemic PBMCs binding were amplified and their DNA was sequenced to determine the amino
acid sequences of the displayed peptides (like describe previous chapter 2). Sequence similarity
searching was carried out by BLAST, an algorithm for comparing primary biological sequence
information, then sequences were treated with Epitope-Mediated Antigen Prediction (E-MAP)
tools to predict epitopes.

The same selection protocol, described above, has been used against model cell lines of
leukemia and myeloma and applied for the discovery of the phage clones with ability to
bind/discriminate myeloma cells from non—myeloma cell.

ES.2 Phage labelling with FITC

Phage labelling with FITC was carried out according to the procedure described by Herman et
al [2007] and adapted to experimental condition of the present study. 1x10" phage clones were
resuspended in 200 pL Buffer Na,CO;/NaHCO; (pH 9.2) with 5 pL of fluorescein
isothiocyanate (FITC, Smg/mL). Clones were incubated for 2 h in the dark on rotator (8 rpm) at
Room Temperature (RT) to allow reaction with fluorochrome. Sample was incubated at 4 °C
overnight with 200 uLL of PEG/NaCl and then centrifuged at 15300 xg at 4 °C for 1 h. The
supernatant was discarded, and the pellet resuspended in 100 uL of Tris Buffered Saline [TBS,
(7.88 gr/L Tris-HCI, 8.77 gr/LL NaCl)]. Labelled clones were stored in the dark at 4 °C until
utilization.

ES.3 Sample Preparation for fluorescence imaging

100 uL of 2x10° cells were incubated with 25 uL FITC-labelled phage clone stocks solution
(titer 10" PFU/mL, cell/phage ratio 1:5000) for 2 h at 37 °C. After incubation, cells were
washed three times with Phosphate-buffered saline (PBS) to remove excess unbinding phage
and then put on glass slides. Wild-type vector pC89 (phage without foreign peptide) served as
negative control for evaluation of background from nonspecific binding. The samples were
analysed by fluorescence microscope (Leica DMRE).

ES.4 One-step synthesis of phage—SiNP Bioconjugates

Phage—SiNP bioconjugates were prepared by pulsed laser ablation in liquid (PLAL) of a high-
purity (99.99%) monocrystalline silicon plate immersed in a glass vessel filled with 2.5 mL of
phage suspension in TBS at the concentration 8x10'"' PFU/mL. The ablation process was
performed using the second harmonic (532 nm) of a neodymium-doped yttrium—aluminum—
garnet (Nd:YAG) laser (model New Wave Mod. Tempest 300), operating at 10 Hz repetition
rate with a pulse width of 5 ns [Fazio et al., 2013]. The silicon target was irradiated at the laser
fluence of 7.5 J cm™ and for an ablation time of 30’. Contextually, an ablation with the same
parameters was performed on a silicon target immersed in TBS, as a control sample. To separate
the networks were purified by centrifugation at 20800 xg for 30’. The complex was
resuspended in 100 pL. of TBS and stored at 4 °C until utilization.
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ES.5 SiNPs and the phage-SiNP conjugates Samples characterization

The UV—-Vis absorption response of the SiNPs and the phage—SiNP conjugates was investigated
immediately after the ablation process by means of a Perkin-Elmer Lambda 750 UV-Vis
spectrometer in the 190-1100 nm range. Photoluminescence (PL) measurements were
performed at room temperature by means of a Horiba Jobin Yvon spectrometer (Fluoromax-4)
arranged in T-shaped geometry with excitation energy of 3.1 eV (400 nm). The spectra of the
prepared colloidal solutions were recorded, using quartz cells with a 10 mm optical path length.
Morphology of samples was investigated by a scanning electron microscopy (SEM), a scanning
electron microscopy operating in transmission mode (STEM) and energy-dispersive X-ray
analysis (EDX) was carried out using a Quantax EDX spectrometer. Analyses were performed
by a ZEISSMerlin with Gemini II column field emission scanning electron microscope,
operating at 30 kV in STEM configuration, equipped with multi-scan CCD camera for digital
imaging. To carry out STEM measurements, few drops of each solution were casted on carbon-
coated copper grids. The particles size distribution was determined by STEM using image
analysis software. The Z-potential was analysed using a Horiba Nano Particle Analyzer SZ-100
(range 0.3 nm-8 pum). phage—SiNPs from the unbounded phage and free SiNPs, network was
purified at 20800 xg for 30’. The complex was stored a 4 °C after suspension in 100 uL of
TBS.
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CHAPTER 5
Novel paradigm of programmed, self-navigating phage
particles — from in vitro to in vivo

This study was performed under the guidance of Professor Valery A. Petrenko in the Phage Display

Laboratory at the College of Veterinary Medicine, Auburn University, Alabama, USA.

Cancer is one of the major causes of death in the World, as described in the previous
chapter. Tumor heterogeneity associated with a poor delivery performance of actively
targeted nanomedicines, which increased tissue accumulation by only 0.7% of the ID, is
a recognized problem, debilitating clinical performance of targeted anti-cancer
nanomedicines. Low efficacy in controlling tumor growth by traditional tools, requires
novel nanotechnology strategies to increase the success of treatments such as reduction
of off-target cytotoxicity, improved pharmacokinetic profiles to increase drug exposure,
active targeting to delivery drugs specifically to the site of disease, etc. Due to these
limitations, a new concept for the analysis of phage-peptides was suggested based on
the theory of “elementary binding units”. Biological processes often involve many
interactions between proteins and/or other molecules mediated by amino acids. Several
studies have revealed that “Core motifs” (CorMs), composed of three-four amino-acids,
play a major role during initial protein interactions in many cellular processes encoding
the majority of affinity and specificity of binding [Khazanov and Carlson, 2013;
Mészaros et al., 2009; Kinjo and Nakamura, 2012; Davey et al., 2012]. They are
initiators in the formation of short linear motifs (SLiMs), which control dynamic
networks of activities through reversible interactions with several proteins due to the
naturally low affinity of these interactions. This characteristic of SLiMs allowed us to
propose them as potential programming modules for development of self-navigating

molecules. Recently, the rapid expansion and interest in studying SLiMs, has led to
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establishment of collections of discovered SLiMs in the eukaryotic linear motif (ELM)

server that helps reveal new candidate SLiMs in protein sequences.

In this chapter, we describe a new algorithm for analysis of phage peptides populations

based on the concept that longer peptides evolve through the accumulation of multiple

elementary binding units (EBUs) with increasing biological function/fitness:

Phage peptides, obtained through screening of f8/8 and f8/9 landscape phage
libraries against MDA-MB-231 human breast cancer cells in vitro, were
analyzed using publically available bioinformatics tools and databases for the
discovery of peptides enriched with previously identified SLiM domains.
Several motifs, containing multiple CorMs, were identified within the same
peptide to form more biologically active SLiMs. We validated the ability of
candidate phage particles to move, or “migrate”, inside of the target cells using
confocal microscopy.

Next, we performed an in vivo evaluation of the tissue distribution of the
landscape phage library f8/9 in a nude mouse xenograft model of the human
breast cancer cell line, MDA-MB-231. Phage DNA previously extracted from
mouse tissues and tumor samples permitted us to evaluate the pharmacokinetics
of phage tissue distribution by quantification of phage genomes using qPCR and
subsequently identify the displayed peptide sequences using Next Generation
Sequencing (NGS). Preliminary data of phage-displayed peptides indicate that
phages were identified that home specifically to the tumor or other tissues.
These peptide structures will be analyzed, as in our in vitro study and by novel
approaches to find “self-navigating phage particles programmed” for specific

and selective migration to each tissue.
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5.1 Discovery and analysis of CorMs and SLiMs enriched following in
vitro selection of phage-displayed peptides

Previously, the multibillion clone landscape phage libraries f8/8 and f8/9 were screened
against the human metastatic breast cancer cell line MDA-MB-231 in vitro to isolate
phage peptides with high selectivity. The human metastatic breast cancer cells MDA-
MB-231, are an ideal model for this study, because they demonstrate triple negative
(ER’, PR, and HER2), highly aggressive phenotype and poor clinical prognosis
[Cailleau et al., 1974]. After depletion of the naive library against plastic, serum and
phenotypically normal breast epithelial cells [Gross et al., 2016; Fagbohun et al., 2012;
Gillespie et al., 2015; 2016] the library was used for positive selection of clones.
Following the final round of selection, hundreds of phage clones from the eluate and
lysate fractions were randomly chosen to determine the peptide primary structure by
Sanger sequencing. Results from a phage capture assay were used to evaluate both
specificity of selected phages (in comparison with non-related phage, VPEGAFSS, and
their selectivity towards target cancer cells in comparison with other breast cancer cell
lines [Petrenko et al., 2019]. Using the Multiple EM Motif Elicitation (MEME)
program, in MEME suite tools, in silico analysis was performed to reveal linear, non-
gaped, trimer CorMs found within the selected peptides (Table 1). The structural
origins of SLiMs behavior were deduced by identification of interactions with
corresponding protein domains on/in cancer cells using the Eukaryotic Linear Motif

(ELM) resource [Gouw, et al., 2018](Table 1).

Partner Domain Function CorM SIiM® Phage
[Location]

LCineractng egion ST AR pysyr  apHARYSTL

A Atgs’ Atg8 ubiquitylated ~ DYD DFSTP DFSTPESWD

£ ;r(;?;;sy EYG. GES DYDMI VDYDMIGDQ

[membrane] VNA, SVN GESVNA  AEYGESVNA

B PDZ [mlt:lrlrtl?)l;:r?eg yasr:éi:z?ed 5‘1\{& ggg YNA AEYGESVNA
e 9

complexes] SVD QSSVDA GDYQSSVDA
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Mediate assembly of

. . . VDV DYVDV DYVDVSIND
C W:))f“gv%"l?sam h‘“"gzg‘ﬁiﬁat‘o“ SVD QSSVDA  GDYQSSVDA
[nugleus] PPT, APE PTAP DFPPTAPED
D MO Sorting and LLN,LNE  DTIALL  DDTIALLNE
protein internalization signal LLN, LNE ELEHLLN EELEHLLNE
Expression of specific
E nuclear genes, development,  py  § N ELEHLLN EELEHLLNE
receptors homeostasis, and
metabolism
Nucleus, ESCRT-I
F LEV complex® PDIIj,}) ’ ill;l];’ PPTAPE DFPPTAPED
[cytosol] ’
Signal transduction, PDIIj,l; ’ illzl;’
G SH3 traffic, cytoskeleton and DSF’ FVN DFPPTAP DFPPTAPED
organelle organization VN A’ ’ DSFVNAP DSFVNAPED
[cytosol]
. Proteins directing traffic
H m:;g;g?lt within the endosomal DYD DYDMI ggl‘E{\l()ll\}/Il\}I(\;’gQD
Protein AP and VND YNMV
the secretory pathways
. . DFPPTAP
I MYND zinc gene regulation, cancers DSFVNAP PPLEP GPPLEPGQ
deubiquitinating protease
J MATH® USP7¢; substrate DSY PLDSY GTGPLDSYD
recognition, nuclear DDS, DSY PDDSY VHPDDSYSD
localization
BIRf motifin  involved in regulation of DAD, DPS
k IAP® Proteins apoptosis DADPS VPSYDADPS

Table 1. Target domains identified from selected phages. * Short Linear Motifs (SLiMs) discovered
using the Eukaryotic Linear Motif (ELM) resource (Gouw, et al., 2018); "Atg8 - Autophagy-related
protein; ‘USP7 - ubiquitin specific protease 7; “MATH - Meprin And TRAF-Homology (MATH) domain;
“IAP - Inhibitor of Apoptosis Proteins; ‘BIR - Baculovirus Inhibitor of apoptosis protein Repeat

For example, the phage clone displaying the DSFVNAPE peptide, exhibited the greatest
selectivity toward MDA-MB-231 (~10-fold in comparison with normal breast epithelial
cells) [Petrenko et al., 2019], revealed the combination of five CorMs (DSF, FVN,
VNA, APE, PED), which evolved into two functional SLiMs (DSFVNAP and
VNAPEDP). These in turn, were responsible for interaction of the fusion peptide with a
SRC Homology 3 (SH3) domain [Teyra et al., 2017; Saksela and Permi, 2012]. SH3
domains are present in all eukaryotes cells and are restricted to intracellular proteins
involved in regulation of cellular signaling pathways, substrate recognition and
membrane localization [Kurochkina and Guha]. Based on these predictions, phage

DSFVNAPE may be found either extracellularly and/or intracellularly. In fact,
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DSFVNAPE phages were found internalized in MDA-MB-231 cells after 1 h and
demonstrated perinuclear localization as round, green spots (Figure 1A), as visualized

by confocal florescent microscopy.

Figure 1: Immunofluorescence analysis of phages towards breast cancer cells in vifro. Phage
particles (~10' virions) displaying the breast cancer cell-specific (A) DSFVNAPE peptide or (C)
DRDDSFMND peptide; or (B) VPEGAFSS peptide, an unrelated peptide structure were incubated with
MDA-MB-231 breast cancer cells for 1 h and visualized at 60X magnification using confocal microscopy.
(D) Phage displaying the DSFVNAPE peptide was incubated with MCF-10A cells for 1 h as a negative
control for specificity. Phages were revealed using a rabbit anti-fd IgG primary antibody and an
AlexaFluor® 488-conjugated goat anti-rabbit IgG secondary antibody (green), actin was identified using
AlexaFluor® 546-labeled phalloidin (red) and nuclei were identified by DAPI staining (blue).
DSFVNAPE and DRDDSFMND phages were found internalized as green round spots. Phages bearing,
VPEGAFSS, were not found interacting with the cells under the same conditions. Finally DSFVNAPE
phages were not found interacting with the phenotypically normal breast epithelial cell line, MFC-10A,
under the same conditions.

Moreover, four other phage clones isolated from the f8/9 landscape phage library:
ELHSDQAWD, DRDDSFMND, DVETHHIND and DYVDVSIND, demonstrated a
selectivity of 14-fold, 20-fold, 26-fold, and 18-fold for MDA-MB-231 cells compared
to MCF-10A cells, respectively. We identified one potential CorM (DQA) from phage
ELHSDQAWD and no enrichment for any SLiMs; four CorMs (DRD, RDD, DDS,
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DSF) and one SLiM (RDDSFMN) for DRDDSFMND; two CorMs (DVE, IND) and
one SLiM (VETHHIN) for DVETHHIND; and two CorMs (VDV, IND) and one SLiM
(DYVDV) enriched in the DYVDVSIND peptide. Potential target binding domains for
these SLiMs are summarized in Table 1. In particular the SLiM RDDSFMN identified
in the peptide DRDDSFMND, hypothesized to interact with a polo-box domain (PBD)
found in Polo-like kinase 1 (Plk-1) and Polo-like kinase 4 (Plk-4), may be involved in
controlling division of eukaryotic cells through the regulation of cell cycle,
chromosome segregation and cytokinesis [Lee et al., 2014]. As expected, this phage was
found dispersed throughout the cytoplasm environment of the cancer cells (Figure 1C).
Usually, aberrant expression of Plk-1 is associated with development of many types of
cancer including breast cancers [Kumar et al., 2016]. Consequently, selective inhibition
of Plk-1 has been suggested as a potential therapeutic target for development of future
chemotherapies [Lee et al., 2014].

This new algorithm permits us to find smart phage proteins that could be used in the
new vision of “programmed, self-navigating phage particles”- peptide-bearing phages

that can migrate from target-specific cell surface molecules to intracellular antigens.

5.2 Biodistribution of f8/9 landscape phage library in a nude mouse
xenograft model of human triple negative breast cancer

There are many reports describing peptides able to recognize a range of different human
antigens, including cell surface-expressed tumor antigens, thanks to selection against
purified antigens or whole tumor cells using phage display libraries in vitro. However,
clinical application of these tumor-specific peptides depends on their ability to
specifically target the tumor in vivo, which in many cases, does not match with in vitro
data. Consequently, in vivo phage display emerged as an important technique that

allows identification of peptides that recognize biologically relevant in vivo tumor
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targets. For successful application of in vivo selection for the isolation of tumor-specific
peptides, a basic understanding of the pharmacokinetics of phage display landscape
libraries is required. For this, the first step for in vivo characterization of the f8/9
landscape library was the study of phage biodistribution. Previously, female athymic
(NCR nu/nu) mice, with (tumor mouse) or without (healthy mouse) a small tumor
fragment of MDA-MB-231 human breast cancer xenograft implanted in the rear flank,
were injected intravenously with different doses of phage library; a high dose (ID
~4%10"° phages) and a medium dose (ID dose ~4x10° phages) were administered in 0.2
mL of physiological solution. Libraries were allowed to circulate for 1 h or 24 h before
mice were sacrificed. In all cases, blood was collected prior to perfusion with saline
solution for isolation of serum. Following perfusion, tissue samples including brain,
heart, liver, spleen, kidneys, lungs, pancreas and tumor were collected and stored at -80
°C. Tissue fragments of approximately 100 mg were homogenized and total DNA
extracted. Phage DNA and mammalian genomic DNA were quantified distinctly using
amplicon-specific qPCRs.

Consequently, the accumulation of landscape phage library in each organ of the
mice was measured to determine its biodistribution in vivo (Figure 2 and 3). The
quantity of the phages determined by titering in bacteria (not shown) was 10-100 times
lower than measured by qPCR in each sample, in accordance with the literature [Dias-
Neto et al., 2009]. As expected, following injection of phage libraries with medium ID,
the amount of collected phage particles was lower by ~10-100X then observed when

mice were injected with higher IDs in all conditions studied (Figure 2 and 3).
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Figure 2: Quantification of phages in tissues of healthy mice. The graphic shows the data obtained in
the tissues of healthy mice when high (A) or medium (B) doses of f8/9 phage library were injected and
left to circulate for 1 h or 24 h. Standard deviations were obtained from technical replicas of the tested
samples.
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Figure 3: Quantification of phages in tissues of mice with inducted tumor. The graphic shows the
data obtained in the tissue of mice with inducted tumor when high (A) or medium (B) doses of £8/9 phage
library were injected and left to circulate for 1h or 24h. Standard deviations were obtained from technical
replicas of the tested samples.

To determine the quantity of the phage able to home and persist within the
tissues, we determined phage accumulation amid different times of incubation: 1h or
24h. It was found that at the high concentration of the phage library, after 1h, all tissues
bind “saturating” amounts of virions, that decreases ~10 times after 24 h incubation
(Fig.2A). Surprisingly, at the medium ID in healthy mice the accumulation of phage in
some tissues is higher after 24h library circulation, than after 1h (Figure 2B). A similar

pattern was observed in mice with induced tumors for the brain, kidney and tumor mass
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(Figure 3B). However, we noticed that the quantity of collected phages in the tumor
mass are similar amid 1h and 24 h time points, highlighting the probably that phages at
the medium concentration, saturate the binding sites in some tissues (brain, heart) not as
fast as at high concentration, and reach the maximum past 1 hour treatment.
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Figure 4. Comparison phage quantity found in tissues of healthy and tumor mice after injection of
high ID of f8/9 phage library after 1h (A) or 24h (B) of circulation time. Standard deviation is
obtained from technical replicas of the tested samples.
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Figure 5. Comparison phage quantity found in tissues of healthy and tumor mice after injection of
medium ID of f8/9 phage library after 1h (A) or 24h (B) of circulation time. Standard deviations are
obtained from the technical replicas of the tested samples.

The total quantity of phage collected from the tumor-bearing mice are higher compared
to the phage quantity in healthy mice for each tissues following injection of the high
library dose (Figure 4). This suggests that the tumor mass may play an important role in
the uptake of the phage library at both time points (Figure 4). In particular, after 1h of
incubation, the amount of the phages collected in tissues from healthy mice were 1

logarithm higher compared with corresponding tissues from tumor-bearing mice in
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kidney, lung and pancreas, closer to the 1/2 logarithm higher for the other tissues
(Figure 4A). However, no significant difference in phage accumulation at 24h
incubation was observed in heart, kidney and lung, while in brain, liver, pancreas and
spleen the quantity of collected phages in healthy mice were higher compared with
corresponding tissues from mice with tumor (Figure 4B). At the medium ID (Figure 5),
effect of the tumor on the biodistribution of the phage library in mice after 1 h and 24 h
is rather inconsistent and requires more detailed study, using selected tissue specific
landscape phage clones.

Purified phage p8 amplicons obtained from brain, heart, liver, pancreas, kidney,
lung, spleen, serum and tumor after injection of high ID of the phage library with 1h
circulation were sent to the Massachusetts General Hospital (MGH) for Next
Generation Sequencing (NGS) to determine the amino acid sequences of peptides

enriched in each tissue (Figure 6).

Time Raw Corrected Total Unigue Unigqus Unigue Unigue

Sample Target Library (Mrs) Total Reads Tatal Nucleotide Mucleotide Peptides  Peptides
Feads Q>33 Tatal 0=33

1 Brain fa /a9 1 1,391,930 773,829 41,682 3.053 31,565 1,907

2 Heart fa/a 1 1,876,833 1,458 BOS 113528 17,568 85,991 12,238

3 Kidney  f3/9 1 1,882,594 1,500,643 116,547 12,300 80,357 8,488

4 Liver faja i 2,114,754 1,736,711 307 404 96,676 253,738 78,645

5 Lung fa/s 1 1,341,366 1,073,051 108,023 25,765 82,750 18,409

& Fancreas  f2/9 1 2,110,750 1,476,437 50616 1,707 42,319 930

) Spleen  f3/9 1 1,843,436 1,607 450 301,142 102,886 252,724 86,911

a Tumor  f3/9 1 1,277,600 1,048,030 113,256 22,516 86,617 15,836

9 Serum  f3/9 1 1,608,775 1,379,259 218 582 63,836 177,636 50,073

10 Tumor  f3/9 24 2,448 655 2,028,251 245213 52,008 153,553 38,305

Mverage 1,789,669 1,408,355 162 499 35,836 128,729 31174

Stdev.5 382,429 364,131 97,348 37.247 82,788 31,289

Tatal 17,896,693 14,083,550 1,624,553 398,355 | 1297290 311742

Figure 6. Summary of peptide populations by NGS. Summary of nucleotide sequences and amino acid
sequences derived from each tissue sample. Numbers show both unfiltered and filtered for quality score

(Q>33).

Following NGS and processing through the bioinformatics workflow, generated files
containing nucleotide structures, which were then translated in their corresponding

amino-acid sequence:
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- One file per sample contains a list of all unique peptide sequences in FASTA
file format not filtered for quality score. These files have been removed of
duplicate peptide sequences generated from different nucleotide coding
sequences and have been cleaned of sequences with bad translations; for
example, sequences containing a stop codon in the middle of the sequence.

- One file per sample contains a list of all unique peptide sequences in FASTA file
format which could be filtered for quality score (Q) > 33 for each base. The
quality score was evaluate considering a compromise between the accuracy of
the sequencing technique and the recovery of the most possible structurally
unique peptides for each sample. Low quality scores can lead to increased false-
positive variant calls, resulting in inaccurate conclusions. Bases scoring Q30 and
above are ideal for clinical research.

We next analyzed the occurrence of trimer motifs (sequences of three amino acids)
within each identified peptide sequence recovered from each tissue. Using these
occurrences, we prepared a hierarchically-clustered heatmap of trimers recovered from
each tissues from the high ID of library after 1 hour. Some motifs are very common
across all tissues and are non-selective for any particular tissues. However, several

clusters of motifs were unique or occurred more often in specific tissues (Figure 7).
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Figure 7: Heatmap of trimer motifs. Heatmap shows the occurrence of each amino acid trimer motif
sequenced within each tissue (from 1 hour mouse w/ MDA-MB-231 xenograft). The hierarchically-
clustered represent the trimers map into the tissues. In particular, each row represent a unique motif
(based on trimers) with a percent occurrence <0.0125% identified in overlapping with the total sequences
found in the tissue, in turn represented in column. The circles highlight clusters of motifs that were unique
or occurred more often in specific tissues.

Some tissues, like liver and spleen, have similar motif distributions as may be expected
for their non-selective processing of phages due to the biological flow and/or
degradation activity of these tissues. However, tissues such as kidney, brain, pancreas
and tumor contain populations with significant variation in motif distributions than
other tissues, suggesting selection of tissue-selective enrichment of peptide structures
has occurred. These preliminary data formed the basis for identification of peptide
sequences that selectively home to specific tissues, including a tumor xenograft of
human breast cancer cells. Identified sequences will be further analyzed using the
algorithm presented above (Chapter 5.1), in order to identify and/or create novel mosaic
proteins based on short Linear Motifs (SLiMs). These identified peptide structures
would allow a phage, or other nanomedicine delivery systems, to extravasate from the

local blood stream at the tumor site. By mimicking the mechanisms of neutrophil
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extravasation, phage clones could migrate through several molecular/cellular barriers
surrounding tumors, penetrate into the tumor mass and attack the diverse tumor cell
population.

The advantage of this novel paradigm of “self-navigating programmed phage particles”
could allow the rational design of multi-motif phage proteins able to target multiple
cellular receptors. Moreover, it is possible to hypothesize that mosaic phage proteins or
composed mosaic proteins from the association of CorMs and SLIMs, discovered
through migration selection, can be used as molecular programs for cancer cell-targeted,
tumor-targeted or tissue-targeted therapeutics. In order to develop novel tissue-specific
probes for targeted imaging, anti-cancer preparations, and medications for the precise
and personalized medicine, amplifying the potential of delivering drugs to a specific

point in the body.
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ES. Experimental Section

ES.1 Cells and cell culture

Human cell lines used in these studies were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA): MCF-10A (Phenotypically normal breast epithelial cells;
ATCC® CRL-10317™), and MDA-MB-231 (ATCC® HTB- 26™). All cells were maintained
as sub-confluent monolayers in 25-cm® polystyrene flasks in the respective complete growth
medium for each cell type, as recommended by ATCC, and grown in a water-jacketed incubator
at 37 °C with 5% CO,. A comparison of genome copy number and transcriptional profiles for
the cell lines with those measured for primary breast tumors is available from [Neve et al,
2006].

ES.2 Computational Analysis

The list of fusion peptides displayed on the phage proteins (peptide inserts) was converted into
FASTA files using Excel, and analyzed by MEME Suite (Motif-based sequence analysis tools
v.5.0.5 [Bailey et al, 2009]; http://meme-suite.org/) to discover non-degenerate, non-gapped, tri-
peptide motifs. The likely range of SLiMs, and Domain Motif Interactions (DMIs) they
mediate, were identified using the Eukaryotic Linear Motif (ELM) resource [Gouw et al., 2018],
http://elm.eu.org/. Biopanning Data Bank BDB [He et al., 2018],
http://immunet.cn/bdb/index.php, a manually curated, publicly accessible database of peptides,
selected from random phage display libraries, was used for identification of conserved structural
motifs within short peptides, and for their comparison to the latest released version of the
database. For prediction of protein functional activity, classifying peptides into families and
predicting domains and important sites, we used InterPro—a single searchable resource that
combines protein signatures from multiple databases [Mitchell et al., 2019],
http://www.ebi.ac.uk/interpro/. For annotation of functional attributes that can be assigned to a
genome, based on the presence of a defined set of protein family markers within that genome,
we used an annotation system “Genome properties (GP)” [Richardson et al., 2019],
https://www.ebi.ac.uk/interpro/genomeproperties/.

ES.3 Immunofluorescence Analysis of Phages

Individual representative phage clones, listed in paper Petrenko et al 2019, interacting with the
human MDA-MB-231 breast cancer cell line, were propagated and purified, as described
previously [Brigati et al., 2008], and verified for binding interactions in cell-association assays
[Jayanna et al., 2010; Fagbohun et al., 2012]. Interactions of isolated phage clones with MDA-
MB-231 breast cancer cells were analyzed as previously [Fagbohun et al., 2013]. Briefly, MDA-
MB-231 cells were seeded into 4-well chamber slides (~50,000 cells/well in L15 medium w/
10% FBS) and incubated in a 37 °C incubator with 5% CO, until cells were ~70% confluent.
Cells were washed 3 times with 1X PBS, pH 7.4 for 5 minutes at room temperature. Next, cells
were incubated with ~1.0x10" virions of an isolated phage clone in serum-free L15 culture
medium for 15 minutes or up to 24 hours at 37°C. Cells were washed with 1X PBS, pH 7.4 and
fixed with 4% paraformaldehyde in PBS for 15 minutes at room temperature. After an
additional 3 washes, cells were permeabilized with 0.1% Triton X-100 in PBS for 10 minutes at
room temperature and blocked with 1% BSA for 30 minutes at room temperature. Cells were
treated with a 1:1000 dilution of 3.3 mg/mL rabbit anti-fd bacteriophage antibodies [Smith et
al., 1998] in blocking buffer (1% BSA in 1X PBS, pH 7.4) for 1 hour at room temperature. Cells
were washed with 1X PBS and treated with a 1:500 dilution of AlexaFlour® 488 goat anti-
rabbit IgG and 0.022 uM AlexaFlour® 546 phalloidin for 1 hour at room temperature in the
dark. After washing, slides were cover slipped with VECTA shield mounting medium with
DAPI (Vector Laboratories). Slides were visualized with a Nikon A1 laser module coupled to a
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Nikon Eclipse C1 2000-E confocal microscope and z-stacks captured using the Nikon Elements
software package at 0.150 um/step with representative slices shown.

ES.4 PCR of phage-DNA extracted from mouse tissues

On hundred microliters of homogenized tissues samples were mixed with 1 mL of
DNAzol (Invitrogen). After thorough mixing, 500uL of 100% ethanol was added to
each sample to precipitate the DNA. After centrifugation at ~6,000xg for 5 minutes the
supernatant was removed, and the precipitated DNA washed twice with 800 uL of 75%
ethanol. Precipitated DNA was dissolved in 100 uL of 8 mM NaOH and neutralized
with 2.3 uL of 1 M HEPES (final solution pH ~7.2). Extracted DNA was quantified by
gPCR by QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific).

The sequencing primers reverse (5'- AATGACAACAACCATCGCCC -3’) and
forward (5°- CAAAGCCTCCGTAGCCGTTG -3’) were drawn to permit the
amplicons of 160 pb (able to work with fd derived phage clones).

The study of correlation necessitated the use of the UC33 primers to identify the
PTBP2 ultra-conserved gene in tissues, which translated for polypyrimidine tract
binding  protein, to quantify the cell DNA [ forward 5 -
AACTTGCCCCAATTAACCGC -3’ and reverse 5’-AGACTTTGGGGCGTAACCAT
— 3’]. Consequently, two standard curves were obtained using the known quantities of
phages DNA range (~1.0 — 10’ vir/uL), and MCF-7 gDNA range (0.00731 - 73.1
ng/uL) in DNase-free H,O. 2 uL of the DNA-template sample (cellular extracted DNA
or known phage suspension) was added to the PCR reaction tube, containing 20 puL of
the following qPCR mixture: 7 uL. DNase-free H,O; 10 uL. 1X PerfeCTa SYBR Green
FastMix (2x); 0.5 uL (250 nM (0.25 pmol/ uL)) forward; 0.5 pL. (250 nM (0.25 pmol/
uL)) reverse. The qPCR was performed by Quant Studio 3 machine under the following
cycling conditions: one cycle at 95 °C for 180" (x1); 40 cycles at 95 °C for 10’’, 60 °C
for 30°’; 72 °C for 5’ (x1); and 1 cycle at 72-95 °C for 10”". The qPCR products (4 uL)
were analyzed by agarose gel electrophoresis (1% wt/vol agarose, Sigma, Milan, Italy)
in 1x TBE buffer. Gel was stained with of 3X gel green dye, illuminated on a Dark
Reader, while DNA bands were visualized by a Kodak imaging system. qPCR products
were purified by Qiagen PCR Clean-up purification kit and eluted in DNase-free H,O.
Purified amplicons were sent to the Massachusetts General Hospital Next Generation
Sequencing (MGH NGS) core facility for massively parallel sequencing on an Illumina
MiSeq platform.

After the translation of the received nucleotide sequences in amino-acid
sequences, the calculation of the occurrence of each trimer motif (sequences of three
amino acids) in each sequences within each tissue was performed, using a custom
Python 3 script. Take each peptide sequences, of each tissue set, and count the number
of overlapping trimers into a Python dictionary, then calculate the percent occurrence of
each motif in the tissue as: ((motif count)/(total motif count)) x 100. Export the data
from each into a csv file containing the motif, motif count, and the motif percent
occurrence. Transform the percent occurrence data into a data frame with each row
representing each possible AA trimer and each column representing a tissue. Filter and
exclude each row (motif) with a percent occurrence <0.0125% (1/8,000 x 100, where
8,000 are the possible trimer combinations considering the combination of 20amino-
acid (AA) disposed at 3AA) in all rows. Using the cluster map function from the sea
born library (v0.9.0), construct a hierarchically-clustered heat map using Ward’s
clustering method. (Kolonin MG et al 2006).
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CONCLUSIONS

The public health costs and the proper allocation of resources are among the most
important world’s problems. Bloodstream infections associated to the continue increase
of antibiotic resistant strains are become the most cause of mortality, as well as the
heterogeneity, intra and inter patient, of the cancer disease. Also, the population ageing,
which leads to the increase of the neurodegenerative diseases, such as Alzheimer
disease, implies expenditure for the public health.
Innovative biotechnologies when adequately assembled play a pivotal role in
development of cheap, easy, and fast diagnostic and therapeutic systems applicable in
public health. Moreover, the advancement of personalized nanomedicine, has increase
the necessity to draw smart material targeting the disease.
An innovative contribution at diagnostic and targeted-therapeutic systems is given by
phage display technology, which is powerful tool to discovery pathology specific-
peptides.
In this work, the polyvalent ability of phage engineered clones has been applied in
several fields (infectious, neoplastic and neurodegenerative disease) of diagnosis and
targeted therapy.
In particular:
- For infectious disease:

= Target-specific peptides able to selectively bind bacteria surface were

selected;
= Selected phage clones were used as probes in functionalization of polymeric
platform and in micro-beads of different nature for applications in biosensor

devises;
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The combination of phage-magnetic-separation and Raman Spectroscopy
permitted the detection of bacteria, S. aureus, P. aeruginosa and E. coli, in a

blood, with an efficiency of 10 bacteria/7mL.

For Alzheimer disease:

Conformational phage clones were selected by innovative “double binding”;
The conformational peptides discovered was able to discriminate sera of AD
and healthy patients by E.L.I.S.A.. Moreover, levels of identified IgG in AD
patient showed good correlation with the progression of the pathology,
making the phages biomarkers of state/stage in Alzheimer’s disease (AD). A
patent has been accepted;

Moreover, the phages permitted inhibition and disaggregation in vitro of

amyloid f42-induced cytotoxicity in SH-SYS5Y neuroblastoma cell lines.

For leukemia/multiple myeloma disease:

Phages, displaying promiscuous peptides able to detect common marker of
inter-specific leukemia/myeloma disease were selected;
Selected phages were used in production fluorescent phage—probes for

discrimination of leukemic/myeloma cells.

For “new targeted medicine”:

New concept of “self-navigating phage particles programmed” was
introduced;

New algorithm was applied in phage population, specific for bound of breast
cancer cell, to find smart “mosaic peptides” based of CorMs and SLIMs;
Bio-distributed landscape phage library f8/9 in nude mice harboring human
breast cancer cell, allowed to study the pharmacokinetic of the phage library;
Preliminary data of phage-peptides home-tumor and home-tissues were

obtained by sequencing in next generation sequencing.
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