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Bacteriophages (Phages)

From the Greek phagein: to eat or to devour

Virus that only infect bacterial cells

The oldest and most abundant
organisms on Earth




Phages — structure and infection process

Very diverse in size (ranges from 24 to 200 nm),

linear or circular)

morphology and genomic organization (RNA or DNA,
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Phages: historical overview

Frederick Twort Félix d’Herelle

Clinical practice to treat bacterial
infections

Growth inhibition and cell lysis in cultures of
bacteria

/ \

Dysentery  Cholera

Penicillin and other Antibiotics




Phages: historical overview
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https.//scfh.ru/en/papers/bacteriophages-100-years-in-the-service-of-mankind/

Nature Reviews Microbiology | AOF, published online 9 Movernber 2015; doi:10.1 038/ nrmicro3sed

PERSPECTIVES

TIMELINE

A century of the phage: past, present
and future

George P C. Salmond and Peter C. Fineran

Abstract | Viruses that infect bacteria (bacteriophages; also known as phages)were
dizcovered 100 years ago. 3ince then, phage research has transformed
fundamental and tranzlational biozciences. For example, phages were crucial in
establishing the central dogma of molecular bielogy —information is sequentially
pazzed from DMNA to RMA to proteins — and they have been shown to have major
roles in ecosystems, and help drive bacterial evolution and virulence. Furthermaore,
phage research has provided many techniques and reagents that underpin modem
biclogy— from sequencing and genome engineering to the recent discovery and
axploitation of CRISFR—Cas phage resistance systama. In thiz Timeline, we discuss
a century of phage research and its impact on basic and applied biclogy:

molecular biology research. In this Timeline,
we highlight the impact of phages in the first
100 years since their discovery in terms of
the origins of molecular biology, our knowl-
adge of ecology and evolution, and their
biotechnological exploitation. We encourage
readers to try to imagine what the modern
warld would look like if phages did not exist,
weare clearly indebted to the most abund ant
biclogical entities on Earth.

The origins of molecular biology

Key questions in biology addressed. In

the early twentieth century, the nature of
the gene was a central biological question.
Physicists, including Leo Szilard, Salvador
Luria and Max Delbrick as well as other
researchers (the ‘phage group’), began tads-
ling this and other fundamental biological
questions by working with phages as biologi-
cal models®. Delbriide urged researchers to



Phages as therapeutic agents
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Bacteriophage Procurement for
Therapeutic Purposes

Beata Weber-Dabrowska'**, Ewa Jonczyk-Matysiak', Maciej Zaczek’,

Malgorzata Lobocka®, Marzanna Lusiak-Szelachowska' and Andrzej Gorski™**
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Bacteriophages (phages), discovered 100 years ago, are able to infact and destroy only
bacterial calls. In the cument crisis of antibiotic efficacy, phage therapy is considared
as a supplementary or even alternative tharapeutic approach. Evolution of multidrug-
resistant and pandrug-resistant bacterial strains posas a real threat, so it is extremely
important to have the posshility to isolate naw phagas for therapsutic purposes. Our
phage laboratory and therapy center has extensive experience with phage isolation,
charactenzation, and therapeutic apphcation. In this article we presant current progress
in bactariophages isolation and usa for therapeutic purposes, our expenancs in this
field and its practical implications for phage therapy. We attempt to summarize the
state of the art: properties of phages, the methods for their iolation, criteria of phage
seloction for therapeutic purposes and limitations of their use. Perspectives for the use of
geneticaly engineared phages to specificaly target bactenial virulence-associated genes
are also briefly prasanted.
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The age of the phage
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on of phages to treat bacteridl infections) has a tradition dating backalmaost
rapy dowed down in the West when antibiotics were discovered. With the
1 by multidrug-resistant bacteria and scance prospects of newly introduced
wrrently being reconsidered as alternative therapeutics. Conventional phage
or treatment and recent human dinical triaks have revealed encouraging
odern approaches to phages as therapeutics have been made in vitre and
) o ] phages and antibiotics has resulted in significant reductions in the number
redators of bacteria, are becoming increasingly o phages have overcome many of the problems of conventional phoge ther-
wutical applications. After their discovery almost o ayarsad the resistance of drug-resistant bocteria. The use of enzymes
rticularly instrumental in the comprehension of . - . . . - .

. sin, as therapeutic agents has been efficient in the elimination of Grarm-pasi-
4ics processes. The more recent emergence of ~ - . -

X - : - % nowel strategies for phage-related therapies and describes our cumrent
s novel therapeutic strategies, and phages are being L i . .. . .

Il antibacterial tools. Furthermore, phages are also 15 Within the human micrabiome. Our aim is to provide an overview of the
production, gene/drug carricrs, bacterial detection 01081 concepts, thereby encouraging further research an this topic, with
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and typing. These new alternative approaches using phages are of major interest and § therapeutic or preventative medicines in daily clinical proctice.
have allowed unexpected developments, from the decipherment of fundamental biolog- 8
1cal processes to potential clinical applications.

nan vinome, engineared phage, endolysin



Phages vs Antibiotics
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Phages — other applications

Phage Display - Display of foreign peptides on the surface of a phage particle

Smith, G. P. (1985) Filamentous fusion phage: E. coli phages used to produce viable modified virus with a
foreign protein on its surface

novel expression vectors that display cloned
antigens on the virion surface, Science 228,

1315-1317.

Direct physical link between genotype and phenotype

1

DNA sequences are cloned into the genome of phage, resulting in the expression of the foreign peptide or protein
in fusion with one of the coat proteins of the phage particle

1

The capsid protein serve only as an anchor for the displayed peptide not interfering with its structure 1,



The filamentous phage M13

Tube-shape that packages the DNA (non lytic phage)

.

5 copies of plll &
pVI at this tip™\,

aa: 406 112 50 33 32

kba: 42.5 124 5,2 36 3.7
Copies/virion: 5 5 2700 5 5 Adapted from: e

LesetG., Roos N, Bogen B, Sandlie | (2011). PLoS ONE 6(2):e17433. Electron micrograph

4 %
of filamentous phage.
V.A. Petrenko / Microelectronics Journal 39 (2008) 202-207

By genetic engineering a foreign peptide can be cloned on phage genome with consequent display on the
correspondent coat protein of the phage.

By chemical functionalization a given molecule (imaging agent; drug) can be displayed on the p8 coat protein of the
phage.

12



The filamentous phage M13

Single display

Polypeptides are normally displayed as fusions to the major

coat protein 8 (p8) or the minor coat protein 3 (p3)

p8 display

p3 display

Doble display

The double display is also used when there is the need to
use more that one protein; a drug or an imaging agent

p8/p3 display

Triple display




Phage display: traditional biopanning &
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BRASIL: Biopanning and Rapid Analysis of Selective Interactive Ligands

Creation of
diversity at
DNA level - “Telvic
Pre-clearing on control Sreening on target
cells (c) cells

_—_" Supernatant

T
3 "
(b) (d [
| ||
Aqueous phase Centrifuge || Centrifuge |

Organic phase

e
o og” P(Il)t
Target elle
exposure () i recovery
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Giordano R.J. (2001), Nature Medicine 7(11), 1249-53
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Phage display applications — recognition and more

Functionalized synthetic substrates & troa Functionalized hydrogels (3D environments)

i Specific peptide ligand : ; .
(2D surfaces) for stem cell expansion S — ! ol backbone for recreating/manipulating stem cell
Non '"" .
functionalized o 2 : niches
surface &

Defined synthetic
substrate

Stem cell differentiation

Cell targeting gene

therapy vectors

Multifunctional probes for

)i& Stem cell

‘f Stem cell surface receptor

@ Differentiated cell (e.g. chondrocyte)

[l Specific peptide ligand

/= Stem cell

A (@ Differentiated cell

tissue imaging

Surface N, Vil S—
recogniion ¥ " Study of protein-ligand

interactions

In vivo

Growth factors

Creation of immunogens (GFs):

and nanovaccines

BMP-2; TGF-B
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Transfection
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I Nuclear localization signal (NLS) peptide
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Phages in Neurosciences

astrocyte
end-feet BMEC_

\ - pericyte
neuron t 3

microglia

parenchymal B\
vascular BM

J Biol Eng. 2017;11(1):1-11

Brain homeostasis

Ability of the phages to penetrate into brain tissue

Organ targeting in vivo using
phage display peptide libraries
Renata Pasqualini & Erkki Ruosiahti

La Jolla Cancer Research Center, The Burnham Institute, 10901 North
Torrey Pines Road, La Jolla, California 92037, USA

PrererentiaL homing of tumour cells™ and leukocytes™ to
specific organs indicates that tissues carry unique marker mole-
cules accessible to circulating cells. Organ-selective address
molecules on endothelial surfaces have been identified for lym-
phocyte homing to various lymphoid organs and to tissues under-
going inflammation™®, and an endothelial marker responsible for
tumour homing to the lungs has also been identified’. Here we
report a new approach to studying organ-selective targeting
based on in vive screening of random peptide sequences. Peptides
capable of mediating selective focalization of phage to brain and
kidney blood vessels were identified, and showed up to 13-fold
selectivity for these organs. One of the peptides displayed by the
brain-localizing phage was synthesized and shown to specifically
inhibit the localization of the homologous phage into the brain.
When coated onto glutaraldehyde-fixed red blood cells, the pep-
tide caused selective localization of intravenously injected cells
into the brain. These peptide sequences represent the first step
towards identifying selective endothelial markers, which may be
useful in targeting cells, drugs and genes into selected tissues.

Peptides capable of mediating
selective localization of phage to
brain and kidney blood vessels
were identified showing high
selectivity for these organs,

I & 1§
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Phages in Neurosciences
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M13 show low immunogenicity and biodegradability when injected
in murine bloodstream

A REVIEW
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M13 is able to bind to and remodel multiple types of misfolded
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A Bacteriophage Capsid Protein Provides a

General Amyloid Interaction Motif (GAIM)

protein aggregates in vitro o
Systemic combinatorial peptide selection DT C

yields a non-canonical iron-mimicry
mechanism for targeting tumors in a
mouse model of human glioblastoma Filamentous Bacteriophage as a Novel
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The management of CNS mumors is limited by the blood-brain barrier (BBB), a vascular interface that
the passage of most molecules from the blood into the brain. Here we show that phage particles
with certain ligand motifs selected in vivo from a combinatorial peptide library can cross the BB i _ i i i i § i . i
normal and pathological conditions. Specifically, we demonstrated that phage clones displaying Abstract. Anfibodies towards the W-terminal region of the amryleid-2 peptide (ASF) bind to AS fibrls, leading to their
mimic peptide were able to target a protein complex of transferrin and transferrin recepror (TfR) ot dizaggregation. We developed an mrmmization procedure using filamentous phages displaying the only four amine acids EFEH
non-canonical allosteric binding mechanism and that this functional protein complex mediated o encompassing ammo acids 3-8 of the 42 residues of AP found to be the main regulatory site for A4 formadon Phages
of the corresponding viral particles into the normal mouse brain. We also showed that, in an orl displaying EFRH epitope are effective in eliciting bumaral respense against A 7P which, in tarm, relieves apryledd burden in brains
mouse model of human glioblastoma, a combination of TR overexpression plus extended vascula o7 amylaid- 3 protem precumser mansgenic mice, improving their #biliny to perform cognitive taks. In arder w overcome the low
ability and ligand retention resulted in remarkable brain tumor targeting of chimeric adeno-associati permeabiliry of the bleod brain harrier for tarzeting ‘anti-azErezatine” monoclona] andhodies (mabs) to A2 plagues in the brain,
Ph:lgzpaﬂ:idzsd.isp]ayingﬂlzirun—mimi:pepﬁdzmdcarr}ingagemoﬁnumﬁnﬂsaprbnfofcm“ . . R 10 minimize the size of mAbs inmining their hiological actviry. 52 .
delivered the HSV thymidine kinase gene for molecular-generic imaging and targeted therapy of iner ¥ 2PP12d antibady enzinseriz methods to minimize whde nainfining - Smzle-cham
xenografted rumors. Finally, we established that these experimental findings might be clinically rel 28bedies displayed on the surface of flamentous phage showed the ability to enter the cenirl nervous system (CNS). The
determining through human tissue microarrays that many primary astrocytic tumors strongly exp: 22Detically enginesred flamentous bacteriophage proved to be an eficient, nontordc viral delivery vector to the brain, ofering
Together, our combinatorial selection system and results may provide a translational avenue for the an obvious advantage over other mammalian vectors. The feasibility of thess nowel sategies for production and fargeting of
detection and treatment of brain mumors. ant-aggrezating antibodies against A2 plagques to disease affected regions in the CN5 may have clinical potential for treatment
of Alzheimers disease.
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Phages to target amyloid-f in the brain
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LIPID"NP'PHAGE: Design of multifunctional phage-
based nanocarriers for specific drug delivery
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Diagnose/Treat Alzheimer’s Disease

19




Alzheimer’s Disease (AD)

Characterized by an increased deposition of plaques, which consist of amyloid-beta (AB)

.

AB in soluble oligomeric form is sufficient to impair synaptic function and memory encoding

Amyloid precursor
protein (APP)

.......................

_ _ AB plaque
Non amyloidogenic pathway: Disease pathway:
a-secretase cleavage B-secretase cleavage
o) ‘ ‘ /'
Wl Formation of

a-secretase B-secretase amyloid B (AB)
- d
IIIII monomers an

oligomers

d .

De Paula V. (2009), Dementia & Neuropsychologia 3(3), 188-194



Develop a bacteriophage-based diagnostic/therapeutic tool that
selectively target amyloid-beta (AB) aggregates in the brain

AB is sufficient to
impair synaptic
function and
memory encoding
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Specific aims

5. Assess in vivo the efficiency of AB-specific phages to cross the BBB and be detected in the brain of an AD mouse-model

6. Assess in vivo if AB-specific phages labelled with a NIR-fluorochrome, are traceable and detectable in the brain of an AD

mouse-model

7. Understanding the AB-specific phages intervention, by themselves or with the aid of therapeutic drugs, in the AB-driven

synaptic and memory deficits




Engineer AB-specific phages: M13 genetic manipulation

AB Sequences direct cloning

Phage display library synthesis

Noren, Methods, 2001

Complementarity primer method

Rangel, Nature Protor 2012

Digested M13
(vector)

u Kpnl . Eagl - AB-peptide

Extension primer AB peptide primer 3’-5

Primers annealing

AB-specifig
phage

* Extension (Klenow)

Vector + Insert

Round PCR

http://openwetware.org/wiki/’Round-the-horn_site-
directed_mutagenesis”, 2016

A - Primer with the AB sequence

* Doble digestion Kpnl-Eagl Ligation
K Insert /

AB1: AB36-39 (VGGV)

Q— Phosphorylated primer /
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Engineer AB-specific phages: M13 genetic manipulation

Phagemid cloning system

Qi et al. 2012. J Mol Biol 417
Phage coat protein \

omoter Signal Displayed
ieihde

/P?

pETDuet-1

Abiotic = P eReay’
resislance =  vector Filamentous
= phage origin
Plasmid
origin
1. Transform E.coli cells
2. Superinfect with
helper phage
M13KO7

pVIilI
ST
of i ) & plliiplv
pVIi/plX . b
O

Phagemid virions

AB3: AB33-42
(GLMVGGVVIA)
4 )

AB2: AB30-39
(AIGLMVGGV)
4 N\
A

Specifically recognize AB
amyloid fibrils and oligomers

Specifically recognize AB
fibrils

/
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AB1-specific phage is able to recognize and bind to AD-tissue

M13 phage

)_
WT tissue
WT tissue

Hippocampal AD-brain tissue M13 phage
APPswe/PS1dE9

<24 AB-specific phage
—¢ Anti-M13 primary antibody

—g¢ FITC-labeled secondary
antibody

APP/PS1 tissue
APP/PS1 tissue

AB1-phage

AB1l-phage
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AB1-specific phage is able to recognize and bind to AD-tissue

M13 phage AB1l-phage

WT tissue
WT tissue

Anti-M13 primary antibody
6E10 primary antibody

M13 phage AB1l-phage

APP/PS1 tissue
~ APP/PS1 tissue




Ongoing work
ﬂ; detection ex vivo on Aﬁ ﬂB-phages and AB interactioN Assessment of M13 passage across
tissue (mouse and human) and modulation the BBB

Phages/ml
7N\
1010 10° 108

— - Two chambers system
‘\ S ~

Thioflavin T assay e ‘
HBMEC monolayer

Cortex AD-brain tissue AB fibrils disagregation assays
FTIR T ¢ studi
.QAB-specific phage | ransport studies
=g Anti-M13 primary antibody Dot blot Evaluation of HBMEC line integrity

AFM .
\ =< FITC-labeled secondary antiby K / &e"u'ar uptake studies /
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ﬂ)ptimal dose/time-point\

assessment

~ > Phage administration;
j‘ several time points and
dose

AD-model

A

y

Blood samples Brain tissue

Determine phage titer

AB-phages p8 chemical
functionalization

@, @
Q N YV Q Q
N IRV
Cy5.5

EDC/NHS chemistry

| &
oG

b e T T Ly

\ Brain slices for immunohistochemisty

(t«t«llt«tq'l(g«g "‘)
-0 n«n ,-w..nc-riw'

AB-phages
tracking/biodistribution

NIR-labeled AB-specific

phages administration

(optimal dose assessed
previously)

Fluorescence Molecular
Tomography (FMT)
monitoring: AB-phages
biodistribution

|

Sacrifice animals at the
optimal time-points after
phage administration

ﬂst if the AB-specific pha&
can intervene in the AB-driven
synaptic and memory deficits

Can we prevent AB-mediated
loss of synapses?

Spine loss in the
hippocampus.

Can we prevent AB-mediated
memory impairment in live
brain?

Memory loss — contextual

fear conditioning.

/
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