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BBiG – Bacteriophage Biotecnology Group
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Virus that only infect bacterial cells

The oldest and most abundant 
organisms on Earth

Natural components of the human 
microbiome

Bacteriophages (Phages) 

PHAGES
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From the Greek phagein: to eat or to devour

Cornell Integrated Microscopy Center



Icosahedral shape

Phages – structure and infection process
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Filamentous shape 

Very diverse in size (ranges from 24 to 200 nm), 
morphology and genomic organization (RNA or DNA, 

linear or circular)

Life Cycle

Kasman LM, Whitten RA. Bacteriophages. StatPearls Publishing; 2018

Genetic
material



Early 1900s

Frederick Twort

Growth inhibition and cell lysis in cultures of 
bacteria

Phages: historical overview
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Félix d’Herelle Clinical practice to treat bacterial 
infections

Penicillin and other Antibiotics

Dysentery Cholera

Phage therapy was eclipsed 



Phages: historical overview
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Multidrug-resistant bacteria 

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



Phages as therapeutic agents
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Phages vs Antibiotics
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http://sitn.hms.harvard.edu/flash/2018/bacteriophage-solution-antibiotics-problem/

• Bacterium-specific

• No side effects

• Capacity to kill multidrug-resistant bacteria Prevention Treatment

Phagoburn (EU) ListshieldTM (US)

http://www.phagoburn.eu/
http://www.intralytix.com/index.php?page=prod&id=1


Phages can save your life!!
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https://tritonmag.com/phage/

Acinetobacter baumanii infection

Tom Patterson

Multidrug-resistant strain

Phage therapy with A. baumanii phage 
cocktail purified from sewage
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Direct physical link between genotype and phenotype

Smith, G. P. (1985) Filamentous fusion phage: 
novel expression vectors that display cloned 
antigens on the virion surface, Science 228, 
1315-1317.

Molecular recognition / selection technique

E. coli phages used to produce viable modified virus with a 
foreign protein on its surface

Phages – other applications

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

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 

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



The filamentous phage M13 

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

By genetic engineering a foreign peptide can be cloned on phage genome with consequent display on the  
correspondent coat protein of the phage.
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By chemical functionalization a given molecule (imaging agent; drug) can be displayed on the  p8 coat protein of the 
phage.

Electron micrograph of filamentous phage. 
V.A. Petrenko / Microelectronics Journal 39 (2008) 202–207



The filamentous phage M13 

Single display

p3 display

Polypeptides are normally displayed as fusions to the major 
coat protein 8 (p8) or the minor coat protein 3 (p3) 

p8 display p8/p3 display

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

Triple display
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Phage display: traditional biopanning

After 3-4 rounds, 
individual random 

clones are sequenced
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Consensus 
sequences are 

shown in orange

Target exposure: 
cells + library

Removal  of 
unbound phages

Recovery of bound 
phages - elution

Phage 
amplification in 

E. coli

Amplified phages 
are used for 

another round

Biopanning 
round

Phage display 
library
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BRASIL: Biopanning and Rapid Analysis of Selective Interactive Ligands

Giordano R.J. (2001), Nature Medicine 7(11), 1249-53



Phage display applications – recognition and more

Martins I.M. (2016), ACS Chemical Biology 11, 2962-80

Multifunctional probes for 
tissue imaging
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Functionalized synthetic substrates 
(2D surfaces) for stem cell expansion 

Functionalized hydrogels (3D environments) 
for recreating/manipulating stem cell

niches

Functionalized injectable
biomaterials for sequestering GFs 

to promote endogenous tissue 
repair

Functionalized nanocarriers for 
cell reprogramming (target 

delivery of genetic material to 
specific cells)

Cell targeting gene 
therapy vectors

Creation of immunogens 
and nanovaccines

Study of protein-ligand 
interactions
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Phages in Neurosciences

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

Blood Brain Barrier

Brain homeostasis

Ability of the phages to penetrate into brain tissue
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Phages in Neurosciences

M13 is able to bind to and remodel multiple types of misfolded 
protein aggregates in vitro

M13 show low immunogenicity and biodegradability when injected 
in murine bloodstream



Phages to target amyloid-β in the brain

EPITHOPE: Identification of peptide sequences 
targeting osteoarthritic chondrocyte cells 

LIPID´NP´PHAGE: Design of multifunctional phage-
based nanocarriers for specific drug delivery
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Design of novel BREAST and COLON cancer 
tumor ´targeted´ multifunctional 

nanoparticles

Professor Helmut Kessels

!!PHAGES IN THE BRAIN!!
Diagnose/Treat Alzheimer´s Disease
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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) 

Non amyloidogenic pathway: 
α-secretase cleavage

Disease pathway: 
β-secretase cleavage

α-secretase 
β-secretase 

Formation of 
amyloid β (Aβ) 
monomers and 

oligomers

Aβ plaque         

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



Motivation
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Peptide 
sequences 
display on 

phage surface

M13 is able to bind to 
and remodel multiple 

types of misfolded 
protein aggregates in 

vitro, including AB, 
without binding to AB 

monomers 

M13 
bacteriophage has 

been proven to 
bypass the Blood 

Brain Barrier 

M13 show low 
immunogenicity 

and 
biodegradability 
when injected in 

murine 
bloodstream

Soluble oligomeric 
AB is sufficient to 
impair synaptic 

function and 
memory encoding

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

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

synaptic and memory deficits

1. Engineer AB-specific phages

2. Assess in vitro the interation of AB-specific phages and AB

4. Assess ex vivo the efficiency of AB-specific phages to cross the BBB

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

3. Assess ex vivo the efficiency of AB-specific phages to recognize and target mouse and human AD tissue

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



AB30-39 (AIIGLMVGGV) 
and AB33-42 

(GLMVGGVVIA) M13 gene 
III g

AB30-39 
(AIIGLMVGGV) and 

AB33-42 
(GLMVGGVVIA) 
M13 gene III g

Aβ Sequences direct cloning

Phage display library synthesis
Noren, Methods, 2001

Complementarity primer method
Rangel, Nature Protocols, 2012

Round PCR
http://openwetware.org/wiki/’Round-the-horn_site-

directed_mutagenesis”, 2016

Engineer AB-specific phages: M13 genetic manipulation

A – Primer with the AB sequence
B – Phosphorylated primer 

M13

Extension primer 
5’-3’

AB peptide primer 3’-5’

Primers annealing

Extension (Klenow)

Doble digestion KpnI-EagI

Insert

KpnI EagI AB-peptide

Digested M13 
(vector)

AB-specifig 
phage

Vector + Insert 
Ligation

g3

AB1: AB36-39 (VGGV) 
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g3

AB2: AB30-39 
(AIIGLMVGGV)

g3

AB3: AB33-42 
(GLMVGGVVIA) 

Specifically recognize AB 
fibrils

Specifically recognize AB 
amyloid fibrils and oligomers

Engineer AB-specific phages: M13 genetic manipulation
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Phagemid cloning system

AB30-39 
(AIIGLMVGGV) and 

AB33-42 
(GLMVGGVVIA) M13 

gene III g

Qi et al. 2012. J Mol Biol 417 

M13KO7

pETDuet-1



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

AB-specific phage

Anti-M13 primary antibody

FITC-labeled secondary 
antibody

APPswe/PS1dE9
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10 µm

M13 phage AB1-phage

M13 phage AB1-phage
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AB1-specific phage is able to recognize and bind to AD-tissue

Anti-M13 primary antibody

6E10 primary antibody
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Ongoing work
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Cortex AD-brain tissue

AB-specific phage

Anti-M13 primary antibody

FITC-labeled secondary antibody

AB detection ex vivo on AD-
tissue (mouse and human)

HBMEC monolayer

Cellular uptake studies

Transport studies

Evaluation of HBMEC line integrity

Assessment of M13 passage across
the BBB

Two chambers system

AB-phages and AB interaction
and modulation

Thioflavin T assay

AB fibrils disagregation assays

1010

Phages/ml

109 108

FTIR

Dot blot

AFM
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Future work

AB-phages p8 chemical
functionalization

EDC/NHS chemistry 

Cy5.5

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

Test if the AB-specific phages 
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.

Brain tissue

Brain slices for immunohistochemistry

AD-model

Optimal dose/time-point
assessment

Blood samples

Phage administration; 
several time points and

dose

Determine phage titer
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Engineering of specific bacteriophages for 
early diagnosis of Alzheimer′s disease
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