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Microbial Ecology: Viruses
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Viruses? What the hell?




“Viruses are the dark matter of biology — invisible, powerful, and everywhere.”
E. Koonin, 2020

* Theyare microorganisms that always replicate inside living cells;
* They use, to a greater or lesser extent, the host cell’s synthesis machinery;
 They can induce cellular differentiation, protein synthesis, and are capable of transferring

the viral genome to other cells.




We live and thrive in a cloud of viruses.

What are these genomes doing there?




The number of viruses that hit us is astonishing.

There are 10° bacteriophage particles in the world’s water supply.

Viruses drive global cycles
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Why study viruses?

Because viruses are fundamental to understanding life itself.

They influence evolution, ecology, and global health.

Studying viruses helps us:

 Develop vaccines and antiviral therapies;

* Understand gene transfer and molecular biology;

* Usethem as biotechnological tools, such as bacteriophages to control bacterial infections
and biofilms;

* Explore how viruses shape ecosystems and biodiversity.

In short, viruses are not only agents of disease but also drivers of innovation and evolution.




History

Bacteriophages (also called phages, from the Greek ¢payntov phaguéton, meaning “food” or “ingestion”)
are viruses that infect exclusively prokaryotic organisms — that is, bacteria and archaea.

Frederick Twort Félix d’ Herelle
(1877-1950) (1873—-1949)

d’Herelle F. Sur un microbe invisible antagoniste des bacilles dysente riques. Comptes rendus de
I’Acade 'mie des Sciences—Series D. 1917; 165:373-375




Characteristics

* Abacteriophage (phage) is a virus that infects bacteria (prokaryotes).

 Like other types of viruses, bacteriophages vary greatly in their shape and
genetic material.

* Phage genomes may consist of DNA or RNA and can contain anywhere from

9,000 to 500,000 genes.

* The capsid of a bacteriophage may be icosahedral, fillamentous, or head-and-

tail shaped.
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Bacteriophage Infections

* Bacteriophages, like other viruses, must infect a host cell in order to replicate (the phage life cycle).

* Some phages can only reproduce through a lytic life cycle, in which they lyse and kill the infected
cells.

* Other phages can alternate between a lytic and a lysogenic life cycle, in which they do not kill the

host cell, but instead replicate along with the host’s DNA each time the cell divides.
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Phage genome injected
into bacterial host cell
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Dhulipalla, H., Basavegowda, N., Haldar, D. et al. Integrating phage biocontrol in food production: industrial implications and regulatory
overview. Discov Appl Sci 7, 314 (2025).



Bacteria host-virus interactions
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Metagenomic
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Translational Research
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Resuming - Bacteriophages

*Viruses that infect and kill specific bacteria. o
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*Co-evolved with bacteria for over 3 billion years.
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Segundo-Arizmendi N, Arellano-Maciel D, Rivera-Ramirez A, Pifia-Gonzalez AM, Lépez-
Leal G, Hernandez-Baltazar E. Bacteriophages: A Challenge for Antimicrobial Therapy.
Microorganisms. 2025;
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Understanding Biofilms

* Biofilms are structured bacterial communities enclosed in extracellular polymeric substances
(EPS).
* Responsible for more than 80% of chronic infections (NIH, 2020).

* Biofilm cells are up to 1000x more resistant to antibiotics (Mah & O’Toole, Trends Microbiol,
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Figure 1 Steps to bacterial biofilm formation. (A) Reversible attachment. (B) Irreversible
attachment. (C) Bacterial cells synthesize and secrete EPS. (D) Maturation. (E) Dispersal.
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Why Biofilms Resist Antibiotics
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Figure 2. Diagrammatic representation of antibiotic (drug)
tolerance in biofilms. Possible tolerance mechanisms at (A)
community and (B) cellular level.

Shrestha et al (2022). Recent Strategies to Combat Biofilms Using Antimicrobial Agents and Therapeutic Approaches. Pathogens, 11(3), 292.




Phage-Derived Enzymes

Enzyme Target Function

Depolymerases EPS polysaccharides Break matrix to improve
penetration

Endolysins Peptidoglycan Cause bacterial lysis

Tailspike proteins Surface polysaccharides Aid in adhesion and matrix

degradation
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Islam MM, Mahbub NU, Shin WS and Oh MH (2024) Phage-encoded depolymerases as a strategy for combating multidrug-resistant Acinetobacter
baumannii. Front. Cell. Infect. Microbiol. 14:1462620. doi: 10.3389/fcimb.2024.1462620




Phage-Derived Enzymes

Depolymerase
enzymes

Depolymerase | .---..
cocktail /‘w/’/vX

Islam MM, Mahbub NU, Shin WS and Oh MH (2024) Phage-encoded depolymerases as a strategy for combating
multidrug-resistant Acinetobacter baumannii. Front. Cell. Infect. Microbiol. 14:1462620. doi: 10.3389/fcimb.2024.1462620

Figure 3. The illustration delineates
the anti-biofilm mechanisms of
phage-encoded

depolymerases: (A) Phage-encoded
depolymerases impede biofilm
formation by degrading the
extracellular polysaccharides that
protect the bacterial cells within the
biofilm. (B) The synergistic
application of phage-encoded
depolymerases and antibiotics
enhances the bactericidal efficacy
against A. baumannii biofilms. The
depolymerases degrade the
extracellular polysaccharide,
rendering the bacteria more
susceptible to antibiotic

treatment. (C) A consortium of
phage-encoded depolymerases can
effectively dismantle biofilms by
degrading the polysaccharide
matrix. (D) Phage-encoded
depolymerases sensitize bacteria to
the host immune response by
degrading the protective
polysaccharide matrix of biofilms.



&
crRNA selection f T4 phage

crRNA

— Donor O
+
Donor insert design pCRISPR pCAS9

Engineering Bacteriophages

ROH Reporter ROH BacHiE ost q Cas9
*CRISPR-Cas editing: add or modify functional genes. ;kb e
*Synthetic biology: modular construction of phages. t b 2 \
\ T
*Recombineering: replace tail fibers to expand host range. Ranoic sseening o croneere ey

*Directed evolution: select mutants for better biofilm penetration.

Examples:

 E. coli CRISPR-phages remove resistance plasmids and biofilms (Citorik et al., 2014).

* Phage Kreduces 90% of S. aureus catheter biofilms (J. Appl. Microbiol., 2021%).

* Depolymerase-overexpressing phages improve Pseudomonas clearance (Nat. Rev. Microbiol., 2022%).




Engineering Bacteriophages
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Park, J., Moon, B., Park, J. et al. Genetic engineering of a temperate phage-based delivery system for CRISPR/Cas9 antimicrobials against Staphylococcus
aureus. Sci Rep 7, 44929 (2017). https://doi.org/10.1038/srep44929
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Applications

Microbial contamination
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Resultados

Aguas residuales del hospital (Rio de Janeiro Brasil)

100% - Rob-1
00% OoXy-1
. NPS
= TEM-2
80% [ SHV-2
mKPC
70% - 1 SME-1
B mY56
& 60% 1 W FPM
a o m CfxA
o 0% - m CEPA
2 20% W CBLA
@ ' m MOXA
5 30% W ERO
i 1 W PSE-3
M PER
20% - mTEM-1
mTLE
10% 1 m EXO
m VEB
0% B GES
Zs ZN
Amostra

Figura 5.7 Frequéncia relativa das subclasses das B-lactamases classe A
presentes nas amostras de esgotos hospitalares ZS (Zona Sul) e ZN (Zona
Norte) classificadas a partir da base de dados ARDB.




Resultados

Aguas residuales del hospital (Rio de Janeiro Brasil)

Organism (VirNoG)

Annotation (UniProt)

Virus host

Enterobacteria phage P2

Replication gene A protein

Enterobacteriaceae [TaxID: 543]

Organism (VirNoG)

Annotation (UniProt)

Virus host

Pseudomonas phage phikZ

PHIKZ214

Pseudomonas aeruginosa [TaxID: 287]

Enterococcus phage phiEF24C

Ribonucleoside-diphosphate reductase

Enterococcus faecalis (Streptococcus faecalis) [TaxID: 1351]

Organism (VirNoG)

Annotation (UniProt)

Virus host

Vibrio phage KVP40

Putative uncharacterized protein

Vibrio parahaemolyticus [TaxID: 670]

Organism (VirNoG)

Annotation (UniProt)

Virus host

Bordetella phage BPP-1

Probable portal protein

Bordetella bronchiseptica (Alcaligenes bronchisepticus) [TaxID: 518]

Salmonella phage Vil

I1A protector from prophage-induced early lysis

Salmonella typhi [TaxID: 90370]

Human immunodeficiency virus 1

Gag-Pol polyprotein

Homo sapiens (Human) [TaxID: 9606]

Haemophilus phage HP1

Capsid assembly scaffolding protein

Haemophilus [TaxID: 724]

Staphylococcus phage Twort ORF021 Staphylococcus phage Twort [TaxID: 55510]
Enterobacteria phage P2 Endolysin Enterobacteriaceae [TaxID: 543]

Salmonella phage Felix 01 Lysozyme Salmonella [TaxID: 590]

Burkholderia phage BcepMu Gp29 Burkholderia cenocepacia [TaxID: 216591]

Enterobacteria phage Phieco32

Thymidylate synthase thyX/thyl

Escherichia coli [TaxID: 562]

Clostridium phage phiCD119

Methyltransferase

Clostridioides difficile (Peptoclostridium difficile) [TaxID: 1496]

Halomonas phage phiHAP-1

DNA adenine methyltransferase

Halomonas aquamarina [TaxID: 77097]

Lactococcus phage c2

Recombination protein

Lactococcus (lactic streptococci) [TaxID: 1357]

Clostridium phage phiCD119

Putative uncharacterized protein

Clostridioides difficile (Peptoclostridium difficile) [TaxID: 1496]

Bacillus phage SP01

Probable portal protein

Bacillus subtilis [TaxID: 1423]

Haemophilus phage HP1

Probable portal protein

Haemophilus [TaxID: 724]

Enterobacteria phage P2

Baseplate protein J

Enterobacteriaceae [TaxID: 543]

Halomonas phage phiHAP-1

Putative baseplate assembly protein J

Halomonas aquamarina [TaxID: 77097]




Organism (VirNoG)

Resultados

Aguas residuales del hospital (Rio de Janeiro Brasil)

Annotation (UniProt)

Bordetella phage BPP-1
Salmonella phage Vil

Probable portal protein

Virus host

Vibrio phage KVP40

Gp61 DNA primase subunit
dTMP (Thymidylate) synthase

Bordetella bronchiseptica (Alcaligenes bronchisepticus) [TaxID: 518]
Salmonella typhi [TaxID: 90370]

Pseudomonas phage phikZ

Vibrio parahaemolyticus [TaxID: 670]
PHIKZ235 Pseudomonas aeruginosa [TaxID: 287]
Pseudomonas phage LUZ24 Putative uncharacterized protein gp40 Pseudomonas aeruginosa [TaxID: 287]
Staphylococcus phage Twort ORF052
Enterobacteria phage P1

DNA-invertase

Staphylococcus phage Twort [TaxID: 55510]
Enterobacteriaceae [TaxID: 543]

Organism (VirNoG)
Vibrio phage KVP40

Annotation (UniProt)

DenV Endonuclease V

Virus host

Bordetella phage BPP-1
Bacillus phage SP01

Repressor protein cl

Vibrio parahaemolyticus [TaxID: 670]

Gp31.2

Enterobacteria phage T5
Salmonella phage Felix 01

Putative H-N-H-endonuclease P-TflIX

Bordetella bronchiseptica (Alcaligenes bronchisepticus) [TaxID: 518]
Bacillus subtilis [TaxID: 1423]

Enterobacteria phage T7

Putative uncharacterized protein

Escherichia coli [TaxID: 562]

Protein 7.7

Salmonella [TaxID: 590]

Pseudomonas phage LUZ24

Enterobacteria phage T4 sensu lato

Putative uncharacterized protein gp40

Escherichia coli [TaxID: 562]

Enterobacteria phage Phieco32

hracterized 17.5 kDa protein in tk-vs intergenic 1
Appr-1-p processing enzyme family

Pseudomonas aeruginosa [TaxID: 287]
Escherichia coli [TaxID: 562]

Chlamydia phage 1

Capsid protein VP1

Escherichia coli [TaxID: 562]

Lactococcus phage c2
Mouse mammary tumor virus

Recombination protein

Chlamydophila psittaci (Chlamydia psittaci) [TaxID: 83554]

Gag-Pro-Pol polyprotein

Vibrio phage KVP40
Salmonella phage epsilon15

I1B Protector from prophage-induced early lysi{

Lactococcus (lactic streptococci) [TaxID: 1357]
Mus musculus (Mouse) [TaxID: 10090]

Structural protein

Staphylococcus phage Twort

ORF063

Vibrio parahaemolyticus [TaxID: 670]
Salmonella anatum [TaxID: 58712]

Burkholderia phage BcepMu
Halomonas phage phiHAP-1

Gp50

Staphylococcus phage Twort [TaxID: 55510]

Putative baseplate assembly protein J

Mycobacterium phage Bxz1

Gp137

Burkholderia cenocepacia [TaxID:216591]
Halomonas aquamarina [TaxID: 77097]

Mycobacterium smegmatis [TaxID: 1772]

Mycobacterium vaccae [TaxID: 1810]




Methods and Results
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Co mp utati onal Ana lyses Figure 1 | Overview of the computational workflow. General pipeline of the

protocol, showing the different steps required for the detection of abundant
and low-abundant metagenomic viral contigs, as well as their classification
into viral groups. Viral protein family models (VPFs) and all metagenomic
viral contigs from IMG/VR are available through the aforementioned FTP site.
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Clinical Applications

Field Example Status

Chronic wounds S. aureus, P. aeruginosa Clinicaltrials (PhagoBurn, 2019)
Respiratory infections CF patient therapy Compassionate use (2023)
Orthopedic implants Phage hydrogel coatings Preclinical

Catheter infections Biofilm-targeting phages Experimental

' Bacterlophages '
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Fig. 1| Patient status before and after phage treatment. a, Lung function as percent predicted FEV1 (blue) and forced vital capacity (FVC; red).

b,c, Whole-body (b) and cross-section (¢) PET-CT scans 12 weeks before and 6 weeks post phage treatment. Arrows show (1) the sternal area and
surrounding soft tissue, (2) abdominal lymph nodes at the porta hepatis, and (3) skin nodules. Arrow 4 indicates normal kidney excretion. d, Upper and
lower panels show the patient's left arm and sternal wound, respectively, immediately prior to and 6 months after phage treatment. e,f, Phage titers by

plaque assay (e) or dPCR (f) following phage administration (vertical arrow). Serum (black bars), sputum (purple bars), feces (green bars), and wound
swab (red bars) were tested on the dates indicated (asterisks).
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MCT number Registry date Conditions Interventions Phases Locations
NCTD663091 22-April-2008 Venous leg ulcers Fhages cocktail Phase 1 United States
NCT00937274 10-July-2009 Diarrhea Phages cocktail Mot applicable Bangladesh
NCTOIMS0ET L . Sangle phage/phages cocktail .
T 23-July-2009 Bacterial infections Tyt Not applicable Paland
i enzymes
NCTD617122 12-June-2012 Primary immune deficiency diseases Single phage Mot applicable United States
NCTO 746654 11-December-2012 Infections disease/bacterial infections Phage lytic enzymes Phase 1/phase 2 Singapare
NCTD818206 26-March-2013 Cystic fibrosz P'\:.\BE; cocktail Mot app'imue France
NCTOIBS5048 16-May-2013 Healthy volunteersiantibacterial agents Phage lytic enzymes Phase 1 Korea
NCT02116010 16-April- 2014 Wound infection Phages cocktail Phase 1/phase 2 Belgium
MCTD2439359 8-May-2015 Bloodstream infections Phage Iytic enzymes Phase 1 United States
NCTD2664740 27-January-2016 Diabetes/diabetic foot Phages cockeail Phase 1/phase 2 France
NCTD2757755 2-May-2016 Healthy volunteers P'\:.\BE; cocktail Phase 1 United States
NCTO2BADSSS 20~ July-2006 Alopic dermatitis I’]ns! Iytic enzymes Mot app'imue Metherlands
MNCTD308965T 24-March-2007 Antibacterial agents I’]ﬂs: lIytac enzymes Phase 2 Korea
MCT03140085 A-May-2017 Urinary tract infections Phages cockail Phase 2/phase 3 Geol
MCTD3163446 23-May-2017 Antibacterial agents Phage lytic enzymes Phase 2 United States
NCTDI269617 1-Sepiember-2017 Gastrointestinal disorder Phages cockeail Not applicable United States
NCTO3E08103 17-January-2019 Crohn disease P'\:.\BE; cocktail Phase ||'|1.|:lsz 2 United States
NCTM191148 9-December- 2019 Urinary tract infections P'\:.\Bl:s cocktail Phase 1 United States
NCTM2IBTATE 27-February-2020 Urinary tract infection, bacterial Single phage/phages cockeail  Phase 1/phase 2 United States
MNCTMIBIRE 28-February-2020 Diabetesfdiabetic foot Phages cockeail Phase 1/phase 2 United Kingdom
NCTM323475 26-March-2020 Wound infection Phages cockeail Phase 1 Australia
Trauma injury/brain injuries

s Abdominal sepsisfpancreatitis r . .

NCTM325685 27-March-2020 Meningitisfencephalitisfseirures Fhages cockail Mot applicable Russian
Acute respiratory distress syndrome

MNCTM596319 -Ohctobeer- 2020 Cystic fibrosis/lung infection Phages cockeail Phase 1/phase 2 United States
NCTME5060T 2-December-2020 l:::nmhﬁzx:diﬁ:nt infmi:n“d Single phage/phages cockiail Naot applicable France
NCTDME82564 24-December-2020 Acute tonsillitis Single phage Phase 3 Uzbekistan
NCTDMER46A] 24-December- 2020 Cystic fibrosis Single phage Phase 1/phase 2 United States
NCTMT24603 12-January-2021 Bone and joint infection/prosthetic joint infection Single phage/phages cockail Not applicable France
NCTMTITETE 4-February-2021 Healthy volunteers Phages cockeail Phase 1 United States
NCTMTETISH B-March-2021 Prosthetic joint infection Single phagelphages cockeail  Phase 1/phase 2 United States

— Diiabetic foot wleer! Peeudomonas ireosa 5
NCTOSBIST08 1B March 202 e ciet b ureus e eafection Phages cocktail Phase 1/phase 2 Israel
NCTMMEISTOR 25-March-2021 Pressure ulcer Phages cockeail Phase 1/phase 2 United Kingdom
NCTOS000577 18-August-2021 Chronic Psewdomonas aeruginosa infection/cystic fibrosis Phages cockeail Phase 1/phase 2 lsrael
MNCT0S177107 4- January-2021 yelitis/diabetic foot litis Single phage/phages cockail Phasge 2 United States
NCTDS182749 10-January-2022 Shigellosis Phages cockeail Phase 1/phase 2 United States

_— Bacteremia/St vCies dureasS) crocus ; N
MNCTO5154764 L1-January-2022 Fr— lﬂ:t!mﬂ!.‘hﬂ':hdﬁcmh FIe $rnmfmrm Jre— Pl:asl:s cocktail Phase ||'P|:|nsl: 2 United States
NCT0E2Z40300 15-February-2022 Anopic dermatitis Single phage/phages cockeail  Phase 1phase 2 lsrael
NCTDE269121 7-March- 2022 Prosthetic joint infection/bacterial i ions Single phagelphages cocksail  Phase 1iphase 2 United States
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Current review—The rise of bacteriophage as a unique therapeutic platform in treating peri-prosthetic joint

infections

Table 3 Partial summary of more modern clinical treatment of infected wounds

Authors
Fish et al. [138, 139]

Miedzybrodzki et al.

[140]
Rhoads et al. [141]

Marza et al. [142]
Jikia et al. [143]

Markoishvili et al.
[144]

Weber-Dabrowska et al.

[145]

Weber-Dabrowska et al.

[145]

Weber-Dabrowska et al.

[145]

Weber-Dabrowska et al.

[145]
Slopek et al. [146]

Year
2016,
2018
2012

2009

2006
2005

2002

2000
2000
2000
2000

1987

Bacterial
species

S. aureus
Various

E. coli, P.
aeruginosd,
S. aureus

P. aeruginosa

S. aureus

Various

Various
Various
Various
Various

Various

Type of
infection
Diabetic toe
ulcers
Various

Venous leg
ulcers

Burn
Radiation burn

Venous stasis
ulcers, poorly
healing wounds
Bedsores

Burns
Postoperative
Varicose ulcers

Various

Degree of
success
100%
37%

0%

100%
100%

70%

81%
100%
100%
38%

85%

Comments
Of 7 infections treated

Of 30 “soft-tissue infections” treated

Of 39 treated; this was a phase I trial
using well-characterized phages rather
than phages for which previous
efficacy had been indicated

Of 1 treated, with success indicated by
skin graft take

Of 2 treated with a phage-impregnated
artificial skin (PhagoBioDerm)

Of 96 treated, with success indicated
as complete healing

Of 16 treated, showing full recovery

Of 49 treated, showing marked
improvement (149%) or better (86%)
Of 35 treated, showing marked
improvement (17%) or better (83%)

Of 77 treated, showing marked
improvement (27%) or better (61%)

Of 72 treated (49 + 23), with the rest
showing only transient improvement

Journal of Orthopaedic Research, Volume: 36, Issue: 4, Pages: 1051-1060, First published: 02 October 2017, DOI: (10.1002/jor.23755)
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Tasie 3: Clinical therapewtic trials invalving the use of phage or phage lytic enzymes.

Number of phage capable of infecting the indicated
number of Streptomyces species
w

1 2 3 4 5 6 7 8 9 10 11
Number of Streptomyces species infected

FIGURE 1 | Distribution of host range breadths of Streptomyces
temperate phages. Data for this figure is taken from Table 3 of Greene and
Goldberg (1985). Twenty-one distinct phages were tested on 11 different host
strains. In this figure both clear and turbid plaques (as indicated in the original
results) are combined to indicate host susceptibility to a phage.

NCT number Registry date Conditions Interventions Phases Locations
NCT663091 22-April-2008 Venous leg ulcers Phages cockail Phase 1 United States
NCTM937274 10-July-2009 DHarrhea Phages cockiail Not applicable
NCT00945087 23-July-2009 Bacterial infections Single Ph“ﬁ""?""ﬁ” cocdall ) applicable Paland
N i eneymes
NCTD617122 12-June-2012 Primary immune deficiency diseases Single phage Not applicable United States
NCT0 746654 11-December-2012 Infectious diseasebacterial infections Phage lytic enzymes Fhase 1/phase 2 Singapare
NCT0818206 26-March-2013 Cystic fibrosis Phages cockiail Not applicable France
NCTDLRS5048 16-May-2013 Healthy volunteersfantibacterial agents Phage lytic enrymes Phase 1 Korea
NCT02116010 16-April-2014 Wound infection Phages cockail Phase 1/phase 2 Belgium
NCTD2439359 B-May-2005 Bloodstream infections Phage lytic enzymes Phase 1 United States
NCTO2E64740 27-January-2016 Daabetes/diabetic fmot Phages cockiail Phase 1/phase 2 France
NCTD2757755 2-May-2016 Healthy volunteers Phages cockiail Phase 1 United States
NCTD2B40955 21-July-2006 Atopic dermatitis Phage lytic enzymes Not applicable Metherlands
NCTD30R969T 24-March-2017 Antibacterial agents Phage lytic enzymes Phase 2 Korea
NCTD3140085 A-May-2017 Urinary tract infections Phages cockiail Phase 2/phase 3 Georgia
NCTDIEI 46 23-May-2017 Antibacterial agents P]'nsz Iytic enzymes Phase 2 United States
NCTD3269617 l-Se'Pl.Errd:!n-ZDl? Gastrointestinal disorder Pllaan cockiail Mot a"ﬂimue United States
NCTD3B0R103 17-January-2H19 Crohn disease Phages cockail Phase 1/phase 2 United States
NCTD191 148 9-Decembeer-2019 Urinary tract infections Phages cockiail Phase 1 United States
NCTM2ETATE 27-February-2020 Urinary tract infection, bacterial Single phage/phages cocktail  Phase 1/phase 2 United States
NCTMIEWE 2R-February-2020 Daabetesfdiabetic ot Phages cockiail Phase lphase 2 United Kingdom
NCTM3IZITS 26-March-2020 Waound infection Phages cocktail Phase 1 Australia
Trauma injury/brain injuries
NCT04325685  27-March-2020 Ahdosuital sepyle/pancreaitie Phages cocktail Mot applicable Russian
Mmlnaﬂlﬂm:zphalllu."szm
Acute respiratory distress syndrome

NCTDM596319 20-October- 2020 Cystic fibrosis/lung infection Phages cockiail Phase 1/phase 2 United States
NCTME50607 2-December-2020 p;::nh!:FzE::;}:r:r;;m:J:d Single phage/phages cocktail Not applicable France
NCTMERZ6 24-December- 2020 Acute tonsillitis Single phage Phase 3 Uzbekistan
NCTMER4641 24-December- 2020 Cystic fibrosis Single phage Phase 1/phase 2 United States
NCTM724603 12-January-2021 Bone and joint infection/prosthetic joint infection Single phage/phages cocktail Not applicable France
NCTMTITETE d-February-2021 Healthy volunteers Phages cockiail Phase 1 United States
NCTM7ETISD B-March-2021 Prosthetic joint infection Single phage/phages cocktail Phase 1/phase 2 United States
— Drabetic foot ulcer/ Pseudomonds aeruginesd §
NCTMBOZTOR 18-March-2021 infection/Staphylocsecus aurens infectinn/Acetobacter infectian Phages cockiail Phase 1/phase 2 Israel
NCTDMBISTR 25-March-2021 Pressure ulbcer Phages cockail Phase 1/phase 2 United Kingdom
NCT0S010577 18-August-2021 Chronic Prendomonas aeruginosa infection/cystic fibrosis Phages cockiail Phase 1/phase 2 lsrael
NCT0S177107 4- January-2022 Osteamyelitis/diabetic foot osteomyvelitis Smngle phage/phages cockeail Phase 2 United States
NCTD5182749 10- January-2022 Shigellosis Phages cocktail Phase 1/phase 2 United States

- Bacteremia s COCCIS dures Sl docoecus p . .
NCTDS184764 11-January-2022 — b::tumrﬁa.':‘:\:l]:emin due 1o Sm;:;‘:m:m iirens Phages cockiail Phase 1/phase 2 United States
NCTD5240300 15-February-2022 Atopic dermatitis Single phage/phages cocktail Phase 1/phase 2 Rarael
NCTD5269121 7-March- 2022 Prosthetic joint infection/bacterial infections Sinu;lr phnﬁ:n’phnﬁn cockiail Phase ||'Fl|‘.|:|5E 2 United States
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Bystander Phage Therapy: Inducing Host-Associated
Bacteria to Produce Antimicrobial Toxins against the
Pathogen Using Phages
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Traditional Phage Therapy Bystander Phage Therapy

KEY:

;& Phage

#  Bacterial toxin
C) Pathogenic bacteria

%Bystander bacteria
G’g Dead bacteria

O Unaffected flora

A

Figure 5. Mechanism of pathogen killing using phage therapy versus bystander phage therapy.
In traditional phage therapy, phages against a pathogenic bacterium bind and lyse come bacterial
strains, but may leave others unscathed (Left Panel). In Bystander Phage Therapy, phages against a
bystander induce the bystander to make a toxin that kills all versions of the pathogenic bacteria while
leaving an untouched population of itself that was not infected by phages (Right Panel).
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infections

Free planktonic

bacteria

1, Adhesion

3. Maturation and
Proliferation

2, Microcolony
formation

4. Detachment

Deposition of host ECM
proteins on implant, and
implant  material itself
faciliates initial adherance

Production of EPS matrix acts as a physical barrier to antibiotics.

Once critical threshold met, QS allows allows bacteria within
biofilms to undergo adaptation to resist antibiotics

Nutrient deprived cells and persister cells deeper within the
biofilm become tolerant of antibiotics.

Proteases degrade biofilm
locally to release bacterial
cells for further infection

Journal of Orthopaedic Research, Volume: 36, Issue: 4, Pages: 1051-1060, First published: 02 October 2017, DOI: (10.1002/jor.23755)




Biofilm Attenuation by Bacteriophages
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Strategies used to destroy biofilms in the past
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Bacteriofagos para el control de biofilms en la industria

alimentaria
Biofilm/phage interaction Matrix degradation and Biofilm removal
I I phage invasion
Phage 2 I
+ ) S

Biofilm matrix

LYTIC LIFE CYCLE

1) Adsorption 2) Nucleicacid ~ 3) DNA replication  4) Phage assembly  5) Phége release
injection and cell lysis

Figura 1. Ciclo litico de los fagos en el interior de un biofilm. Extraido de [5] (Creative Commons Attribution License).
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Stephen T. Abedon. Phage “delay” towards enhancing bacterial escape from biofilms: a more
comprehensive way of viewing resistance to bacteriophages[J]. AIMS Microbiology, 2017, 3(2):
186-226. doi: 10.3934/microbiol.2017.2.186 shu



From: Bacteriophage therapy against Pseudomonas aeruginosa biofilms: a review

First author Species Type of phage Experimental results References
and year
Liyuan Mi P geruginosa 1193 Lytic IME180 phage depolymerase | This phage enzyme degraded P geruginosa exopolysaccharide, enhanced bactericidal activity mediated by [50]
(2019) serum complement proteins in vitro, and disrupt the bactenal biofilm
Yangyijun Guo P geruginosa PAO1 | vB_PaeM_SCUT-51 and These two phages inhibited the growth of bacterium at low multiplicity of infection levels, had good [21]
(2019) vB_PaeM_SCUT-52 performance both on preventing biofilm formation and eradicating preformed bicfilms
Tomasz Olszak | B geruginosa PAD1 | O-specific polysaccharide lyase This enzyme reduced B geruginosa virulence, sensitized this bacterium to serum complement activity, and [52]
(2017} from the phage LKA1 caused bicfilm degradation
Diana R. Alves P ageruginosa PADT | A cocktail of six specific phage After 4 h of biofilm contact with the phage suspension (MOI 10), more than 95% of biofilm biomass was [53]
(2018) eliminated, and 48 h after adding the phage cocktail in the flow biofilm model, the biofilm was dispersed
Muafia Shafique A hospital isolate of  JHP This phage reduced biofilm biomass from 2 to 4.5 logs (60-90%) and reduced bacterial load that highlights [54]
(2017} P geruginosa its potential to prevent biofilm formation from indwelling medical devices
Ruoting Pei P geruginasa PAD1 | Engineered T7 bacteriophage that | This phage lyses bacteria and expressed quorum-guenching enzymes that inhibited biofilm formation [40]
(2014) encode lactonase enzyme
A. Phee P geruginosa PA14 | JBD4 and JED44a These phages significantly reduced the mean percentage of biofilm biomass in 24 and 96-h grown on [55]
(2013) microplates, but in 24 and 96-h P geruginosa PA14 biofilms in a root canal model, phage therapy did not

affect biofilm inhibition
Katarzyna P geruginosa PAO1 | Bacteriophages KTNG and KT28 Both of these bacteriophages reduced colony-forming units (70-90%) in 24 h to 72 h P geruginosa PAO1 [586]
Danis- biofilm cultures, reduced the secretion of pyocyanin, and pyoverdin, and increased diffusion rate through the
Wlodarczyk biofilm matrix
(2015)
Susan M. Clinical P Novel phages Phage pretreatment reduced P geruginosa and Proteus mirabilis biofilm counts by 4 log10 CFU/cm2 and 2 [57]
Lehman aeruginosa and log10 CFU/cm2, respectively, so it is reported that pretreatment of a hydrogel urinary catheter with a phage
(2014) Proteus mirabilis cocktail can significantly reduce mixed-species biofilm formation by clinically relevant bacteria
Diana Pires P geruginosa PADT | PhilBB-PAAZ and philBB-PAP21), Both phages after 2 h of infection reduced approximately 1-2 log the biofilm population, and the reduction | [58]
(2011) and ATCC 10,145 was further enhanced after 6 h of biofilm infection. P @eruginosa PAO1 showed resistance to philBE-PAP21,

while phage philB-PAAZ for P geruginosa ATCC10145 continued to destroy biofilm cells, even after 24 h of

infection
P. Knezevic P geruginosa ATCC | &, J-1, o-1 and 001A Phages & and 001A inhibited bacterial growth and biofilm formation for more than a half at all MOls, but -1 | [59]
(2011) 9027 significantly inhibited bacterial growth only at very high MQls and had no effect on biofilm formation
Matthew K. Kay P geruginosa PAO1  Escherichia coli bacteriophage In mixed-species biofilm communities, both of bacterium maintained stable cell populations in the presence | [60]
(2011) _Wa0 of one or both phages

and P geruginosa bacteriophage
PB-1

Weiling Fu P geruginosa M4 F geruginasa The pretreatment of catheters with phage reduced viable biofilm count by 2.84 log10, and the pretreatment | [61]
(2009) phage M4 and five-phage cocktail = of catheters with the cocktail of phage reduced the 48-h mean biofilm cell density by 99.9%

from a larger library of P
aeruginosa phages

Chegini, Z., Khoshbayan, A., Taati Moghadam, M. et al. Bacteriophage therapy against Pseudomonas aeruginosa biofilms: a review. Ann Clin Microbiol Antimicrob 19, 45
(2020). https://doi.org/10.1186/s12941-020-00389-5




Biofilm forming  Bacterial Properties Phage Outcome References
bacteria
Acinetobacter XDR A baumannii Phage AB1801 This phage inhibited bicfilm formation and reduced preformed bicfilms in 2 dose-dependent [70]
baumannii manner
MDR A. baumannii Phage lysin PlyF307 Treatment with PlyF307 was able to significantly reduce planktonic and biofilm of A, baumanni, 71
bath in vitro and in vivo
A. baumannii strain AlIMS 7 Lytic The phage affected A baumannti bicfilm farmation on an abictic (polystyrene) and bictic (human | [72]
bacteriophageABT- embryonic kidney 293 cell line) surface
IBE1
Clinical isolate of A. baumannii strain Phage ABT-IEB2 The phage could inhibit A. baumannii biofilm formation and disrupt prefarmed biofilm as well [73]
AlIMS 7
Klebsiella P DR K. pneumonia UA168 The phage KP168 After 48 h of co-cultivation of this phage and the host bacteria at each MOI, the inhibition rates 74
pneumoriae of bicfilm were similar, with an average of about 45%
MOR K. preumonia Depolymerase This enzyme showed specific enzymatic activities in the depolymerization of the K [73]
Encoded by prieumoniae capsule and was able to significantly inhibit biofilm formation and/or degrade formed
Bacteriophage SH- biofilms
KP152226
An environmental isolate TSK1 bacteriophage Post-treatment with TSK1 against different age K pneumonige biofilms reduced 85-100% biofilm | [78]
of K. pneumoniae ShA2 strain biomass. Pre-treatment of TSK1 bacteriophage against the biofilm of K. pneumonige reduced »
99% biomass in the initial 24 h of incubation
MDR K. prneumonige KP/01 Bacteriophage ZCKP1 | This phage reduced bacterial counts and bicfilm biomass (» 50%) when applied at a high [77]
multiplicity of infection (50 PFU/CFU)
A clinical strain of K. pneumoniae Bacteriophage Z Phage Z reduced biofilm biomass twofold and thresfold after 24 and 48 h, respectively [78]
Staphylococcus MRSA UPME_1 and UPMK_2 | Both bacteriophages were able to destroy biofilms using their lytic enzymes [79]
aureus phages
MRSA and MSSA Bacteriophage CSA13 | This bacteriophage removed over 78% and 93% of MSSA and MRSA bicfilms in an experimental [80]
setting, respectively
MRSA ATCC 43,300 Bacteriophage Sb-1 This phage showed a synergistic effect with antibiotics on eradicating MRSA biofilm, direct killing | [81]
activity on = 5 = 105 CFU/mL persisters cells, and degraded MRSA polysaccharide matrix
Escherichia coli E. coli MG1655 and MDR UPEC strain Bacteriophage vEB_EcoP-EGT1eliminated biofilm of these bacteria. The median bicofilm biomass reduction was about | [82]
390G7 vB_EcoP-EG1 60% and 50% for E coli MG1655 and for clinical isolate 390G7 after 24 h, respectively
E coli TG1 T3 bacteriophage T3 at lower bacteriophage titers (10° PFU/m) inhibited the production of biofilm [83]
E. coli 30 vB_EcoM-UFVD17 This phage reduced the bacterial growth and the guantity of biofilm formed by £ coli in 90.0% and | [34]
(EcoMO17) 87.5%, respectively
Enterococcus E. faecalis clinical strains vB_EfaH_EFITV This phage infected E. faecalis and degraded bicfilm formed by this bacterium [85]
faecalis } - } ; L - o i i ;
VRE E faecalis Vancomycin- This phage, in combination with vancomycin, was synergistically effective against VRE planktonic [88]
phage EFLK1 and biofilm cultures
E. faecalis and Enterococcus clinical vB_Efas-Zip and The cacktail of these phages reduced 2 and 1 log CFU/mL E. faecalis load in biofilms formed in the | [87]

isolates

vB_EfaP-Max

wound after 3 and & h of treatment, respectively, and significantly reduced cell concentration in
dual-species biofilm

MDR, Multi-drug resistant; PDR, Pan-drug resistant; MRSA, Methicillin-resistant S. aureus; MSSA, Methicillin-susceptible S. aureus; VRE, Vancomycin-
resistant Enterococcus, UPEC: Uropathogenic E. coli

Chegini, Z., Khoshbayan, A., Taati Moghadam, M. et al. Bacteriophage therapy against Pseudomonas aeruginosa biofilms: a review. Ann Clin Microbiol Antimicrob 19, 45

(2020). https://doi.org/10.1186/s12941-020-00389-5
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Bacteria

Anti-biofilm mechanisms of bacteriophages.

a Bacteriophages inhibit biofilm formation by
inhibiting quorum sensing and reducing cellular
communication.

b Combined treatments with sequential
application of phage and antibiotics have a killing
efficacy on P. aeruginosa biofilm.

¢ Combined use of bacteriophages with molecules
with anti-biofilm properties can help biofilm
destruction.

d Bacteriophages can penetrate the inner layers of
the biofilm through the biofilm void spaces
without destroying the external matrix and
replicate in the deeper-layer of biofilm
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Secor, Patrick R et al. “Filamentous Bacteriophage Promote Biofilm Assembly and Function.” Cell host & microbe vol. 18,5 (2015): 549-59.
do0i:10.1016/j.chom.2015.10.013
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The Filamentous Phage Pf4 Interacts With Host and Microbial Polymers To Spontaneously Assemble
Higher Order Structures

(A) P. aeruginosa forms a flat confluent biofilm in vitro.
(B) P. aeruginosa supplemented with 5 mg/ml HA forms morphologically complex biofilms in vitro.

(C) The addition of P. aeruginosa biofilm supernatant to HA (5 mg/ml) results in the spontaneous
formation of higher order structures.

(D) Purified, fluorescently labeled Pf4 (green, 8.8 x 109 PFU/ml) mixed with 5 mg/ml DNA 2 kbp in size
(HMW) forms large, interwoven structures while DNA <0.3 kbp in size (LMW) does not (inset).

(E) Purified, fluorescently labeled Pf4 (green, 8.8 x 109 PFU/ml) mixed with 5 mg/ml alginate forms large,
interwoven structures.

(F) Visualization of structures formed from Pf4 and HA by AFM semi-contact topography. The color scale
indicates height.

(G-1) Pf4 (8.8 x 109 PFU/mL) and HA (5 mg/ml) were suspended in: DI water, 1x PBS, or 10x PBS.

Secor, Patrick R et al. “Filamentous Bacteriophage Promote Biofilm Assembly and Function.” Cell host & microbe vol. 18,5 (2015): 549-59.

doi:10.1016/j.chom.2015.10.013
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FIGURE 2: Pf phages organize the P. aeruginosa biofilm matrix into a liquid crystal.

The birefringence of the ligquid crystalline biofilm matrix can be visualized by placing colony biofilms on an agar pad between crossed polarizing lenses. The
liquid crystalline matrix can change the polarization of light allowing it to pass through both polarizing lenses. Thus, nen-liquid crystalline biofilms appear
opaque (red arrow) while liquid crystalline biofilms appear bright (blue arrow). The organization of the biofilm matrix into a liquid crystal enhances
adhesion, antibiotic tolerance, and desiccation survival. Further, Pf phage can increase the viscosity of host polymers such as mucin and DNA.
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“Overview of bacterial defense systems and MacSyFinder pipeline for detection and classification (adapted from Gao et al., Nature Microbiology, 2022).”




Bacterial Defense Systems Against Phages - Overview of the MacSyFinder Pipeline Main contente

*Bacteria and archaea possess a diverse arsenal of defense systems against bacteriophages and mobile
genetic elements.

*Over 60 distinct defense systems have been described, including CRISPR-Cas, BREX, DISARM, CBASS, DRT,
Abi, and Shedu.

*‘These systems act through DNA degradation, abortive infection, sighaling molecules, or membrane
modifications.

*MacSyFinder enables systematic identification and annotation of these systems by combining:
 Hidden Markov Models (HMMs) for defense proteins
* Rule-based operon architecture detection
* Automated genome scanning and annotation

Key takeaway:
MacSyFinder provides a standardized bioinformatics framework to map bacterial antiviral defenses across
genomes, revealing the complexity of phage—host interactions.




Slide 12 - Advantages and Limitations

Pros:

*High specificity

*Eco-friendly

*Self-replicating

*Synergy with antibiotics

Cons:

*Narrow host range

*Resistance development

*Stability and regulatory barriers

Image placeholder: [Pros vs Cons infographic]
Speaker notes: Summarize balance between efficacy and
limitations.




Slide 13 —The Future of Phage Therapy

Content:

*Al-assisted phage design and host prediction (Ramesh et
al., Nat. Biotech., 2023).

*Smart phage libraries for personalized treatment.
*Integration into nanomaterials and biosensors.
*Programmable phages for precision medicine.

Image placeholder: [Al + CRISPR futuristic concept
graphic]

Speaker notes: Inspire forward-looking discussion.



Slide 14 - Discussion

Questions:

1.How can engineered phages overcome resistance?
2.What biosafety concerns exist for synthetic phages?
3.How might Al and CRISPR expand their potential?
Image placeholder: [Group discussion or seminar visual]
Speaker notes: Open class dialogue, 10 minutes
discussion
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Key Takeaways & References

Key Points:

*Phages are natural and programmable biofilm disruptors.

*Genetic engineering enhances specificity and efficiency.

*Integration with Al and nanotech shapes the future of biofilm therapy.

Quote:
“Where antibiotics fail, phages prevail.”

References:

1.Lu & Collins, PNAS, 2007.

2.Citorik et al., Nat Biotech, 2014.
3.Nobrega et al., Cell Reports, 2020.
4.Abedon, Front Microbiol, 2019.
5.Chan et al., Nat Rev Microbiol, 2022.
6.Knezevic et al., Front Microbiol, 2021. shutterstock com - 2458946027

Speaker notes: Conclude with message on phage innovation for public health
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Senior Research Scientist
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