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Beyond antibiotics-outline

1. Probiotics, prebiotics, synbiotics

2. Antimicrobial peptides

3. Bacteriophages

4. Predatory bacteria

5. Fecal microbiota transplant (FMT) therapy

6. Immunological compounds (serum/antiserum & antibodies)

7. Vaccines

8. Nanotechnology



1. PROBIOTICS, PREBIOTICS, SYNBIOTICS

• Living non-pathogenic 
microorganisms (yeast or 
bacteria) 

Examples:
• Lactobacillus acidophilus
• Lactobacillus rhamnosus
• Lactobacillus plantarum
• Bifidobacterium bifidum
• Bifidobacterium lactis
• Bifidobacterium subtilis
• Saccharomyces boulardii
• Streptococcus thermophilus

etc…

• Substrates for growth of 
probiotics

• Non-digestable food 
ingredients in whole grains, 
bananas, rice, onions etc –
substrates for growth of 
probiotics

• Mixtures of probiotics 
and prebiotics

Yadav et al. Applied Microbiology and Biotechnology, 2022



1. PROBIOTICS, PREBIOTICS, SYNBIOTICS

Probiotics - mechanisms of action

Yadav et al. Applied Microbiology and Biotechnology, 2022



1. PROBIOTICS, PREBIOTICS, SYNBIOTICS

of viruses eg. influenza A, rotavirus, 
enterovirus, herpes simplex virus

Yadav et al, Applied Microbiology and Biotechnology, 2022. Hummelen et al, Gut Microbes, 2011. Kawashima et al., Int, Immunopharmacology 2011.



Development of probiotics for SARS-CoV-2

1. PROBIOTICS, PREBIOTICS, SYNBIOTICSAnwar et al, J Biomol Struct Dyn.. 2020.

Strong affinity with low binding energies between Lactobacillus plantarum metabolites (Plantaricin W, Plantaricin D, 
Plantaricin JLA-9) and RNA-dependent RNA polymerase (RdRp), residual binding protein (RBP) on spike protein (S), 
and human Angiotensin-Converting Enzyme 2 (ACE2) receptor proteins.

(Example) Structural modelling of 
Plantaricin W blocking activity site 
of RdRp.

Docking scores of Lactobacillus plantarum metabolites (Plantaricins) with targets RdRp, RBD, ACE2



1. PROBIOTICS, PREBIOTICS, SYNBIOTICSManzanares et al., Crit Care, 2016.



Effect of probiotics on overall infections in critically ill patients

Significant reduction in overall infections with probiotics
RR 0.80, 95 % CI 0.68, 0.95, P = 0.009; heterogeneity I2 = 36 %, P = 0.09

1. PROBIOTICS, PREBIOTICS, SYNBIOTICSManzanares et al., Crit Care, 2016.



Overall effect of probiotics on Ventilator associated pneumonia (VAP)

Significant reduction in the incidence of VAP 
RR 0.74, 95 % CI 0.61, 0.90, P = 0.002; I2 = 19 %, P = 0.27

1. PROBIOTICS, PREBIOTICS, SYNBIOTICSManzanares et al., Crit Care, 2016.



Antimicrobial peptides (AMP)

2. ANTIMICROBIAL PEPTIDESMahlapuu et al., Critical Reviews in Biotechnology, 2020.

*Sources of AMP registered in 
Antimicrobial Database (accessed 
September 2019)



Antimicrobial peptides (AMP) – mechanism of action

2. ANTIMICROBIAL PEPTIDES

Direct killing by 
membrane disruption

Mahlapuu et al., Critical Reviews in Biotechnology, 2020.



Antimicrobial peptides (AMP) – mechanism of action

2. ANTIMICROBIAL PEPTIDES

Immunomodulatory 
function

Ioannou et al. Life 2023



2. ANTIMICROBIAL PEPTIDESIoannou et al. Life 2023

Examples of AMPs in nature



Advantages

• Multiple approved uses ; mainly in food 
industry

• Resistance less likely to occur

• Less susceptible to mutations

• Sepsis attenuation by neutralizing 
endotoxins 

• Multiple targets

• Good thermal stability

• Good water solubility

• Can be used in combination with 
antibiotoics

3. BACTERIOPHAGE

Disadvantages

• High extraction costs

• Poor bioavailability

• Short half-lives

• Lack of target specificity

• Cytotoxicity 

• Instability – degradable by proteases

Antimicrobial peptides (AMP) 

Mahlapuu et al., Critical Reviews in Biotechnology 2020.



AMP - synergy with antibiotics

2. ANTIMICROBIAL PEPTIDESIoannou et al. Life 2023



Examples of AMPs in human clinical trials

2. ANTIMICROBIAL PEPTIDESIoannou et al. Life 2023



2. ANTIMICROBIAL PEPTIDESIoannou et al. Life 2023

Examples of AMPs in human clinical trials



Bacteriophage - Lifecycle

3. BACTERIOPHAGEAlsobhi et al. Life 2023

Lytic cycle also known as infectious or virulence cycle. 
Ends with lysis of host cells.



Bacteriophage – applications

3. BACTERIOPHAGE

Food safety
• Reduce entry of pathogenic 

bacteria responsible for foodborne 
disease

• Not infecting human cells
• Not altering food
• Prevent biofilm formation

Aquaculture
• Control of bacterial disease leading 

to optimization of industrial 
production

Wastewater plant treatment
• Can be specific against different 

bacteria, and can act as tracers of 
pathogens, monitoring wastewater

Hospital environment sanitizers
• Can eliminate pathogens that could 

be isolated in hospital surfaces such 
as Escherichia coli, Salmonella spp. 
MRSA, Acinetobacter baumanii

• Can amplify decontamination of 
hospital surfaces with respect to 
bacteria that are protective

• Can eradicate XDR and PDR 
pathogens in ICUs

• Can combine with PCHS, targeting 
bacteria that are resistant to 
disinfectants

Agriculture
• Reduce possibility of plant diseases 

due to pathogens

Abbreviations: ICU, intensive care unit; MRSA, methicillin-resistant Staphylococcus aureus; PCHS, probiotic cleaning hygiene system; PDR, pan-drug-resistant; XDR, extensively drug-resistant.

Ioannou et al. Life 2023



Bacteriophage therapy

Advantages

• Works against AMR pathogens

• Can be used in combination with antibiotics

• Few doses needed 

• Target bacteria , not normal flora

• Natural and easy to find 

• No adverse events

• Not toxic to the environment

3. BACTERIOPHAGE

Disadvantages

• Difficult to prepare 

• Pharmaceutical issues - dose, PK/PD, phage species

• In vitro and in vivo correlation unclear

• Bacterial resistance in long-term

• Immune overreaction after massive bacterial lysis

• Immune system may deactivate phages

• No FDA approval (yet)

Ioannou et al. Life 2023



Studies evaluating clinical use of phages

3. BACTERIOPHAGEIoannou et al. Life 2023



Studies evaluating clinical use of phages

3. BACTERIOPHAGE3. BACTERIOPHAGE3. BACTERIOPHAGEIoannou et al. Life 2023



Studies evaluating clinical use of phages

3. BACTERIOPHAGE3. BACTERIOPHAGE3. BACTERIOPHAGEIoannou et al. Life 2023



Bacteria Bdellovibrio spp.
—false-color transmission electron microscopy image at 50,000× magnification

3. BACTERIOPHAGE3. BACTERIOPHAGE4. PREDATORY BACTERIAMadhusoodanan et al. PNAS 2019

Predatory bacteria 
• First discovered accidentally in 1960 while 

scientists searched for bacteriophages
• Found in soil and water
• Harmless to humans
• Prey on gram-negative bacteria



3. BACTERIOPHAGE3. BACTERIOPHAGE4. PREDATORY BACTERIA

Micavibrio
aeruginosavorus

Vampirovibrio
chlorellavorus

Bdellovibrio
exovorus

-'Vampire bacteria’ are predatory against gram-negative bacteria

-Myxobacteria spp. can kill a broader range of bacteria

-Potential targets include: 
Acinetobacter, Aeromonas, Bordetlla, Burkholderia, Citrobacter, Enterobacter, 
Escherichia, Klebsiella, Listeonella, Morganella, Proteus, Salmonella, Serratia, 
Shigella, Vibrio, Yersinia, H.pylori, Legionella

Myxobacteria spp.

Atterbury and Tyson. Microbiology 2021



Life cycle of Bdellovibrio bacteriovorus

3. BACTERIOPHAGE3. BACTERIOPHAGE4. PREDATORY BACTERIAHampton T., JAMA 2004



3. BACTERIOPHAGE3. BACTERIOPHAGE4. PREDATORY BACTERIA

Bdellovibrio
exovorus

Bdellovibrio spp. 

Active against many bacteria
May persist non-pathogenically in humans
Not highly immune-stimulatory
Minimal adverse events to microbiome
No resistance development by targets 
No incorporation of prey genetic material

Atterbury and Tyson. Microbiology 2021



3. BACTERIOPHAGE3. BACTERIOPHAGE4. PREDATORY BACTERIARusso et al Microorganisms 2019

B.Bacteriovorus (109J) reduce bacteria Yersinia pestis in mice lungs by 
86% within a day of infection as compared with control (PBS).

n=16 in treatment group
Significant differences between treatment groups : p<0.05



Klebsiella pneumoniae burden after treatment with predatory bacteria

3. BACTERIOPHAGE3. BACTERIOPHAGE4. PREDATORY BACTERIAShatzkes et al. Scientific Reports 2017

No significant difference in reducing bacterial (K.pneumoniae) burden after treatment with predatory bacteria ; B.bacteriovorus (109J, 
HD100) or M.aeruginosavorus(MICA) as compared with control (PBS) within 24 hours for acute bloodstream infection.



Fecal microbiota transplantation (FMT)

3. BACTERIOPHAGE3. BACTERIOPHAGE5. FECAL MICROBIOTA TRANSPLANTATIONAtterbury and Tyson. Microbiology 2021



3. BACTERIOPHAGE3. BACTERIOPHAGE5. FECAL MICROBIOTA TRANSPLANTATIONAtterbury and Tyson. Microbiology 2021

Fecal microbiota transplantation (FMT)



3. BACTERIOPHAGE3. BACTERIOPHAGE5. FECAL MICROBIOTA TRANSPLANTATION

Systematic reviews of FMT

Ianiro et al United European Gastroenterology Journal  2018

Resolution of C.difficile infection is higher with two doses (99%) compared to one dose (55%)

(a) Single-infusion faecal microbiota transplantation (b) Overall infusions 



3. BACTERIOPHAGE3. BACTERIOPHAGE5. FECAL MICROBIOTA TRANSPLANTATIONIaniro et al United European Gastroenterology Journal  2018

Systematic reviews – route of delivery

Resolution of C.difficile infection differs with different routes of delivery

(a) Single-infusion faecal microbiota transplantation (b) Overall infusions 



Therapeutic potential of different types of immunotherapies

3. BACTERIOPHAGE3. BACTERIOPHAGE6. IMMUNOLOGICAL COMPOUNDSQadri et al Front. Med. 2023



Monoclonal Abs for human infections

3. BACTERIOPHAGE3. BACTERIOPHAGE6. IMMUNOLOGICAL COMPOUNDSQadri et al Front. Med. 2023

Companies currently pursuing Hu-mAb therapy for bacterial infections caused by ESKAPEE pathogens 
and Clostridum difficile—products and stage of development.

For P.aeruginosa pneumonia

MAb - bispecific IgG1 antibody
Targets:
1. Pseudomonas Pcvr protein
2. Pslexopolysaccharide



Monoclonal Abs for human infections

3. BACTERIOPHAGE3. BACTERIOPHAGE6. IMMUNOLOGICAL COMPOUNDSQadri et al Front. Med. 2023

Companies currently pursuing Hu-mAb therapy for bacterial infections caused by ESKAPEE pathogens 
and Clostridum difficile—products and stage of development.

For MRSA pneumonia
MAb with alpha-toxin neutralizing 
capabilities

For S.aureus infection
Target: alpha-toxin



Bezlotoxumab
for

C.difficile infection (CDI)

3. BACTERIOPHAGE3. BACTERIOPHAGE6. IMMUNOLOGICAL COMPOUNDSGiacobbe et al. Infect. Dis. Ther. 2020



• Two double-blind, randomized, placebo-controlled, phase III trials - MODIFY I and MODIFY II

• 2655 adults receiving oral standard-of-care (SOC) antibiotics for primary or recurrent C.difficile infection (CDI)

• Randomized into four arms - Bezlotoxumab , Actoxumab + Bezlotoxumab, Actoxumab, placebo (0.9% saline)

• Primary end point – recurrent infection within 12 weeks after infusion in mITT group

3. BACTERIOPHAGE3. BACTERIOPHAGE6. IMMUNOLOGICAL COMPOUNDSGiacobbe et al. Infect. Dis. Ther. 2020



3. BACTERIOPHAGE3. BACTERIOPHAGE6. IMMUNOLOGICAL COMPOUNDS

CDI significantly lower with Bezlotoxumab alone vs placebo (MODIFY I: 17%, MODIFY II: 16%), p<0.001

Giacobbe et al. Infect. Dis. Ther. 2020



Guidelines comparison for CDI management

3. BACTERIOPHAGE3. BACTERIOPHAGE6. IMMUNOLOGICAL COMPOUNDSJones et al. Antibiotics (Basel). 2022



Vaccination impact (UK)

3. BACTERIOPHAGE3. BACTERIOPHAGE7. VACCINESPollard et al . Nature Reviews Immunology 2021



Overall age-standardized mortality rate per 100,000 population

3. BACTERIOPHAGE3. BACTERIOPHAGE7. VACCINESFrost et al Lancet Microbe 2023



Vaccine candidates in preclinical development

3. BACTERIOPHAGE3. BACTERIOPHAGE7. VACCINESFrost et al Lancet Microbe 2023



Vaccine candidates in active clinical development

3. BACTERIOPHAGE3. BACTERIOPHAGE7. VACCINESFrost et al Lancet Microbe 2023



Induction of immune responses by Nanoparticle-based vaccine

3. BACTERIOPHAGE3. BACTERIOPHAGE8. NANOPARTICLESQasim et al Journal of Nanoscience and Nanotechnology 2014



Nanomaterial-based vaccines against bacterial infections

3. BACTERIOPHAGE3. BACTERIOPHAGE8. NANOPARTICLESChakrabortv et al. Journal of Nanobiotechnology 2022



Nanoparticle-based Encochelated Amphotericin B

3. BACTERIOPHAGE3. BACTERIOPHAGE8. NANOTECHNOLOGYSkinner et al. Antimicrob Agents Chemother 2020



Nanotechnology - diagnostics

3. BACTERIOPHAGE3. BACTERIOPHAGE8. NANOPARTICLESZapata et al Pharmaceutics 2022



Chakrabortv et al. Journal of Nanobiotechnology 2022

3. BACTERIOPHAGE3. BACTERIOPHAGE8. NANOPARTICLESChakrabortv et al. Journal of Nanobiotechnology 2022

Nanobiotic properties against AMR



Chakrabortv et al. Journal of Nanobiotechnology 2022

3. BACTERIOPHAGE3. BACTERIOPHAGE8. NANOPARTICLESChakrabortv et al. Journal of Nanobiotechnology 2022

Nanobiotic properties against AMR



Summary

1. Probiotics– shows potential, currently not recommended for CDI 

2. Antimicrobial peptides – some currently used as antibiotics with more in development 

3. Bacteriophages – shows potential , currently not FDA approved for humans

4. Predatory bacteria – ambiguous results and more studies needed

5. Fecal microbiota transplant - currently useful for CDI

6. Immunological compounds – successful old school

7. Vaccines – have changed the route of human history

8. Nanotechnology – shows great potential
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