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6 out of 10 infectious diseases

• Global influenza pandemic

• Antimicrobial resistance

• Ebola and other high-threat pathogens

• Vaccine hesitancy

• Dengue 

• HIV 

https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death

in 2019



Bacteria - Host

Der Spiegel, 21/2007, p. 140



Commensals can prevent (nasal) colonization of

pathobionts

Silde provided by M. M. Ramsey
Antagonism

Synergy

Metabolites

or Signals



Commensal – pathobiont - interactions

direct inhibition

behavior shift

indirect inhibition

Brugger, Bomar, Lemon, PLoSPath, 2016

Zipperer, Nature, 2016, Bomar, mBio, 2016, Ramsey, FrontMicro,2016



Corynebacterium accolens Releases 

Antipneumococcal Free Fatty Acids from Human 

Nostril and Skin Surface Triacylglycerols

6

Bomar, Brugger, mBio, 2016

Dolosigranulum spp. 

Corynebacterium spp. 



Commensales Misbehaving

Swissnoso Bulletin 

Susi, 8yr



Science 1999;284:1318

Plaque



Staphylococcus aureus: a commensal

• Gram positive extracellular bacterium

• 30% colonization

(Fowler et al. 2005  JAMA; Cosgrove and Fowler. 2008 CID; Chang et al. 2003 Medicine)



Staphylococcus aureus: a commensal misbehaving

• Gram positive extracellular bacterium

• 30% colonization

• Increased risk for subsequent infection

– Recurring skin infections – abscesses

– Prosthetic joint infections

– Endocarditis 

(Fowler et al. 2005  JAMA; Cosgrove and Fowler. 2008 CID; Chang et al. 2003 Medicine)



Chronic –recurring infections - Biofilm-related infections

David Lebeaux et al. Microbiol. Mol. Biol. Rev. 2014;78:510-543



How do bacteria withstand antibiotics?

Resistance - MRSA

Susceptible

• 1. ‘Location’:

– in ‘privileged’ sites such as abscess, 

intracellular, biofilm

– > AB do not reach bacteria, milieux

• 2. ‘Growth’

– Stationary bacteria

– Persisters = metabolically inactive
Lancet



Rate of bacterial killing by beta-lactams is proportional to the 

bacterial growth rate

Generation time

Tuomanen et al, J Gen Microbiology, 1986

High inoculum – stationary 



Rate of bacterial killing by beta-lactams is proportional to the 

bacterial growth rate

Generation time

Tuomanen et al, J Gen Microbiology, 1986
J Ex Med 1956

High inoculum – stationary 



1947



J Ex Med 1949

Curative dose of penicillin increases 

with the size of the inoculum, and 

increases also with the age of the 

infection (paradoxical more-drug-

kills-less Eagle effect)

UBI PUS IBI EVACUA



Chronic –recurring infections

Surgery: Scars- morbidity -mortality

• Removal of infected tissue -foreign body
» Therapy of Staphylococcus aureus Bacteremia Associated with a Removable Focus of 

Infection, PAUL B. IANNINI, M.D.; KENT CROSSLEY, M.D. 1976

Antibiotics: Long treatment duration, i.v.

– Endocarditis: >4 weeks

•1943: Mortality 100% -now with antibiotic therapy 30%

– Osteomyelitis/ Orthopedic implant associated

infections: 6-12 weeks

? How long is long enough? What is most effective?



Biphasic killing kinetics of bactericidal antibiotic treatment.

Alexander Harms et al. Science 2016;354:aaf4268

Persisters = metabolically inactive bacteria 

Conlon et al., 2013

Growing Dormant

E.coli, Tbc, S.aureus, Salmonella ssp.
Stressors: reactive oxygen species (ROS), lack in nutrients, 

low pH, antibiotics



Persisters

Conlon et al., 2013

Growing Dormant

Phenotypic Resistance

Persistenz, Toleranz

Natural Resistance
outer Membrane Gram-

Genetic Resistance

Mutations

Effluxpumps upregulated

Modified enzymes

Growth – No Growth
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• Challenging detection – reduced growth

• Phenotype switching, revert to normal colony phenotyp

• Indispensable feature for recurrent infections

• In contrast to stable SCV - genetically determined
– Electron transport-defective SCVs, auxotroph for hemin, menadione, thymidine (hemB, menD, 

thyD)

Small Colony Variants (SCV) in clinical isolates:

ko

wt

von Eiff, 2006 



Long tailed size distribution

Heterogenous colony size

• semi-automated colony growth analysis
• analyzing time lapse movies with MATLAB for growth rate and lag-time 



Heterogeneity?

1. Difference in growth rate? Do they grow slower?

2. Difference in growth start? Do they start later?

3. Difference in growth end? Do they stop growing?



Nonstable SCVs 
are bacteria with
long lag

SCV formation is a consequence of a late 
emergence of colonies

Nature Communications 2018



Phenotype switching, 
revert to normal colony phenotyp



SCV formation is a consequence of a late 
emergence of colonies

Stable SCVs 
are bacteria
which
grow slower

auxotroph for hemin



S. aureus recovered from 
human and murine abscesses

Microscopic timelapse

Heterogeneous and lag



heterogeneous colony size - delay in the first 
division at the level of single cells



Non dividing bacteria withstand antibiotics

Tolerance by growthNature Communications 2018



lag time of individual bacterial cells



The proportion of bacteria in lag phase correlates 

with the proportion of bacteria surviving antibiotics



How do S.aureus withstand antibiotics?

Resistance - MRSA

Susceptible

• 1. ‘Location’:

– in ‘privileged’ sites such as abscess, 

intracellular, biofilm

– > AB do not reach bacteria, milieux

• 2. ‘Growth’

– Stationary bacteria

– Persisters = metabolically inactive
Lancet



Recurrence: Weeks - years after apparent cure

Fowler VG Jr et al. 
2006;355:653-665

Daptomycin versus Standard Therapy for Bacteremia and Endocarditis Caused

by Staphylococcus aureus -open-label, randomized trial



Staphylococcus epidermidis

Medical implant (pacemaker surface) 

• Gram-positive coagulase-negative staphylococcus

• Commensal: skin and mucosa 

• Less virulent than S. aureus (less toxins and 
aggressive exoenzymes)

• Opportunistic pathogen: 

– Nosocomial bacteraemia

– Biofilm associated infections

• Major cause of medical device associated infections
– Prosthetic valve infections

– Pacemaker associated infections

Endocarditis

bloodstream

Adapted from Paharik and  Horswill Microbiol Spectr. 4(2) 2016



A

pacemaker pocket infection

Pacemaker pocket infection in 40 year old

male, debridement of the pacemaker pocket,

vacuum assisted closure therapy (VAC), antibiotics

Staphylococcus epidermidis
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Pacemaker pocket infection in 40 year old
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Staphylococcus epidermidis



A

pacemaker associated endocarditis

Explantation of pacemakerBacteremia, 

vegetation in 

echocardiography

Pacemaker pocket infection in 40 year old

male, debridement of the pacemaker pocket,

vacuum assisted closure therapy (VAC), antibiotics

Staphylococcus epidermidis



Rifampicin resistent 

clinical isolates

Phylogenetic tree of the 
clinical S. epidermidis isolates 



Biofilm

Scanning Electron Microscopy 

Nature communications 2019



Biofilm

Lag phase

Ciprofloxacin MIC 40 x

time kill curves

Scanning Electron Microscopy 

Nature communications 2019



How do S.epidermidis withstand antibiotics?

Resistance - rifampicin

Susceptible

• 1. ‘Location’:

– in ‘privileged’ sites such as abscess, 

intracellular, biofilm

– > AB do not reach bacteria, milieux

• 2. ‘Growth’

– Stationary bacteria

– Persisters = metabolically inactive

– in host evolutionLancet



Invasive Group A Streptococcal Disease

Global burden of disease / year:

663,000 invasive infections 

- 163,000 deaths

- streptococal toxic shock syndrome

- necrotizing fasciitis

Rapidly-progressive, destructive 

infection of the soft tissues.

Requires extensive surgical 

debridement, intravenous 

antibiotics, and ICU care.

High lethality (~35%)

Necrotizing fasciitis



Why does treatment fail?

Rapidely progressive disease

Doc: 

• quick diagnosis, surgery + ‘wright’ antimicrobials

Patient: 

• Delay in presentation, necrotic tissue

Bug:

• Extracellular bacterium, 100% peni susceptible

• Many bacteria

• Virulence factors

• Biofilms



Necrotizing fasciitis - 2 days ceftriaxone
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Group A Streptococcus - Streptococcus pyogenes

bacterial count
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J Ex Med 1949

Curative dose of penicillin increases 

with the size of the inoculum, and 

increases also with the age of the 

infection (paradoxical more-drug-

kills-less Eagle effect)



High inoculum – stationary  

J Ex Med 1956

Once there is a high inoculum of 

Strep and it reaches the stationary 

phase of growth, Strep does not 

express penicillin-binding proteins 

and thus is less susceptible to beta-

lactams.





Antibiotics: Eliminate + Disarm

• Cell wall active antibiotic:

– Penicillin: 100% susceptibility

– Penicillin should be given as quickly as possible 

• Protein synthesis inhibitor: 

– Clindamycin

• clindamycin is not affected by the inoculum size or

stage of bacterial growth 

• suppressor of bacterial toxin synthesis
• Sriskandan et al., J Antimicrob Chemother. 1997 

• Mascini et al., Int J Antimicrib Agents 2001

• Goscinski G et al., Scand J Infect Dis 2006

IDSA Guidelines, CID 2005



Reality
Observational prospective surveillance of iGAS in Victoria, Australia (4.9mio), 3/2002-8/2004.



Reduced virulence … in vivo

+    -
DNase1Control Clindamycin
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Reality
Observational prospective surveillance of iGAS in Victoria, Australia (4.9mio), 3/2002-8/2004.



bacterial count
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IVIG inhibit VF activity + reduce lesion size

Tarnutzer A, et al, CMI 2018



• Virus

• Lytic

• Resistances - Cocktails

• FDA approved for treatment of 

Listeria monocytogenes

contamination in food industry

(poultry & cattle)

• Aquaculture & sewage treatment

Fischetti et al, 2006, Matsuda e al 2005, Huff et al 2003, Coates et al 2007, Doyle et al 2006



AMR CONTROL 

2015



• Phages used to transport and target antibiotics into

bacteria
» Yacoby et al, 2006, AAC Targeting Antibacterial Agents by Using Drug-Carrying 

Filamentous Bacteriophages

• Rapid resistance development

• Phage lysins = cell wall hydrolases, bind to peptidoglycans

-> disrupt cell walls of Gram pos bacteria

AMR CONTROL 

2015



Endolysins

• Bacteriophage endolysins (=peptidoglycan hydrolase 

enzymes) are enzymes which cleave essential bonds 

in the peptidoglycans of bacterial cell wall for phage 

progeny release

• can cause ‘‘lysis from without.’’

• Endolysins can act synergistically with antibiotics by 

resensitizing bacteria to non-susceptible antibiotics

• No strains resistant to phage endolysin







SpyCEP reduces biofilm
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Andreoni et al. 2014

JCI Insight. 2016 

Jul 7; 1(10): e87882.

GAS make biofilm



Antibiotic activity against planktonic and 

biofilm-embedded Streptococcus pyogenes

J Antimicrob Chemother 2017; 72: 3085–3092





Fresh Garlic Extract Enhances the 

Antimicrobial Activities

Ajoene, a sulfur-rich molecule from garlic

- prevents bacteria from secreting the toxin 

rhamnolipid which destroys neutrophils

- inhibits genes controlled by quorum 

sensing

- promotes rapid clearing of pulmonary

Pseudomonas aeruginosa infections.

- renders P. aeruginosa sensitive to 

tobramycin, respiratory burst and 

phagocytosis by PMNs
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pathogen directed therapy

Adapted from

Nadia Keller 



host directed therapypathogen directed therapy

Adapted from

Nadia Keller 



host directed therapy

• Activation/boosting of eukaryotic effector mechanisms

– increase neutrophil numbers

– antimicrobial peptides, 

– nitric oxide, 

– reactive oxygen species

• Vitamin D, HIF-1α inducers, IL-4, Interferon α

kill the bacteria



Vitamin D

• potent inducer of antimicrobial peptides

• link between vitamin D deficiency and the recurrence of GAS 

tonsillopharyngitis.



Atopic Dermatitis

• Allergic ‘type-2’ inflammation (IL4)-> hampers neutrophil 

expansion and migration

• Why are atopic individuals more prone to infections 

with Gram positive bacteria?

Ref: Adachi et al., JDS 1998; 



IL4-complex = fewer neutrophils, anti-IL4 = more neutrophils

Atopic Dermatitis

J. Woytschak et al., Immunity 2016



Exogenous IFN-α boots GAS killing

Uchiyama, Keller et al., JID 2016

GAS survival in patient

whole blood
Neutrophil counts 

over time of therapy
GAS survival in IFN-α 

stimulated neutrophils



Infected with 

GAS WT

enriched 

pDCs

WT 

condition
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* **

*

Infected with 

GAS WT

enriched 

pDCs

WT 

condition

Endogenous IFN-α improves outcome

Type I interferon levels Bacterial load Lesion sizes

Keller N et al, Journal Inv. Dermatology 2018



Antibiotics and beyond for treating invasive GAS infections

• Pathogen directed therapy

– Killing

• beta lactams, phages, endolysine

– Anti- toxine strategies

• Protein synthesis inhibitors

• IVIG 

– Anti- biofilm strategies

• Host directed therapy

– Vitamin D, HIF-1α inducers, IL-4, 

Interferon α



Pathogenesis of Gram positive Bacterial Infections

• Commensals Misbehaving
• Susceptible Staphylococci spp.

1. ‘Location’: abscess, intracellular, biofilm

2. ‘Growth’: stationary bacteria, persisters

-> Removal of infectious source crucial

-> Antibiotics: The proportion of bacteria in lag 

phase correlates with the proportion of bacteria 

survivng antibiotics

• Group A Streptococci: high inocculum, many

virulence factors – combination therapy penicillin, 

clinda plus IVIG
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