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Evolution of Resistance

Antibiotic resistance threats, CDC 2013



Evolution of new Antibiotics

Oxazolidinones
Lipopeptides



Staphylococcus aureus: a commensal misbehaving

• Gram positive extracellular bacterium
• 30% colonization
• Increased risk for subsequent infection

– Recurring skin infections – abscesses
– Prosthetic joint infections
– Endocarditis 
– Empyema
– Lung abscesses

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





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



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?



Chronic –recurring infections - Biofilm-related infections

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



Besonderheiten von Bakterien im Biofilm

• Verminderte Exposition gegenüber Abwehrmechanismen des 
Wirtsorganismus

• Unterschiedliche Mikrohabitate durch chemische und 
physikalische Gradienten, verschiedene biologische 
Eigenschaften (unterschiedliche Phänotypen): 
HETEROGENITÄT

• Interaktionen zwischen Bakterien (Signalaustausch [quorum
sensing], Nutrition)

• Verminderte Empfindlichkeit gegenüber Antibiotika

• Persistenz im Biofilm

Science 1999;284:1318 (May 21)



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

Phänotypische Resistenz
Persistenz, Toleranz

Natürliche Resistenz
Zielstruktur nicht vorhanden
Permeabilitätsbarriere
(z.B. äussere Membran bei Gram-)

Genetische Resistenz
Zielstruktur mutiert
Effluxpumpe hochreguliert
Modifizierende Enzyme



Biofilm-Aktivität

• Extrazelluläre Matrix: 
Schlechte Penetration/ 
Diffusion



Antibiotika Empfindlichkeit “planktonisch” vs. Biofilm

Clin Microbiol Rev 2002;15:167–193

MIC, minimal inhibitory concentration [minimale Hemmkonzentration]
MBC, minimal bactericidal concentration
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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 
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Low pH - > more SCV 



Nonstable SCVs 
are bacteria with
long lag

SCV formation is a consequence of a late 
emergence of colonies

Nature communications 2018



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



Bakterien, die sich nicht teilen, 
widerstehen Antibiotika besser

Nature communications 2018



Bakterien, die sich nicht teilen, widerstehen Antibiotika besser, 
proportional zur lag Time

Nature communications 2018
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Intracellular localization
Day 0 Day 3

Day 5 Day 7

Scale bars 20 and 5 µm, 
respectively

Leimer, N. et al., J Infect Dis. 2016 

DAPI (DNA) 
LAMP-2 (lysosome)
CFSE (bacteria)



Reduction of SCV frequency by 
phagolysosomal alkalinization in vitro and in vivo 

Baf A1

Ctrl

CQ

Ctrl bafilomycin A1

Leimer, N. et al., J Infect Dis. 2016 

chloroquine
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Pathogens
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Commensals



Pathogenesis
S.aureus and Streptococci

• Phages – virulence factors
• Adhesion & Invasion

– M protein, protein A
• Immunmodulation

– Cytolysis (PVL, α-toxin, PSM, SLO, SLS)
– Proteases (IL-8)
– DNases

• Immunstimulation superantigens
• Extracellular bacteria –

Intracellular persistence



HOST

‘SiecheHuus’ / Sanatorium

Surgery

Decolonise

Lower immunsuppression

Vaccination

Therapeutic options

PATHOGEN

Kill: 
Antibiotics

Disarm the pathogens: 
Inhibition of bacterial virulence
factors

http://www.pleaseconvinceme.com/uploads/monkey2manfinallarge.jpg


Disarm the pathogens: 
Inhibition of bacterial virulence factors 

Emil von Behring (1854-1917)

• Diphtheria: caused by a polypeptide exotoxin 
of Corynebacterium diphtheria
– Diphtheria antitoxin 1890s: in horses 

hyperimmunised with diphtheria toxoid
– diphtheria toxoid containing vaccines
– Endemic countries: Afghanistan, 

Bangladesh, Cambodia, China, India, 
Indonesia, Malaysia, Nepal, Pakistan, 
Papua New Guinea, the Philippines, 
Thailand, Vietnam and the Pacific Islands



Pathogen is key

• Disadvantages: Pathogen is not killed

• Advantages: 

– Very specific, no collateral damage, i.e.  diversity, microbe–microbe 
interactions

• Skin/Mucosa: human skin/nasal commensals affect S. aureus behavior and fitness
– Corynebacteria control S.aureus, pneumococci

» Ramsey MM et al, 2016, Frontiers in Microbiology

• Gastrointestinal: Clostridium difficile-associated diarrhea
– pathology induced by two exotoxins: toxin A and toxin B, antibodies specific for TcdA and TcdB



Antibiotics

• Cell wall active antibiotic:
– Penicillin: 100% susceptibility

• Protein synthesis inhibitor: 
– Clindamycin

• clindamycin is not affected by the inoculum size or stage of bacterial growth 

IDSA Guidelines, CID 2005



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

• Immunglobuline IDSA Guidelines, CID 2005



Nizet, J AlIergy Clin Immunol 2007



Released from neutrophils 

Trap and kill pathogens 

DNA backbone with embedded 
cationic histones, antimicrobial 
peptides and granule proteases 
with antibacterial properties

Neutrophil Extracellular Traps 

control

GAS

Katrin Schilcher



Bacterial nucleases degrade NETs 

control

GAS

DNase ko WT 



Inhibition of S. aureus Nuc1 activity 
CLI and by IG

Schilcher K et al., Journal Infectious Diseases 2014



Enhanced bacterial clearance in presence of CLI and IGs 

Schilcher K et al., Journal Infectious Diseases 2014

control wt wt + CLI wt + IG



PVL

• Panton-Valentin leucocidin
• 2 component pore forming toxin

– LukS-PV und LukF-PV
• Erstbeschreibung 1932 Panton und Valentine
• 2- 3% S.aureus

– USA 300 – CA MRSA



PVL- Neutrophile

Diep, PNAS 2010



PVL- Neutrophile

Diep, PNAS 2010



PVL - Necrotizing Pneumonia

Genetic approach

WT vs ∆pvl S.aureus
endotracheal

Diep, PNAS 2010



Diep, PNAS 2010

Genetic approach

WT vs ∆pvl S.aureus
endotracheal

Pharmacological approach

Protein synthesis inhibitor

Diep, JID 2013

PVL - Necrotizing Pneumonia



Disarming the pathogen 
Proteinsynthesis inhibition

MRSA Pneumonia
• Vanco or Linezolid or

Clindamycin

MSSA Pneumonia
• BetaLactam plus Clindamycin

IDSA Guidelines, CID 2011

Gillet Y et al, Int Journal of Antimicrobial Agents 2011



Invasive GAS 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



High inoculum – stationary

Generation time

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

High inoculum – stationary 



Group A Streptococcus - Streptococcus pyogenes
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Reduced virulence … in vivo
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Reduced virulence … and man
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Treating invasive bacterial infections

• Pathogen directed therapy
– Killing – beta lactams, phages, 

endolysine
– Anti- toxine strategies

• Protein synthesis inhibitors
• IVIG (Lack of antibodies - > 

fulminant NF)
– Anti- biofilm strategies

• Host directed therapy



Stiftung für Forschung an der Medizinischen, 
Fakultät der Universität Zürich, Matching Fonds,
Olga Mayenfisch Stiftung, EMDO, Theodor und 
Ida Herzog-Egli-Stiftung, Hartmann-Müller-Stiftung

Many thanks

Klinik für Infektionskrankheiten & 
Spitalhygiene 

Federica Andreoni
Nadia Keller
Andrea Tarnutzer
Markus Huemner
Nicola Häffner
Vanina Hauenreiter Dengler
Yvonne Achermann
Mathilde Boumasmoud
Carmen Menzi
Tiziano Schweizer
Srikanth Mairpady Shambat
Kati Seidl
Dennis Wipfli
Sandra Götschi
Nadja Leimer
Carol Rachmühl
Miguel Palheiros Marques 
Sandro Pereira
Milton Meerwein
Michèle Leemann
Satoshi Uchiyama
Claudia Zürcher
Katrin Schilcher
Rey Gaffner


	�Angriffsstrategien�
	Die Bakterienflora des Menschen
	Commensals- Pathogens
	Angriffsstrategien
	Foliennummer 5
	Foliennummer 6
	Staphylococcus aureus: a commensal misbehaving
	Foliennummer 8
	How do S.aureus withstand antibiotics?
	Rate of bacterial killing by beta-lactams is proportional to the bacterial growth rate
	Foliennummer 11
	Foliennummer 12
	Chronic –recurring infections
	Foliennummer 14
	Besonderheiten von Bakterien im Biofilm
	Foliennummer 16
	Persisters
	Biofilm-Aktivität
	Antibiotika Empfindlichkeit “planktonisch” vs. Biofilm
	How do S.aureus withstand antibiotics?
	Foliennummer 21
	Foliennummer 22
	Nonstable SCVs �are bacteria with �long lag�
	S. aureus recovered from �human and murine abscesses
	heterogeneous colony size - delay in the first division at the level of single cells
	Bakterien, die sich nicht teilen, �widerstehen Antibiotika besser
	Bakterien, die sich nicht teilen, widerstehen Antibiotika besser, proportional zur lag Time
	How do S.aureus withstand antibiotics?
	Foliennummer 29
	Reduction of SCV frequency by �phagolysosomal alkalinization in vitro and in vivo �
	Angriffsstrategien
	Foliennummer 32
	Pathogenesis �S.aureus and Streptococci
	Foliennummer 34
	Disarm the pathogens: �Inhibition of bacterial virulence factors 
	Pathogen is key
	Antibiotics
	Eliminate + Disarm
	Foliennummer 39
	Foliennummer 40
	Foliennummer 41
	Foliennummer 42
	Enhanced bacterial clearance in presence of CLI and IGs 
	PVL
	PVL- Neutrophile
	PVL- Neutrophile
	PVL - Necrotizing Pneumonia
	PVL - Necrotizing Pneumonia
	Disarming the pathogen �Proteinsynthesis inhibition�
	Foliennummer 50
	High inoculum – stationary
	Foliennummer 52
	Foliennummer 53
	Foliennummer 54
	Foliennummer 55
	Foliennummer 56

