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How do bacteria protect themselves against antibiotics ?
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“offensive strategy”: to develop resistance mechanisms

“defensive strategy”: to adopt ‘hidden’ mode of life
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Main infections caused by S. aureus

Salgado-Pabón & Schlievert; Nat Rev Microbiol. 2014; 12:585-91

Acute infections

Chronic infections
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Intracellular survival and persistent infections

Evidence of S. aureus intracellular reservoir 
in osteocytes (A,B), osteoblasts (C) and bone matrix 

of a patient with recurrent osteomyelitis

Bosse et al, J Bone Joint Surg Am. 2005; 87: 1343-7

Evidence of an intracellular reservoir in the nasal mucosa 
of patients with recurrent S. aureus rhinosinusitis

Clement et al, J Infect Dis. 2005;192:1023-8 
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Antibiotic failure against intracellular S. aureus
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PK/PD parameters and intracellular activity

bacterial
responsiveness

physico-chemical
conditions

cooperation with
host defenses

accumulation 
and 

bioavailability

metabolism binding

influx

efflux

Carryn et al, Infect Dis Clin North Am 2003; 17:615-34 



12-12-2022 RICAI 2022 7

In vitro model of intracellular infection

Peyrusson et al, Methods Mol Biol. 2021; 2357:239-251. 

Opsonization
Incubation 

with 10 % human serum
in culture medium

Extracellular wash
Elimination of non phagocytosed bacteria

by incubation with 50-100 X MIC gentamicin; 
elimination of gentamicin by washing
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Intracellular activity of antibiotics

12-12-2022 RICAI 2022 8

0 6 12 18 24
-3

-2

-1

0

1

oxacillin clarithromycin moxifloxacin

Time (h)

∆
Lo

g 1
0 c

fu
 fr

om
 in

iti
al

 in
oc

ul
um

Intracellular time kill curve

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

4

Log10 extracell. conc. (xMIC)

Intracellular conc.-response curve

Poor
efficacy

Biphasic killing

Peyrusson et al, Methods Mol Biol. 2021; 2357:239-251. 



Poor response to antibiotics: 
resistance, tolerance, or persistence ?
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Brauner et al, Nat Rev Microbiol. 2016; 14:320-30. 



Persisters and antibiotics
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R bacteriumS bacterium

Persister
bacterium

Non persistent
bacterium

+/-
Ab

https://www.biw.kuleuven.be/dtp/cmpg/spi/research.aspx 

 Biphasic kill curve in the presence of antibiotics
 Survival at bactericidal concentrations of antibiotics
 Low impact of antibiotic concentration 

(if >>> MIC) on persistence level

? No replication in the presence 
of antibiotics

? Phenotype reversible 
after withdrawal of the antibiotic

Balaban et al, Nat. Rev. Microbiol. 2019; 17:441-448 



Following bacterial multiplication 
at the single cell level and in real time
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Roostalu et al, BMC Microbiol. 2008; 8:68.



Application to S. aureus planktonic cultures
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1h0h 2h

O/N induction 
TET 125 ng/mL

Entry into
exponential phase

STOP TET
Fluorescence : +1h, +2h, +3h…

Growth rate  
• 28.5 min  / generation
• 30.3 min / generation (CFU method) 

1h0h 2h 3h

Peyrusson et al, Nat. Comm. 2020; 11:2200



Application to intracellular S. aureus 
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w/o
antibiotic
(gentamicin 5xMIC)

Inoculum actively dividing  inside the cell

Peyrusson et al, Nat. Comm. 2020; 11:2200



Application to intracellular S. aureus 
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Application to intracellular S. aureus 
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Antibiotic pressure

Moxifloxacin

Clarithromycin

Oxacillin

50 x MIC2 x MIC

Fully homogenous and 
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Peyrusson et al., Nat. Comm. 2020; 11:2200



Application to intracellular S. aureus 
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Antibiotic pressure

Moxifloxacin

Clarithromycin

Oxacillin

w/o
antibiotic
(gentamicin 5xMIC)

Peyrusson et al., Nat. Comm. 2020; 11:2200

50 x MIC2 x MIC



Intracellular activity of antibiotic combinations
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Peyrusson et al, Nat. Comm. 2020; 11:2200



Non dividing bacteria persist inside the cells
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AB at 50 MIC

24h0h

GEN 5 MIC

Cell sorting and transcriptomic analysis

Peyrusson et al, Nat. Comm. 2020; 11:2200



Transcriptomic analysis: global view
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Peyrusson et al, Nat. Comm. 2020; 11:2200



Transcriptomic analysis: more details
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Peyrusson et al, Nat. Comm. 2020; 11:2200
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Presentation Notes
Vert: enzymes synthetisant ppgpp; induits par differents types de stress
codY Global regulateur de fonction métaboliques et de virulence (répresseur), activé en fonction de la disponibilité de certains AA ou du GTP
Alarmone (p)ppGpp, leading to deep transcriptomic reprogramming, especially the repression of proliferation-related genes and the activation of stress resistance-and starvation survival-related genes and a halt of bacterial division 

CWSS, a protective response to cell wall defects and cell wall active Antibiotics �SOS response: highly conserved DNA damage repair system which has been shown to induce tolerance to fluoroquinolones and confer protection against the bactericidal effects of β-lactams
Heat shock : By dealing with damaged proteins, this system participates in tolerance to both β-lactams and aminoglycosides and possibly influences the action of macrolides



Transcriptomic analysis: more details
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Transcriptomic analysis: more details
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Reorientation of central metabolic flux

• carbon source shift between 
glucose and lactose

• Respiration resembling that 
observed in anaerobiosis. 

• oxidative phosphorylation 
repressed to the benefit of 
D-lactate fermentation

Peyrusson et al, Nat. Comm. 2020; 11:2200



Intracellular persisters: a global view
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Peyrusson et al, Nat. Comm. 2020; 11:2200



Deepness of dormancy
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Peyrusson et al, Microbiology Spectrum 2022; 10(1):e0231321
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Awakening of dormant forms
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Peyrusson et al, Microbiology Spectrum 2022; 10(1):e0231321
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Peyrusson et al, Microbiology Spectrum 2022; 10(1):e0231321

Deepness of dormancy : a balance between translation defects and ROS  

Presenter
Presentation Notes
Model for dormancy of S. aureus persisters under host oxidative stress. In low-oxidative-stress cells, persisters do not show signs of the dark foci observed during protein aggregation. In an oxidative host environment, persisters face ROS-induced translational and ATP synthesis defects; the resulting balance between them defines the dormancy depth. ATP depletion induces protein aggregates that bacteria clear prior to growth resumption, resulting in increased lag times. On the other hand, translation plays a pivotal role to fine-tune the deepness of dormancy, and translation
inhibition decreases protein aggregation, resulting in reduced dormant fractions.




Intracellular persisters: a global view
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Peyrusson et al, Nat. Comm. 2020; 11:2200



What about clinical isolates ?
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• All resistant isolates have a high relative persister fraction
• Most susceptible isolates have a low relative persister fraction

0 4 8 12 16 20 24
0

2

4

6

8

10

Kill curve of a typical persister assay

Time (hours)

Lo
g 1

0 C
FU

/m
L

ATCC25923
S-LP
R-HP

R-HP
S-HP
S-LP

VN  BE

≤ 0.25 mg/L ≥ 1 mg/L
0.1

1

10

100

1000

Relative persister fraction vs. MXF MIC

p < 0.0001

Moxifloxacin MIC (mg/L)

Re
la

tiv
e 

pe
rs

is
te

r f
ra

c t
io

n

ATCC25923
p < 0.0001

(a) (b)

Relative persister fraction to the fluoroquinolone moxifloxacin in a collection of clinical isolates

Nguyen et al, Front. Microbiol 2020; 11:587364 

Resistant; 
High persister

Susceptible; 
Low persister

Susceptible; 
High persister



Does persistence prepare for resistance?
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• Persistence accelerates the selection of resistance
• Persistence and resistance are acquired together
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Persister character to predict intracellular tolerance
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Isolates with higher relative persister
fraction are less responsive to 

moxifloxacin intracellularly
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Intracellular persisters to antibiotics: clinical implications
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 Intracellular bacteria can remain ‘dormant’ inside eukaryotic cells
 Dormancy is favored by stressful conditions (antibiotic pressure, oxidative stress e.g.)

 Dormancy is associated to the activation of a global stress response
 Dormant bacteria are ‘multidrug tolerant’
 Exposure to one drug makes bacteria non-responsive to other classes of drugs

 Dormancy is reversible when the stress is relieved 
 A possible reason for recurrence of the infection ?

 If deeply dormant, persisters do no grow on agar plates
 How to detect them in biological samples ?

D. Parkins

 Clinical isolates differ by the fraction of persisters in their populations 
 Is there a link with the risk of clinical failure ? 

 Activation of stress in persisters favors selection of resistance
 Another reason to see resistance increase when dealing with chronic infections ?



Still more questions than answers ….
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