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What makes Staphylococcus aureus
so difficult-to-treat ?

* Rising resistance to antimicrobials ...
reaching the limit of clinical application ...

e Production of biofilms

« Difficulty in eradicating intracellular S. aureus, which
probably results in recurrences, relapses and
selection of drug-resistant organisms.
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The era of antibiotic resistance ...

Drug-resistant
S.aureus

B-lactams Rifampicin

Aminoglycosides Macrolides

Fluoroquinolones Tetracyclines
\/

Glycopeptides
(Vancomycin)

+ Selection of isolates less susceptibles to novel antimicrobials (linezolid, daptomycin, ...)
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Intracellular S. aureus
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Intracellular lifestyle of S. aureus

S. aureus

Cells

FnBPs

Phagosomes

P,

Fibronectin

Endothelial cells

_ Osteoblasts
Integrins

Cytosol

Phagolysosomes
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S. aureus reprograms its transcriptome once it reaches
the cellular environment ...

2 h post-phagocytosis

Human lung epithelial cells

S. aureus

~

/

Down-regulation of major Up-regulation of bacterial
metabolic pathways genes contributing
(cell division, nutrient transport, ...) to oxidative stress protection

Down-regulation of toxin genes
known to affect host cell integrity
(i.e. hla)

Garzoni et al, BMC Genomics, 2007
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Intracellular S. aureus (i)

= THP-1 The intracellular environment:
I BROTH

e delays the growth rate of this
organism

e confines mostly living
bacteriato membrane-bounded
vesicles (phagolysosomes)

A log CFU from time 0 h (24 h)
1

e protects S. aureus from the
lethal action of most
antimicrobials

NONE GEN (18 mg/L)
ANTIBIOTICS

Barcia-Macay et al., Antimicrob. Agents and Chemother, 2006
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A log cfu (24h - Oh)

Intracellular S. aureus (i)

* Macrolides are only static against
intracellular forms (role of acidic pH)

 Gentamicin, vancomyecin,
ciprofloxacin, and rifampicin never
yield a truly bactericidal effect against
intracellular S. aureus

» Oritavancin proves active against
intracellular S. aureus

& Barcia-Macay et al, AAC, 2006
Baudoux et al, JAC, 2007
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Aim of the thesis

 Optimization of cellular models
(phagocytes vs. non-professional phagocytes)

« Pharmacological evaluation of antibiotic activity
(time- and dose-response studies)

 Determination of bacterial/cellular factors affecting the
intracellular activity of antimicrobials
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PART I:

Evaluation of the activity of antibiotics against

Intracellular forms of S. aureus
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1. Are B-lactams active against intracellular S. aureus ?

e « Intracellular protection of S. aureus from the lethal

action of penicillins (cloxacillin) »
(Craven and Anderson, J Dairy Res, 1984)

» « Cloxacillin failed to Kill intracellular Staphylococci »
(Craven and Anderson, Am J Vet Res, 1983)

 « Penicillin has no intracellular effect against intracellular
S. aureus during a 3 h incubation period »

(Hand and King-Thompson, Antimicrob Agents and Chemother, 1986)
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But ... B-lactams ARE active intracellularly ...

Cc/Ce < 1 B-lactams exert concentration- and
2 time-dependent effects against
O Sh intracellular S. aureus
. : . ?
= 1 Time I?C50 Static Emax R
p (with CI) dose
S n 5h 5.85 ~ 6.46 -0.34 £ 0.05 0.958
5 (0.77 to 13.64)
o
—: 0 24 h 3.30 ~6.92 -0.83 £ 0.02 0.950
(1.68 to 20.33)
-1 1
-3 -2 4
log concentration meropenem (X MICs at pH 5.5)
Lemaire et al, JAC, 2005
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2.1s there a correlation between treatment faillure and
insufficient activity of most antimicrobial agents ?

. Case report:

'« A 65-year patient, with aortic valve replacement in 1991

. « Coronary artery disease, sick sinus syndrome, and diabetes mellitus
» Hospitalization for fevers that developped two weeks after pacemaker placement
* MRSA bacteriemia and endocarditis

0 15 31 35

4" VAN/GEN/RIF -|' DAP/GEN -|' LNZ | )

Hospitalization Isolation of Isolation of Debridement of

Blood sampling VISA VISA and DAP- the endocardial

Initial antibiotic resistant abscess;
treatment isolates Replacement of
the aortic valve
\/
Pacemaker
removal

Julian et al, AAC, 2007
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Vancomycin Intermediate S. aureus

Selection of VISA since 1996 in patients receiving prolonged
courses of vancomycin therapy

Global metabolic defects affecting cell-wall synthesis, overall
structure, and autolysis

Reduced susceptibility to vancomycin and daptomycin
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Intracellular activity of antibiotics

2.1s there a correlation between treatment faillure and
insufficient activity of most antimicrobial agents ?

3.0 CURRENT TREATMENT NOVEL ANTIMICROBIALS 3.0
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PART Il

Modulation of the activity of antibiotics by
the cellular milieu
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Factors modifying the activity of antibiotics
against intracellular pathogens

metabolism cooperation with

efflux L)' binding host defenses

@l .. D J
| o l o
D D L . . physico-
influx l . cherr{icaf
accumulation 7 conditions
and bacterial

bioavailability responsiveness

Carryn et al., Infect Dis Clin N Am, 2003
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mEfﬂb‘:ﬁS”f ' cooperation with
L' binding host defenses

° Mo )<

| o
D . ’ physico-
influx l . chemical
accumulation / conditions
and bacterial

bioavailability responsiveness

Eukaryotic efflux transporters can modulate the cellular concentration

and the intracellular activity of antibiotics

Carryn et al., Infect Dis Clin N Am, 2003
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Active efflux of antibiotics (i)

MDR-1 MRPs

thoprim

methoxazole
B-lactams

n Quinolon

acyclines Rifampicin

TOMYCIN

TIGECYCLINE
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Active efflux of antibiotics (i)

DAP accumulation
in THP-1 macrophages

1.5 Expression of P-gp 2.5
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Decreasing P-gp expression is associated with an increased cellular accumulation of DAP

Lemaire et al, AAC, 2007
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Active efflux of antibiotics (i)

1.5

1.04
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Lemaire et al, AAC, 2007
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Active efflux of antibiotics (i)

MDR-1 MRPs

thoprim

methoxazole
B-lactams

n Quinolon

acyclines Rifampicin

TOMYCIN

TIGECYCLINE
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metabolism

cooperation with
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The conditions prevailing in the infected site are a major determinant
that may modulate the pharmacodynamic properties of antibiotics

Carryn et al., Infect Dis Clin N Am, 2003
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Role of acidic pH (i)

Activity in THP-1 macrophages

meropenem cloxacillin

A log CFU (24h - 0h)

V

3 2 1 0 1 2 33 2 1 0 1 2 3
log, extracellular concentration {mgiL)

Lemaire et al, AAC, 2007
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Role of acidic pH (i)

Activity in pH-adjusted broth

O m meropenem
O e cloxacillin

Acidic pH restores
the susceptibility of
MRSA to B-lactams

MIC (mg/L)

Lemaire et al, AAC, 2007

29/08/2008 Thesis - S. Lemaire 26



Role of acidic pH (iii)

Activity in THP-1 macrophages

- 9 [ control
L <7 meropenem
"? B cloxacillin
= | Neutralization of the lysosomal pH
Fq 1- makes MRSA insensitive to B-lactams
-
LL
o
o 0-
o
<

-1 | ~—

0 10

ammonium chloride (mM)
Lemaire et al, AAC, 2007
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Role of acidic pH (iv)

A log CFU (24 h -0 h)

| ! I !
2 1 0 1 2 -2 1 0 1 2
log,o extracellular concentration of cloxacillin (mg/L)
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PART llI:

Why MRSA becomes susceptibles to
beta-lactams in acidic environments ?
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MRSA (Methicillin-Resistant S. aureus)

1950 1960 1970 1980 1990 2000 2010

—+———+——+——+——+
v

Selection of MRSA

Since 1970's, MRSA were increasingly
associated with health-care associated infections

v

Emergence of MRSA in the community:
» Abscess (spider bites) and severe skin infections,
* Necrotizing pulmonary infections

Emergence of MRSA in animals

X

B
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Mechanism of resistance

cytoplasmic face

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

 The mecA gene is the central genetic hor o
component of methicillin resistance membrane

M-terminal
axtension

» Gene coding for an additional, (27-138)
78 kDa- Penicillin Binding Protein (termed
PBP2a or PBP2’)

 PBP2a has a general, low-affinity for p-lactams
(closed conformation)

* PBP2a has transpeptidase activity
(subtituting therefore to the function of native domain
PBPs when these latter are inhibited by e i
B-lactams) Sor 4058 N &
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Role of acidic pH (i)

MSSA MRSA
= 1000
2 b
= 7 Acidic pH increases significantly
2 the binding of a fluorescent
5 1001 @ / Penicillin (Bocillin FL)
= = o / to whole cell-wall bacteria
3 / c
vl e
E /
o
& %
, %
7.0 5.5 7.0
pH .
Lemaire et al, JBC, 2008
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Role of acidic pH (i)

 Hypothesis #1: Does acidic pH decrease the
expression of mecA ?

1.00

C3J74 @55

0.D. mecA | 0.D. 16s RNA
o o
w ~I
@ %

o
n
(4

0.00 - i

CTL beta-l’actam

 Hypothesis #2: Does acidic pH increase the
binding of beta-lactam to PBP2a ?
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Role of acidic pH (i)

15
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Lemaire et al, JBC, 2008
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Role of acidic pH (iv)

10 10
o -8 + oxacillin 8- + oxacillin
© 04
E
e
E
g 10
a -104
o
o
@
2
& -20
-
»
)
-301..

210 220 230 240 250 210 220 230 240 250

wavelength (nm)

At acidic pH, PBP2a undergoes a conformational change in the presence of oxacillin,
consistent with the opening of the active site Lemaire et al. JBC, 2008

29/08/2008 Thesis - S. Lemaire 35



Discussion and
perspectives
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Interest of the model

Usefulness of cellular models:

e To critically examine the pharmacodynamic properties of
antibiotics (role in the early development of novel
antibiotics)

e To systematically compare the activity of antibiotics
against drug-resistant isolates

 To compare the activity of antibiotics in relevant cellular
models of infections
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Can we define the ideal antibiotic against
intracellular S. aureus ?

Lack or weak |~ T~ T T T T TTT

recognition by | [mm————— e -
I efflux transporters : ™ ; Same subcellular distribution !
TTTTTZT T T T than S. aureus |

influx Extensive activity !
T, =T at acidic pH
 Effective | P |
1 cellular 1 (even on resistant |
I |

penetration | bacteria)

e N g

Cooperation with host defenses |

|
I —

Antibiotics should not only kill extracellular S. aureus, but also intracellular ones
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Perspectives (i)

Static vs.
Dynamic models

Combination of antibiotics

In vitro vs.
In vivo models

Novel antimicrobials
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Discussion (i)

B) PART Ill: Restoration of the susceptibility of
MRSA to beta-lactams

The understanding of the molecular and biochemical mechanisms
underlying this process is of profound significance because:

it might reveal some potential targets

it might be relevant of clinical situations where acidic conditions are
present (skin surface, vagina, urinary tract)

e it might increase the efficacy of novel anti-MRSA cephalosporins
(ceftobiprole)
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Perspectives (i)

Role of native PBPs

Role of autolysins
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Thanks for your attention
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