ESCM]| MANAGING INFECTIONS
PROMOTING SCIENCE
Virulence and Resistance in Staphylococcus aureus: &

2016 State of the Art, ESCMID Postgraduate
Education Course

28 June - 1 July 2016, Lyon, France

Anti-staphylococcal activity of antibiotics
in biofilm and host cell

Francoise Van Bambeke, PharmD, PhD

Pharmacologie cellulaire et moléculaire
Louvain Drug Research Institute
Université catholique de Louvain,
Brussels, Belgium

<www.facm.ucl.ac.be>

f%
UCL 7,
Unihvelrsitéi &
catholique

de Louvain 30/06/2016 Antibiotics and S. aureus - biofilms and intracellularforms ~ ouvamouc esearch st ke




UcCL ;”é\_

Université : i
catholique \ ”:!’
de Louvain

Persistent forms of infection by S. aureus

o

intracellular infection biofilm

30/06/2016 Antibiotics and S. aureus - biofilms and intracellular forms



Persistent forms of infection by S. aureus and antibiotics

PD parameters:

* Expression of antibiotic activity
e Bacterial responsiveness

e Cooperation with the host

PK parameters:
Access and accumulation
at the infection site

BACTERIUM /‘—‘\ HOST
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catheter, bone, skin, cardiac valve, ...

intracellular infection biofilm
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Intracellular infection

N t al, AAC (2009) 53: 4 1434-42
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PK/PD parameters and intracellular activity

cooperation with
host defenses

metabolism binding

influx \ /
-
—— <

< = f @
efflux . bacterial
accumulation .
responsiveness
and
bioavailability physico-chemical
conditions
UCL 4 Carryn et al, Infect Dis Clin North Am (2003) 17:615-34 LDRg
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In vitro model of intracellular infection

Extracellular wash

Opsonization .
i Phagocytosis S .
Incubation ‘ Incubation of bacteria with ‘ Elimination of non phagocytosed bacteria
by incubation with 50-100 X MIC gentamicin;

with 10 % human serum cells at an appropriate MOI
pprop elimination of gentamicin by washing

in culture medium
Gentamicin
- ©
« \ /
. )
A A
A
L
e
-
Determination of residual intracellular . .
. Intracellular infection
inoculum ) )
N . . Incubation over time
Determination of cfu and protein content in . o . I
in control conditions or with antibiotics o
Antibiotic

cell lysates
(AB)
cfu / \ proteins .

UCL & Buyck et al (2016) ISBN 978-1-4939-2854-5 . LDR?
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In vitro model of intracellular infection
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UCL & Seral et al, AAC (2003) 47:2283-92 i
) -LOR

deLouvain

30/06/2016 Antibiotics and S. aureus - biofilms and intracellular forms I



Setting-up appropriate models for the study
of cellular activity of antibiotics

moxifloxacin & S. aureus

24 ® intra
= O extra
--0.06 -¢- MIC < o-
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0 6 12 18 24
time (h)
UCL % Barcia-Macay et al, AAC (2006) 50:841-51
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Setting-up appropriate models for the study
of cellular activity of antibiotics

moxifloxacin & S. aureus

2= ® intra
= O extra
-0-0.06 -¢- MIC < o-
=706 -»10 x MIC S [T A\N T
1+4 -® Cmax N
) -
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p ) © -
£ < o
- 1 1 1 1 1 1
£ 2 -1 0 1 2 3
2 extracellular log extracellular
S concentration (mg/L)
LL
O
(@)
o
<
. model C,at (X MIC)
-54 intracellular
6 é 1'2 1|8 2'4 extra 0.27
time (h)
intra 0.63
relative
potency
UCLsg Barcia-Macay et al, AAC (2006) 50:841-51
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Setting-up appropriate models for the study
of cellular activity of antibiotics

moxifloxacin & S. aureus

24 ® intra
= O extra
--0.06 -¢- MIC < o-
=~06 %10 x MIC S [T A\N T
1+4 -m Cmax N
m
2 -
@) —
(@)]
p ) © 4 ‘
£ < o
- 1 1 1 1 1 1
= 2 -1 0 1 2 3
o -s{extracellular - log extracellular
; concentration (mg/L)
LL
O
o)
L)
<
. model C,at (X MIC) E, \ax
54 intracellular
0 6 12 18 24 extra 0.27 -3.86 (5.22 to 2.51)
time (h)
intra 0.63 -2.77 (3.31t0 2.22)
relative maximal
potency efficacy
UCLsg Barcia-Macay et al, AAC (2006) 50:841-51
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What do these parameters tell you ?

2

7 T
relative potency | @@‘

4
._5_*!‘ /

e Estimation of the concentration needed
to reach a specified effect

Alog CFU 24h-0h

e Measure of the « intracellular MIC »

-2 -1 0 1 2 3

log extracellular = « PK-related » parameter:
concentration (mg/L) = accumulation in the infected compartment
= intracellular bioavailability

= influence of local environment on intrinsic activity

[ pH
= oxidant species

In most cases

Cs intra = Cs extra

) LORI
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What do these parameters tell you ?

maximal efficacy (@@

b v

e Estimation of the maximal reduction in inoculum
____ for an infinitely large concentration

Alog CFU 24h-0h

e Measure of the killing capacity

2 -1 0 1 2 3
log extracellular = « PD-related » parameter

concentration (mg/lL) = mode of action of the drug

= bacterial responsiveness
= cooperation with host defenses

In most cases

Emax intra <<< Emax extra

=0 LOR
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Antibiotic accumulation and subcellular distribution :*i E

diffusion possible confined « endocytosis
re-distribution in vacuoles

B-lactams; fast; ~ 1 x

aminoglycosides: slow ; 2-4 x
fluoroquinolones : fast 2 EopEaes: 5o
VAN ~ 8 x
CIP, LVX : 4-10 x TV ~ 0
MXF, GAR, GMF : 10-20 x ORI~ 150-300 x
? macrolides: fast
linezolid: ~ 1 x ERY: 4-10 x
lincosamides: 1-4 x CLR, ROX, TEL: 10-50x
tetracyclines: 2-4 x AZM, SOL: > 50 x
rifampin : 2-10 x some oxazolidinones: fast
synercid: 30-50x K RDZ : 10 x

mainly in vacuoles diffusion/
slow release segregation
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Can we predict the intracellular activity based on
intracellular concentrations?

-
Listeria monocytogenes Staphylococcus aureus B
— A
o -
GRN
o -3 LVX 7 ORI )I
z C =
= LVvX =
8% o L. MEM.....ooeeeeaeneee ]| e OXA . ............ =
s £ AMP Q
?) o cip AMP RI
o PEN NAF VA
s 2 - 1 LNz GEN
=
o TEL
O 0 AZM ] AZM o
= 3
=
ETP GEN v
1 2 3 1 2 3
Log cellular concentration Log cellular concentration
(concentration in mg/l) (concentration in mg/l)

No correlation between intracellular concentration and intracellular activity

UCL /4 Adapted from Van Bambeke et al., Curr. Opin. Drug Discov. Devel (2006) 9:218-230 LDF\)?
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Importance of accumulation/bioavailability

Fluoroquinolones against L. monocytogenes vs. S.aureus

L. monocytogenes S aureus

4 ; : 4
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. : ! 5
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C L} I %
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. 0.1 T T T T 0.1
fluoroquinolone 0 log -2 log 0log -1.0 log
target effect target effect
(difference from initial inoculum) (difference from initial inoculum)
ucL 2. Vallet et al, lJAA (2011) 38:249-256. LDR?
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@ Importance of subcellular distribution

Moxifloxacin & oritavancin against L. monocytogenes vs. S.aureus

MXF <=l
[ —e— control - O RI
—— moxifloxacin (4 mg/L)
- L. monocytogenes | —#— oritavancin (25 mg_]/L) S. aureus
o
()]
=
=
o
D
LL
@)
(@)]
o
<
(9) ' '
i time (h) time (h)
AB needs to have access adapted from Carryn et al, AAC (2002) 46:2095-2103

Van Bambeke et al, AAC (2004) 48:2853-60
Barcia-Macay et al, AAC (2006) 50:841-51 LDR?
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~ to the infected compartment
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Importance of bacterial phenotype

comparison : isogenic strains

with different phenotypes oxidative
stress
Men-dep SCV [
menadione NADH and FADH2 &s
biosynthetic :
enzymes H
SCV vs normal phenotype v Haemin-dep SCV
thiamine-PP ....... » | menadione —— menaquinone S
7 biosynthetic
= Spontanous N N/ l enz
'3 ‘s ymes
'. ' DR AR ’ ytoch h in 1NN
‘ I o cytochromes <——| haemin
s l Plalee LU Antioxidant .
pathway Cytochrome oxidase
DHP TMP - o .
: ~ ROS proton motive force
Thy-dep SCV J_ DEATH ! <—_<
6 DHER bactericidal FoF, ATPase
CH,=THF ?-Y DHF — THF antibiotic ATP
dUMP | dTMP (NN -7 : S~
” ~
PrI'\Iormal ,,/\\\ e ' “o
enotype o N cellwalland electrochemical  carotenoid
idi »~ h rotein radient synthesis
Thymidine metabolism DNA si)/nthesis g l Y 1
dependent Lo e 1 ’ I I
| 3/ V  ;
L - » growth aminoglycoside  pigment
transport synthesis
cell wall active antibiotics
ucL . Vergison et al, JAC (2007) 59:893-9 Garcia et al, JAC (2013) 68:1455-1464 LDR?
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Importance of bacterial phenotype

comparison : isogenic strains with different phenotypes

A log CFU (24 h - 0 h)

2

E SCV
NP

i

Contr VAN Q-D OXA CLI FA LNZ DAP GEN TGC MXF RIF

ORI

#o]

Nguyen et al, AAC (2009) 53:1434—42
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Antibiotic combinations

4
1.25 synergy o rifampin / oritavancin (H)
Lo addiivity T
: S — -~
|+
W 0.75- e
> @
T _ _ ©
0509 antagonism antagonism E 2.
=
0.25+ ) (3]
antagonism E
[1+]
0.00 T T T T T c 1=+
0.1 0.3 0.5 0.7 0.9 ]
drug A =
| | | | | ul:
0.9 0.7 0.5 0.3 0.1 "

drug B RIF /ORI 0.1/09 0.3/0.7 0.5/0.5 0.7/0.3 0.9/0.1 —%—
maq/L 0002 0007 0018 0.042 0.161 -O-RIF
9% 47172 4452 19.08 817 212 =O-ORI
(Y4 (aY4)
Combinations — synergism !
Nguyen et al. AAC (2009) 53:1443-1449 LDRi7
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Influence of intracellular pH

MRSA are as susceptible as MSSA to 3-lactams when intracellular ! %) ’L

meropenem cloxacillin

A log CFU (24h - Oh)

‘"QQO- O
Y Y -1

3 2 1 0 1 2 33 -2 14 0 1 2 3
log,_extracellular concentration (mgiL)

. L ire et al., AAC (2007) 51:1627-32
T emaire et a (. ) . LDR?
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Influence of intracellular pH

MRSA are as susceptible as MSSA in broth at acidic pH

A log cfu (24h - Oh)

(--- pH74 — pH54 )

meropenem cloxacillin

B
o I L) I I I 1

L)
3 2 14 0 1 2 3 -2 414 0 1 2

Iogwextracellular concentration (mg/L)

Lemaire et al., AAC (2007) 51:1627-32
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PBP2a conformation is modified by acidic pH .

PBP2a +«—> OXA PBP2a <— OXA

10 10
=0- control pH 7.0 -O= control pH 5.5
- + oxacillin -@— + oxacillin

o
1

-
=]
L

-20

[©] x 107 (degree.cm.dmol ™)

304.. = O R

210 220 230 240 250 210 220 230 240 250

wavelength (nm)

FIGURE 4. Circular dichroic spectra of PBP 2a at pH 7. 0 (left panel) and pH 5.5 (right panel) in the absence
(open symbols) and in the presence (closed symbols) of oxacillin (30 um) for 30 min at 25 °C. The thin
dotted lines in each graph represent minima of PBP 2a molar ellipticity at 222 nm (vertical arrow on the abscissa)
for each condition. The spectrum of oxacillin has been subtracted from all data points.

>

UCL /; Lemaire et al., J Biol Chem (2008) 283:12769-76
sz ) o 2 LDR?
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Importance of cell defen

se mechanisms

comparison : isogenic strains with different phenotypes

control + N-acetylcystein
o wr N PooowT
o 4 O menD 4 i @ menD
g ! © menDs
= 34 3 i E hemB
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g 21 21
) 14 14
T
O o 0
(2]
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4 . ] 7
) cloxacillin : cloxacillin
= T T T T T L) -2 T T T T T T
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1289

w
N
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Garcia al, JAC (2012) 67:2873-81

=3
S
1

[
PN A ®O
PR S 1

0.5
0.259
0.1259
0.06254
0.031259
0.015625

The menadione SCV
is hypersusceptible

intracellularly because of
the combined effect
of acidic pH and oxidant species

3 control
cloxacillin pH 7.4 m
p M +H,0, cloxacillin pH 5.4

r 128
64
32
16
8
4
2
1
0.5
[F0.25
[F0.125
[F0.062¢
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Comparison of a single antibiotic towards several strains

i

,.l.;’:.f s T’
[z \—( £ )
comparison : moxifloxacin against increasingly resistant MRSA 1‘)'? 3
-~
( MIC (mg/L) ) Rt
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~ o e =
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Lemaire et al, JAC (2011) 66:596-607 LDRi7
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Comparison of several antibiotics towards a single strain
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From in vitro to in vivo :
The mouse peritonitis model

Electron microscopy of peritoneal fluid post infection with S. aureus
= Extracellular S. aureus

= |ntracellular S. aureus

uct Sandberg et al, AAC (2009) 53:1874-1883 LDR?
26 = -
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In vitro vs in vivo

7
Linezolid & S. aureus \ v, : St
. . e ./{
In vitro in vivo
(macrophages) (peritonitis)
O extracellular A intracellular

MIC

Alogqg cfu 24.0nr

4
mg/kg (log1y)

mg/L (log4p)

Sandberg et al, JAC (2010) 65:962-973

ucL .,
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Antibiotics and intracellular S. aureus: take home message

Simple
equation ?

Intracellular activity ¥ MICx accumulation

o

»

UCL 2\
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Antibiotics and intracellular S. aureus: take home message

“shopping list”

v" high intracellular bioavailability

v’ capacity to rejoin the infected compartment

v’ not substrate for efflux pumps

v low MIC at both neutral and acidic pH

v" highly bactericidal, including against slow growing bacteria
v" no cell toxicity

v’ cooperation with cell defense mechanisms

Ur:ir:lelfsile' {& H
dlonsin % 30/06/2016 29 MmN
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Biofilms

Agent antibactérien

catholique

detowain

0

University of Gothenburg
30 LDR?
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PK/PD parameters and activity in biofilms

nutrients
&
oxygen

catheter, bone, skin, cardiac valve, ...

pharmacokinetics

pharmacodynamics

= diffusibility through the matrix - bacterial- respgr'\siveness _
= bioavailability within the biofilm (metabolic activity of bacteria)

= 3ccess to bacteria
= efflux out of bacteria

= antibiotic expression of activity
(local environment [O,, pH, ..])

30/06/2016
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PD parameters: planktonic vs. biofilm cultures

Parameter Abbreviation Definition
Minimal inhibitory The lowest concentration of an antibiotic that inhibits the visible
, MIC growth of a planktonic culture after overnight incubation
concentration
. - The lowest concentrations of an antibiotic that resulted in an OD650
Minimal biofilm _ . .
L . MBIC difference at or below 10% (1 Log difference in growth after 6 h of
inhibitory concentration . ) " .
incubation) of the mean of two positive control well readings.
Minimal bactericidal MBC The lowest concentration of an antibiotic producing a 99.9% CFUs
concentration ) reduction of the initial inoculum of a planktonic culture.
e .. The lowest concentration of an antibiotic producing a 99.9% reduction
Biofilm bactericidal L
: BBC of the CFUs recovered from a biofilm culture compared to growth
concentration
control.
Minimal biofilm MBEC The lowest concentration of an antibiotic that prevents visible growth
cradication concentration ' in the recovery medium used to collect biofilm cells.
Biofilm prevention BPC Same as MBIC but bacterial inoculation and antibiotic exposure occur

concentration

simultaneously.

Macia et al, Clin Microbiol Infect. (2014) 20:981-90

30/06/2016

Antibiotics and S. aureus - biofilms and intracellular forms

- LORY



In vitro static models: Calgary Biofilm Device

Determination of
Minimal Biofilm Eradication Concentration

(MBEC)
B C D
° ° 2h +0; 48h -0, wash wash
—_ —_— — —
:o.o.
. .
* T —
single attached bacteria biofilm incubation with antibiotics
E F G
removal of removal of m
bacteria pegs
o | —> | .
L 2 ® ® *
ee o *e o e
. . &
. .
dilution series plate count
”_C.'-,;‘;é} Ceri et al, J Clin Microbiol (1999) 37:1771-6; Herrmann et al, J Infect Dis (2010) 202:1585-92 LDRi>
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PD parameters: planktonic vs. biofilm cultures ('{

Ampicillin and levofloxacin vs. H. influenzae from middle ear fluid

100 R 100
< 9 S 90 - d
@ 80 o 80 - P
[=))] j@)] K !
g 70 g 71  MIC; y MBC
&L 60 ® B0 - )‘
2] 3] i
D 50 3 50 - '."f
2 o 40
T 30 S 30 -
= _—
£ 20 - 35 20 -
3 101 = 10 | i
0 # O A
© B - &N ¥ ®© © o % @ © & % = 0 &—w= L T T T T T T
° = 9= 22 °© 3 8¢ zg8&{ge - T
. ~ c & o © o 9« g
Concentration of AMPC (ug/ml) c o o 6 © o

Concentration of LVFX (pg/mil)

slowly bactericidal antibiotic:

rapidly bactericidal antibiotic:
MBEC >> MBC >>MIC

MBEC > MBC ~ MIC

niversité § i
catholique % :j
delouvain ™,

UCL 2\ Takei et al, J Infect Chemother (2013) 19:504-9 LDR?
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" Dynamic models: bioreactors

=/
CDC reactor:

e constant mixing by stirring

- kinetic experiments with change in medium composition over time
* high shear stress

Bioreactors

|
Iﬂ_ . O
} Immersible )
I_ Heater
E )
/— 7 O Stir Plate
Media Carboy Peristaltic Pump /
-
Waste Carboy

Stewart et al, PLoS One (2012) 7:e50560
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~ Antibiotic activity - mimicking human exposure

(¥9)
s

DAP measured vs theorical LDZ measured vs theorical
15 25 =~ LDZ theoretical
~ . ~ == LDZ measured
= B DAP theoretical = 20
g A DAP d 2
measure
E 104 £
159
o o
f= =4
o o
[3) o 109
o 57 N
< o o
o a5
or-rrrTrTrrrrTrTT T or—rTT T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 1012 14 16 18 20 22 24
Time (h) Time (h)
FUS measured vs theorical VAN measured vs theorical
504 =@ FUS theoretical 309 =8~ VAN theoretical
~ 4= FUS measured = =t VAN measured
E’) 40 >
£ E 209
30 °
c < :
o
9 . o 1
o 20 104 |
1) z
=) < 1
o 109 > 1 -
=3 =
N N — i %m L
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 1012 14 16 18 20 22 24 %{_l._ “1 ;n

Time (h)

(mg/L) | (mg/L) | (h*)/(h) (h)
DAP 9.4 0.7 0.09 (8h) 0.07£0.02
VAN 20 2.5 0.12 (6h) 0.12+£0.06
LZD 17 9 0.12 (6h) 0.28 £0.08

FUS 35 11 0.12 (6h) 0.15+0.08
Siala et al, Biofilm Resistance, 2016
— ORI
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Antibiotic activity - mimicking human exposure

s |
(¥4 :
O- CTRL “® FUsS
‘A VAN =& FUS+VAN 8.5
V- DAP ¥ FUs+DAP
‘> LDz = fFus+LDz ) = AT NG T B o ———
E
=)
(18
O
a
(@]
°
by
l Y
4.5
conditioning phase 3.5 Drug phase
20 -16 12 -8 -4 0 4 8 12 16 20 24
time (h)
(BAREENOAR
.
_ o _ Combination much more active
ucL ;. Siala et al, Biofilm Resistance, 2016
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In vitro models for PK/PD studies: 96-well polystyrene plates

appropriate
dyes
to evaluate biomass or "
bacterial load R

c

N
-Ml-
=

-
S

Antibiotics and S. aureus - biofilms and intracellular forms

:..:
is
il
SE&E
P

30/06/2016




Quantifying biomass and metabolic activity in biofilms

biofilm mass ~

crystal violet ‘

(00000000 o
P00 00® | O O I

Christensen et al, Infect. Immun. (1982) 37:318-26

metabolic activity

NADH / H*
NAD*, H,0

N
/@[Il
HO O 0

Tote et al, Lett. Appl. Microbiol. (2008) 46:249—-254

?e
N
. X
resazurin UL
R _ HO o) 0
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CFU counting vs. RF fluorescence (09

relation between fluorescence
and bacterial inoculum for S. aureus
11 0.0 A
9
¥ y =-0.282x+ 7.2814
104 --0.5 " g9 R*=0.9557
A v % 7
E O= '*' L. 1.0 g :
T 5
. 84 --1.5 ®
o 3
7 --2.0 1
0 5 10 15 20
- Time (h) to reach 100000
6 30 min. incubation| -2-5
2 3 4
log resorufin fluorescence
CFU & RF signal proportional sensitivity depending on incubation time
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S. aureus model: growth kinetics
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O crystal violet absorbance
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Pharmacodynamic model for antibiotic activity

R A An example with young biofilm of S. aureus
N M
o ~ N
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- vancomycin
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UCL /5 Bauer, Siala et al, AAC (2013) 57:2726-37

30/06/2016 Antibiotics and S. aureus - biofilms and intracellular forms 42 LDR?

(e
-

a
,




S. aureus mature biofilms: comparison of drugs

ATCC33591 (MRSA)

vancomycin delafloxacin daptomycin
120 120 r 120 o—0—0—0——
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delafloxacin

e more active on viability than on matrix

e huge difference among drugs

Bauer, Siala et al, AAC (2013) 57:2726-37
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Parameters affecting antibiotic activity in biofilms

2 clinical isolates of S. aureus- delafloxacin
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@ What makes the difference ?

Siala et al, AAC (2014) 58:6385-98
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PK parameter: antibiotic penetration
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PK parameter: antibiotic penetration
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antibiotic penetration depends
on matrix polysaccharide content

Siala et al, AAC (2014) 58:6385-98
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Matrix disorganisation

viahility biomass
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PD parameter: environmental pH

v, -
%0 Biofilm pH Influence of pH on delafloxacin MIC
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(& In vitro vs in vivo
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(E_«a/) In vitro vs in vivo
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PD parameter: importance of metabolic state
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Anti-“persister” and biofilms

targets ClpP, core
unit of a major
bacterial protease
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Antibiotics and S. aureus biofilm: take home message

How do biofilms counter-act antibiotic activity ?

MATRIX

v Composition BACTERIA

v’ Metabolic state

I

Destructing the matrix Waking-up dormant cells

) ~ — ~ LORI
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