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The programme...

 Why pharmacokinetics/pharmacodynamics/toxicodynamics ?
 The main PK/PD indices and the main methods to discover them
 The breakpoints ... and what they mean

 What about toxicity ?

 What about resistance ?
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The programme...

« Why pharmacokinetics/pharmacodynamics/toxicodynamics ?

what the
hell is this ?

10-06-2017 Ribosomes & Antibiotics, Tartu, Estonia



The programme...

« Why pharmacokinetics/pharmacodynamics/toxicodynamics ?

"Frapper vite et
frapper fort"
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Moving from discovery to clinical use...

find a target... and the chemical entity that inhibits it...
check for specificity (vs. eukaryotic cells... or other predictive model)

look for MICs against target organisms (should usually be similar or
lower than available drugs) including resistant strains...

run preliminary animal general toxicity (to avoid surprises) and
organ-specific toxicity (if known or guessed)
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Moving from discovery to clinical use...

find a target... and the chemical entity that inhibits it...
check for specificity (vs. eukaryotic cells... or other predictive model)

look for MICs against target organisms (should usually be similar or
lower than available drugs) including resistant strains...

run preliminary animal general toxicity (to avoid surprises) and
organ-specific toxicity (if known or guessed)

NOW, what will be the correct dose and schedule ?

— for efficacy ...| MIC ? above ? how much ? how long ?

— to prevent emergence of resistance ... | MIC ? sub-populations ?

— to avoid toxicity... C...,C...,AUC?
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When you administer a drug...

pharmacokinetics *
@ * what the body does to the drug

Concentration at
the site of
Infection

Serum

concentrations

Concentration In
other sites
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When you administer a drug...

pharmacodynamics
*what the drug does to the body tOXiCOdynamiCS *

Therapeutic
effects

|

|
; |
Concentration at !
the site of
Infection

Serum

SURL LI concentrations
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Let us first concentrate on dynamics...

intercept:

max

Maximal effect

o

this is your goal
of efficacy

E50%

In EC,- 2

—4-3-2-10 12 3 456 7 8 91011

In C [nhg/ml]

min

this is your goal
of toxicity

O
o

Minimal effect

E

X n
Mmax C

EC) +C"
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The programme...

The main PK/PD indices and the main methods to discover them

who were
those guys ?
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Alog CFU/mg prot. from time O

Here is what you (apparently) get for all antibiotics...

oxacillin

min

max

min

2 -1 0 1 2

log extracellular
concentration (X MIC)

max

Barcia-Macay et al. Antimicrob. Agents Chemother. 2006; 50(3):841-51
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But there are differences ...

Within a 1/8 to 64 x MIC
concentration range

B-lactams (ticarcillin, e.qg.)

show limited dose-
dependence...

aminoglycosides
(tobramycin, e.g.) show
marked dose-
dependence

l-..___.
+lo 78 MIC \

a 172 MIC e
O I MIC
Tim 4MIC
o 16 MIC
Llw 8amIC

L | L | 1 1 L L J

S & xR
HOURS

LOGg COLONY FORMING UNITS/ml

Fig. 4. Kill curves of Pseudomonas aeruginosa ATCC 27853
with tobramycin and ticarcillin at concentrations one eighth to 64
times MIC. Vertical dashed line estimates number of organisms
at 5% hours.

Vogelman & Craig (1986) Jounal of Pediatrics 108:835-840
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S. aureus
Alog CFU/mg prot. from time O

Introducing pharmacokinetics...

oxacillin

2 -1 0 1 2

log extracellular
concentration (X MIC)

weak concentration-dependence
over C.in-Cax

=> time (above the MIC) becomes the
predominant predicting index in the
clinics

Cmin'Cmax

marked concentration dependence
over C.in-Crax

=» concentration (above the MIC)
becomes the predominant index in the
clinics
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A first additional factor: the post-antibiotic effect

A. in vitro

Log,o cfu per mi

Postantibiotic effects 41

{a) (b}

1 1 _— 1 1 1
8 0 2 4 <3 a8
Time (h)

Figure 3. Growth curves for K pneumomae UCLA 5166 (a) and a climcal strain of Ps aeruginosa (b)

following 1-h exposures to B-lactam and aminoglycoside antibiotics at 4— tuimes the MIC @, Control, [J,
cefoperazone, A, moxalactam; @, tobramycin, W, gentamicin

Vogelman & Craig, Journal of Antimicrobial Chemotherapy (1985) 15, Suppl. A, 37-46
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A first additional factor: the post-antibiotic effect

B. in vivo

In Vivo PAE

Figure 1. Growth curves of control
(@) and antibiotic-exposed P. aerugi-
nosa ATCC 27853 in mouse thighs af-
ter a single dose of ticarcillin at 300 (O),
600 (A), 1200 (), or 2400 (=) mg/kg
and tobramycin at 4 (O), 12 (A), or 20
(m) mg/kg. Data are mean + SD
(bars) values from four thighs. Cross-
hatched bars denote the interval that
serum levels exceeded the MIC (¢ >
MIC).
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Vogelman et al. J Infect Dis 1988;157:287-298
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A first additional factor: the post-antibiotic effect

. . i —_—
B. In vivo O[_ Ticarciliin lobramycin ]

In Vivo PAE

Figure 1. Growth curves of control
(@) and antibiotic-exposed P. aerugi-
nosa ATCC 27853 in mouse thighs af-
ter a single dose of ticarcillin at 300 (O),
600 (A), 1200 (), or 2400 (=) mg/kg
and tobramycin at 4 (O), 12 (A), or 20
(m) mg/kg. Data are mean + SD
(bars) values from four thighs. Cross-
hatched bars denote the interval that
serum levels exceeded the MIC (¢ >
MIC).
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Pay attention
to this !

Vogelman et al. J Infect Dis 1988;157:287-298
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As a result: two (first) main PK/PF patterns for efficacy

o Pattern #1: antibiotics that are primarily time-dependent
— [B-lactams (all)
— goal: maintain concentration above the MIC as long as needed...

— advice to clinicians: frequent administrations
(or even continuous infusion)

o Pattern #2: antibiotics that are primarily concentration-
dependent
— aminoglycosides
— goal: reach a sufficient C_,_,/MIC ratio (8-10 x)

— advice to clinicians: use discrete IV administration ... and
| infrequently|if post-antibiotic effect ...

o o 0o

— — p—
éore explanations soon...
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A second additional factor: antibiotic half-life

Concentration
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A second additional factor: antibiotic half-life

and AUC/MIC ratio

-
QO
= low
g AUC/MIC
c ] ratio
)
2 O
O
O MIC
O 6| 1 T T 1|2 T 1|8 T T T |
time (h) 24
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A second additional factor: antibiotic half-life
_ and AUC,,, /MIC ratio

_ large
S AUC,,/MIC
= ratio
©
p -
d
c
QD
O
-
O
O
O[ T T T 6| T T T 1|2 T T T 1 8 T T T
time (h) 24
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AUC,,,/MIC ratio may become predominant !
high peak

] / fast elimination

C —]
®
S low peak
© / slow elimination
-E low C, .,
O but large
&) AUC,,, /MIC
g ratio
O
OI 1 1 1 6| 1 1 1 1 2 1 1 1 1 8 1 1
time (h) 24
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As a result: the third (and most frequent) PK/PD
patterns for efficacy

« Pattern #3: antibiotics that are primarily AUC,,,,/MIC- dependent

— most clinically-approved antibiotics
(others than B-lactams and aminoglycosides)

— goal: adjust the total daily dose to obtain the needed AUC,,,,/MIC
ratio...

— advice to clinicians: it is the total daily dose that matters
(frequency of administration depends on the half-life)

N MIC

Concentration

0 6 12 18 fme(h) 24
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As a result: the third (and most frequent) PK/PD
patterns for efficacy

« Pattern #3: antibiotics that are primarily AUC,,,,/MIC- dependent

— most clinically-approved antibiotics
(others than B-lactams and aminoglycosides)

— goal: adjust the total daily dose to obtain the needed AUC,,,,/MIC
ratio...

— advice to clinicians: it is the total daily dose that matters
(frequency of administration depends on the half-live)

A > A N—

I Important message: AUC,,,, = daily dose/clearance !

'I]

-

Concent
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How do you find which antibiotic follow which pattern ?

e« Main experimental models
— In vitro dynamic models

— Animal models

« Complementary approaches (not really covered here)

— Modelling of therapeutic response(s), resistance emergence and
development of toxicity

— Monte-Carlo simulations

— Target attainment rates (quick illustration)

10-06-2017 Ribosomes & Antibiotics, Tartu, Estonia
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In vitro dynamic models...

3

moving from static to dynamic ...

Pump

sampling and
injection port

_._/':‘Etii

|7 mm

Capillary
bundle

AL

Reservoir

Perfusion
tubing

Outer chamber .
Septum tittings
(sampling site }

127 mm

Figure 1. Schematic of an artificial
capillary unit and perfusion system to
simulate serum and tissue levels of an-
tibiotic. The tubing, reservoir, and
pump are not drawn to scale.

Ziinner et al. J Infect Dis. 1981;144:583-7 - PMID 6799585
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In vitro dynamic models

Sampling and
Pump injection
< - T
i
. Cuter chambe [
Capillary
bundle \ l}
\ \ ﬁ \ ﬁ TR

I7 mm

127 mm

Zinner et al. J Infect Dis. 1981;144:583-7

FIG. 1. Schematic of the two-compartment kinetic model for
multiple cultures. Several isolated plastic chambers containing
bacteria were placed in series and perfused with antibiotic through
selectively permeable artificial capillary bundles. A drug was admin-
istered into the central compartment and then exponentially re-
moved dge to continuous dilution with drug-free medium.,

i inoculation,

saompling

infusion pump

dilution

qir
fimrn'
L

T stirrer

Blaser et al. Antimicrob Agents Chemother. 1985;27:343-9 - PMID 3922294
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In vitro dynamic models: an aminoglycoside...

once-daily dosing (q24h)
L

daily dose divided
in 3 administrations

(a8h)

J

3 9

N U

N
1

CONCENTRATION N ug/mi

e |

Q
-

L nJ L] L T 1

8 12 16 20 24
TIME IN HOURS

FIG. 2. Netilmicin concentrations in the central (solid line) and
peripheral (broken line) compartments during the administration of
the same daily dose given either in one or in three 60-min infusions.
Standard deviations of fourfold replications are shown.

o
Yy

Blaser et al. Antimicrob Agents Chemother. 1985;27:343-9 - PMID 3922294
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In vitro dynamic models: an aminoglycoside...
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FIG. 2. Netilmicin concentrations in the central (solid linezi

o
-

peripheral (broken line) compartments during the administrati
the same daily dose given either in one or in three 60-min infusi
Standard deviations of fourfold replications are shown.
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FIG. 4. Bactericidal effect of netilmicin on §. aureus (top panel)
and E. coli (bottom panel). The same daily dose was administered
either as a CI or as 60-min infusions q8h or q24h. Geometric means
of duplicate experiments were plotted. For clarity, range is shown
only for every 6 h.

Blaser et al. Antimicrob Agents Chemother. 1985;27:343-9 - PMID 3922294
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Animal models...

* Neutropenic mice *
e to allow bacterial growth...

e to examine the activity of the antibiotic disregarding
Immune responses (pharmacological investigation)

» to explore the conditions of both success and failures *

* Dose fractionation approach

« to fully dissociate the covariables **
(Cax, 1> MIC, AUC,,,)

* non-neutropenic is some situations
** difficult to study in clinical trials

10-06-2017 Ribosomes & Antibiotics, Tartu, Estonia
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Dissociating the covariables

modifying the dose is not enough !

Dose modification
-— 100 == 200 ==~ 300

300

N
o
o

100

concentration (mg/L)

0 3 6 9 12 15 18 21 24
time (h)

10-06-2017 Ribosomes & Antibiotics, Tartu, Estonia
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Dissociating the covariables

modifying the dose is not enough !

Dose modification: 100 Dose modification: 200 Dose increase: 300
100 200 300+
— i : b —
3 Cmax = 100 B 150 Cmax = 200 = Cmax = 300
E 75 t > MIC = 4h E 1997 t> MIC = 8h 5200 t>MIC ==8
= AUC = 298 5 AUC = 600 e | AUC =900
— ]
® 50 % 100- 2
E E £ 100
@ @ . @ T
U 25faceshecccnccccescccccncaacann. E 504 ¢
8 o 8
0 ——— . 0 0
0 2 4 6 8 1012 14 16 18 20 22 2 0 3 6 9 12 15 18 21 24 0
time (h) time (h) time (h)
o
O
you increase all 3 parameters !
10-06-2017
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Dissociating the covariables

You must modify the schedule (daily dose fractionation)

Dose fractionation of the same daily dose

100 —-- 24h -= gl2h — Q6h

~
ol
1

concentration (mg/L)
N (o)
o1 o

10-06-2017 Ribosomes & Antibiotics, Tartu, Estonia
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Dissociating the covariables

You must modify the schedule (daily dose fractionation)

Dose fractionation: q24h Dose fractionation: gq12h Dose fractionation: géh

100 100+ 100+
) ) -y
? s Cmax = 100 [ - Cmax = 50 B Cmax =25
E t>MIC = 4h E t>MIC =2h x 2 E t> MIC =~ Oh x 4
c AUC =299 £ AUC =299 c AUC =299
& 2 50 2 50
- E= = -
g g ‘ g
el whd vl
g 2 ) = ]
9 O 25fsdce-cmmonana- e TSR LT TR 9
o o : o
(1] Q Q

0 - -
0 2 4 6 8 10 12 14 16 18 20 22 24 0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
time {h) time (h) time (h)

Cmax N
t>MIC =and N
AUC =

10-06-2017 Ribosomes & Antibiotics, Tartu, Estonia 36



Animal models...

Looking for the index-driving activity 5

10 T - .

3 8 0908 8o O o

s L% reese_ ____T_8.° ___° ©

£ 6} g% 1 889ﬂa T g9 8 89-

£ 0© ° o

2 gl eogc T 8o f
O

U8] SBBo . % we®
3

U 1 1 1 1 1 1 1 1 1 1 1

10 100 1000 1 10 100 10000 25 50 75 100

24-Hr AUC/MIC Peak/MIC Time Above MIC

Fig. 1.1 Relationship between three PK/PD indices for total drug of levofloxacin and the log,,
CFU/thigh at 24 h for Streptococcus pneumoniae ATCC 10813 in the thighs of neutropenic mice.
Reproduced with permission from Andes and Craig (2002)

Andes & Craig WA Int J Antimicrob Agents 2002;19:261-268
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Animal models: what can you measure...

2 In Vitro and Animal PK/PD Models

Fig. 2.6 Change in log,
CFUs/thigh over 24 h for
various Enterobacteriaceae
following treatment with
multiple fluoroquinolones in
neutropenic mice. Redrawn
from data in Andes and Craig
(2002)

Change in Logig CFU/Thigh
at 24 Hours

10 100 1000
AUCo4/MIC

Andes & Craig WA Int J Antimicrob Agents 2002;19:261-268
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Animal models: application to two oxazolidinones

1. pharmacokinetics
A.
feaclt Linezolid
—e— 0.625 mg/kg . .
—&— 25 mgkg major differences
Cmax 0.6 mg/L
10 AUC 0.6 mg*h/L .
Ti204h n
- —8— 10 mglkg . .
S Cmax 4.7 mg/L
? Cmax 47 mgl, pharmacokinetics
B ] T1/209h :
5 e and in MICs
™ Cmax 30.0 mg/L
b= AUC 58.2 mg*h/L
g 01+ T1/209h
c
o
o K
0.01 | B.
100 ~
TR-700 —o— 0625 mglkg
Cmax 0.2 mg/L
0.00 T T T T AUC 1.4 mg*hiL
0 5 10 15 20 10 T1/24.3h
—a— 25 mgikg
Time (hours) s, Cmax 1.3 mg/L
S AUC 7.0 mg*hiL
_g 9 TiR241h
c —8— 10 mg/kg
o Cmax 3.7 mg/L
= AUC 25 8 mg*h/L
= T1235h
modal EUCAST g8 %7 e i e
2 AUC 131 mg*hiL
MIC & TIR33h
. . 0.01 -
linezolid 2 mg/L
TR700 0.25 mg/L 0.001 - : .
0 5 10 15 20 25
Time (hours)
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Animal models: application to two oxazolidinones

2. pharmacodynamics

TR-700

R 0.48

A
) Linezolid R*0.68
1 e o
8 .| © .
% 1 o g o o
ﬁ W\
E‘E o4 o_ 0 T
=] o]
&
z B.
3 -
_3-
-4 , 21
0.1 1 10 100 g
Plasma 24 h fAUC/MIC E
.
g
=
/_\—/ %
8
similar AUC,,,/MIC ”
for static effect !

Plasma 24 h fAUCMIC
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Log,, (CFUI/g)
N OW e M O~ 0 WO O

Q 24 hour
Dosing

AUC,,, and activity tedizolid

®

Q 12 hour %
Dosing

Q 6 hour
Dosing

1 T T [ 1 1 e

Log,, (CFUIg)=8.756-(5.74 x f AUCIMIC Ratio' %! / (f AUCIMIC Ratio'¥' +51.1511))

TZD activity depends on actual
fAUC,, /MIC value, and is
independent of the dosing
schedule (in the limits investigated)

r*=0.984; P <0.01

& |

o

60 75 90 105
fAUC/MIC Ratio

120 135 150

Louie et al Antimicrob Agents Chemother 2011;55:3453-3460 — PMID 21502615
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https://www.ncbi.nlm.nih.gov/pubmed/?term=21502615

You can use different environments...

Change in Log ; CFU at 24 h

1 | | |
10 100 1000 10000

Total-Drug ELF AUC:MIC Ratio | ELF: epithelial lining fluid

@ S aureus 2847 (MIC=1) ® S aureus 33591 (MIC=1)
S aureus 3257 (MIC=2) & S aureus 6907 (MIC=0.5)

Figure 2. Relationship between change in log,, CFU from baseline and arbekacin total-drug
ELF AUC:MIC ratio based on data for four MRSA isolates

Van Scoy et al. ASM Microbe 2017 — poster SUNDAY 197

10-06-2017
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The programme...

The breakpoints ... and what they mean

10-06-2017
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What are breakpoints ?

e a magic number obtained from in vitro susceptibility testing, which
the clinical microbiologists use to determine if the antibiotic will or
will not be active in vivo against a given pathogen,;

 this number is usually a given diameter ! of growth inhibition in an
agar plate around a disk loaded with a standard amount of antibiotic;

« while this system yields per definition a continuous variable (i.e. a
diameter of any size [from O mm to the limit of the dish...),
microbiologists and authorities like to cut the results it in 3 discrete

categories
— less than x mm?! = RESISTANT v ¢
_ larger than y mm! & SUSCEPTIBLE -fq: t
_ between x and y mm*> INTERMEDIATE |

which is what the clinician will get...

1 diameters must be converted into an MIC by using previously validated regression lines with the ISO method
(the ISO method is microdilution...which , by definition, yields an MIC)

10-06-2017 Ribosomes & Antibiotics, Tartu, Estonia
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An example of breakpoints... (EUCAST)

Streptococcus pneumoniae
Macrolides, lincosamides MIC breakpoint Disk Zone diameter
and streptogramins (mg/L) content breakpoint
(ng) (mm}

S=< R> 5= R=<
Azithromycin 025" 0.5’ Mote® Note®
Clarithromycin 0.25' 0.5' MNote™ Note™
Erythromycin 025" 0.5 15 i 19t
Roxithromycin os' 'k Mote™ Note™
Telithromycin 0.25 05 15 23 20
Clindamycin® 0.2 0.3 2 19° 198
Quinupristin-dalfopristin - - - -

Notes
Mumbered notes relate to general comments and/or MIC breakpoints.
Lettered notes relate to the disk diffusion method.

1/A. Erythronmycin can be used to determine susceptibility to azithronyein, carithromycin and roxdthromyein.
2. Inducible clindamycin resistance can be detected by antagonism of clindanmycin activity by & macrolide agent. If not detected,
then report as susceptible. If detected, then report as resistant.

B. Place the erythromycin and clindamyein disks 12-16 mm apart (edge to edge) and look for antagonism (the D phenomenon) to
detect inducible clindamycin resistance.

http://www.eucast.org/clinical breakpoints/

10-06-2017
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http://www.eucast.org/clinical_breakpoints/

EUCAST definitions of clinical breakpoints

Clinically Susceptible (S)

> level of antimicrobial activity associated with a high likelihood of therapeutic
success

Clinically Intermediate (I)
» level of antimicrobial activity associated with indeterminate therapeutic effect

Clinically Resistant (R)

» level of antimicrobial activity associated with a high likelihood of therapeutic
failure.

a microorganism is categorized as S, | or R by applying the appropriate
breakpoint in a defined phenotypic test system

Clinical breakpoints may be altered with legitimate changes in circumstances

Clinical breakpoints are presented as S<x mg/L ; I>X,<y mg/L ; R>y mg/L

10-06-2017 Ribosomes & Antibiotics, Tartu, Estonia 46



For long, breakpoints have been set too high...

Typical PK values Proposed PK/PD upper limit Breakpoints [mg/]_.]d ‘
Typical Cmax In mg/L AUC,,
daily total/free (mg x h/L) Prevention NCCLS g
Drug dosage® (dose) total/free Efficacy® of resistance® (S/I/R)
Norfloxacin 800 mg  14/1.1 14/11 0.1-0.4 0.1 <4/8/>16
(400 mg PO)
Ciprofloxacin 1000 mg 25/1.75 24/18 0.2-0.8 0.2 <1/2/>4*
(500 mg PO)
Ofloxacin 400 mg  4/3 40/30 0.3-0.9 0.4 <2/4/8'
(400 mg PO)
Levofloxadn 500 mg  4/2.8 40/28 0.3-0.9 0.3 <2/4/8'
(500 mg PO)
Moxifloxacin 400 mg 31/1.8 35/21 0.2-0.7 0.2 <1/2/4™
(400 mg PO)

NCCLS, National Committee for Clinical Laboratory Standards (Clinical and Laboratory Standards Institute) (http:/ /www.ncc

Van Bambeke F, Michot JM, Van Eldere J, Tulkens PM.

Quinolones in 2005: an update. Clin Microbiol Infect. 2005 Apr;11(4):256-80. PMID: 15760423
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Breakpoint setting: the EUCAST way

Preclinical PK/PD studies Clinical PK/PD studies

0
w =
g g y Y
s
I2E Correlation Correlation
-5a3 Exposure -Effect Exposure -Effect
=
a = &
w o w | Qualitative relationship (pk/pd index) ‘

PD target “—> PD target

| Quantitative relationship (value pk/pd index) ‘

v

Clinical Dosing Regimen

v

Monte Carlo Simulations

v

Initial PK/PD breakpoint

European Society of Clinical Microbiology and Infectious Diseases

> EUCAST

MCS robustness
Target population

Dose adjustments PK/PD breakpoint

— J, 4= | MIC distributions

Fig. 3.4 Summary of the process of setting PK/PD breakpoints by EUCAST (Mouton et al. 2012)
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Towards a breakpoint... probability of target attainment rate

« Atedizolid free AUC,.,,,/MIC ratio of 15 was determined as the PK/PD
target associated with the activity of tedizolid against S. aureus in the non-
neutropenic mouse thigh model of infection...!

Calculation of the Figure 2-1: Probability of PK/PD target attainment for tedizolid
probability of reaching at the target AUCg.04/MIC Ratio of 15
the necessary 10— =, 1.0
fAUC,,, /MIC ratio for 6 \\ 00 o
Increasing MICs In 08 _— 08 E
humans... I - [E
> a p055|ble breakpoint ’?l 3
= 061 ' ?:-
E o
g o8 05 |3
Q 0.4 0.4 ;
1FDA briefing document: anti-infective drug = =
advisory committee meeting 0.3 0.3 E
March 31, 2014
htta[.)f/(;www.fda.qov/downIoads/advisorvcommittees/committ 0.2 0 183 0.2 DE_
eesmeetingmaterials/drugs/anti-
infectivedrugsadvisorycommittee/ucm390789.pdf 0.14 0 053 -0.1
Last accessed: May 17, 2015 0. 0[]9 \
0.0+ *——— +—% e 00
D.Oﬁ 012 025 0580 A1 {J(J 2. DC' 4. DD 8. DCI 16,0{}
MIC (ug/mL)
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Tedizolid breakpoints... a matter of dispute ?
& EUCAST alhmeromi -

European Society of Clinical Microbiology and Infectious Diseases

Tedizolid .

_ Breakpoint (mg/L) 1 mg/L for_S. aureus is
Organism group S = (mg/L) R > (malL resistant
Staphylococcus spp. 0.5 05 o o)

Enterococcus spp. IE IE

Streptococcus groups A,B,C,G 0.5 0.5
Viridans group streptococci (Streptococcus 0.25 0.25
anginosus droup onlv)

PK/PD breakpoints IE IE

Table 5 Susceptibility Test Interpretive Criteria for SIVEXTRO

Minimum Inhibitory
1 mg/L for S. aureus is Concentrations
intermediate Pathogen (meg/mL)
S 1 R
O (o}

Staphviococcus aureus
(methicillin-resistant and =0.5 1
methicillin-susceptible isolates)

N
2

Strepfococciis pyogenes =0.5 - -
Streptococcus agalactiae =0.5 - -
Streptococciis anginosus Group” <0.25 - -
Enterococcus faecalis <0.5 - -

S=susceptible, I=intermediate. R=resistant
* Includes S. anginosus, S. intermedius. S. constellatis
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The programme...

What about toxicity ?
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The programme...

What about toxicity ?

This is where unanticipated observations shake you ...
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But before we begin: Types of toxXiCity (in very short)...

 related to the mode of therapeutic action
> titrate the dosage (if possible)

« unrelated to the therapeutic effect
— drug and drug/drug interactions
» prevention / mitigation (pharmacokinetics)

— action on non-therapeutic target organ(s)

* non dose-related (idiosyncratic)
» epidemiological and registry studies leading to general

withdrawal/change of label if not-acceptable (e.g. telithromycin)
» dose-related (somehow)

»open to pharmacokinetic/toxicodynamic studies
susceptible to lead to mitigation approaches
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Aminoglycosides monitoring in the 80’s ...

Isn't it ?

Aery small range,

USUAL THERAPEUTIC
RANGE# (mg/|)

toxicity !

lack of
efficacy

Abott TdX manual, 1986
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But aminoglycoside toxicity is NO1 linked to peak ...

Serum concentration of creatinine (mean = SE) in rats after
administration of 40 mg of gentamicin/kg per day in one, two, or
three doses for two and 10 days.

3.0 () No. of animals (15)

2.6

2.2

1.8 Bl Three doses/day
1 Two doses/day
1.4 21 0ne dose/day

CISerum Creatinine
' }‘23; 2 Mean + 2 SE for

L 1 I 1
2 Days of treatment 10

‘ From Bennett et al, J. Infect. Dis., 1979
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Aminoglycoside accumulation is kidney Is saturable
at clinically meaningful concentrations * ...

Accumulation of gentamicin by rat kidney cortex after 6 h infusion at
constent serum concentration

N

o

o
>

this is where patients are
In a g8h schedule !!

g
in

accumulation rate (eg/a/h)

o~

(meg/a/h) (V)

Renal cortical gentamic

=]

bl
h—
j=]
e
=
=
—
=
—
£
=
bt
o
=
=
=2
=
j=}
—
| —
D
(=7]
o
=
=
o
ot
=
=
(a5
o

10 15
Serum gentamicin concentration (eg/ml)

20 30 40 50 60 70 80 90 100

Serum aentamicin concentration (cea/ml) (C)

* Giuliano et al., J. Pharm. Exp. Ther., 1986
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Aminoglycoside accumulation is kidney Is saturable
at clinically meaningful concentrations * ...

Accumulation of gentamicin by rat kidney cortex after 6 h infusion at
constent serum concentration

o~

D

accumulation rate (eg/a/h)

Renal cortical gentamici

=]

10 15
Serum gentamicin concentration (eg/ml)
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Serum aentamicin concentration (cea/ml) (C)
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* Giuliano et al., J. Pharm. Exp. Ther., 1986
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Aminoglycoside peak /MIC ratio is predictive of clinical efficacy

Relationship between the maximal peak level/MIC ratio and the
rate of clinical response. Vertical bars represent SE values.

g |
Maximum peak/mic ratio
From Moore et al, J. Infect. Dis. 155 (1987)
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Nephrotoxicity and schedule of administration ...
the first large scale clinical trial

» 141 predominantly elderly patients with severe bacterial infections.

20 |— * All patients received once-daily doses of 2 g ceftriaxone, in addition to netilmicin.
3\; L= netilmicin (5 mg/kg)
::: /\ divided in 2 or 3 admin.
*g B once-daily
. '
e "Netilmicin-induced toxicity
S may be reduced by using
g once-daily dosing regimens
E and limiting the duration of
S treatment.”

0 | T

0 2 4 6 8 10 12 14 16
treatment duration (days)
ter Braak et al., Am J Med. 1990 Jul;89(1):58-66.
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Aminoglycoside nephrotoxicity when combined with
vancomycin: influence of schedule

|- 1‘“]
0.90 I
. 0.90 Concurrent Yancomycin Use
0.00 |- -
0.00 - \
0.70 I
i 0.7 -
0.60 |-
b m .
| P
0.40 [~ i 3
00 - o § once daily
020 n.m:
010 |- oor B
000 010 [
n.m 1 L i i | I T N T T B T i N
0 250 500 750

FIG. 1. (A) Curve of probabinty o gevelopment of aminoglycoside nephro-
toxicity for patients rt:mmng the drug on a twice-daily basis as cstimated by
multivariate logistic regression analysis. The probability rises as a function of
m:rcmmg daily exposure to lmlmgh'-l:-:mdt., as indexed to the AUC. Concurrent
vancomycin use provides a marked increase in the probability of nephrotoxicity
for equivalent exposure to aminoglycosides, as indexed to the daily AUC. (B)
Once-daily administration shifts the curves of probability of nephrotoxicity as
influenced by daily aminoglycoside AUC to the right.
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Toxicodynamics of linezolid

Modelling of linezolid toxicity

AAC

Joumals.ASM.org

Clinical Population Pharmacokinetics and Toxicodynamics of
Linezolid

Lauren M. Boak,** Craig R. Rayner,>® M. Lindsay Grayson,“ David L. Paterson,®* Denis Spelman,’ Sharmila Khumra,“"
Blair Capitano,®* Alan Forrest,? Jian Li,” Roger L. Nation,” Jurgen B. Bulitta®o"

Drug Delivery, Disposition and Dynamics, Monash Institute of Pharmaceutical Sciences, Monash University (Parkville campus), Parkville, Australia® d3 Medicine LLC,
Parsippany, New Jersey, USA®: Department of Medicine, Austin Hospital, Melbourne, Australia®; Department of Epidemiclogy and Preventive Medicine, Monash
University, Melbourne, Australia®; University of Pittsburgh Medical Center, Pittsburgh, Pennsylvania, USA%; Department of Infectious Diseases, Alfred Hospital and

Monash University, Melbourne, Australia’; School of Pharmacy and Pharmaceutical Sciences, SUNY at Buffalo, Buffalo, New York, USAS; Centre for Medicine Use and Safety,

Monash University (Parkville campus), Parkville, Australia”

Antimicrob Agents Chemother 2014;58:334—-2343
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Toxicodynamics of linezolid

Modelling of linezolid toxicity

—> First-order process l Inhibition
= - =% Bolus dose

Oral bolus - —=> Zero-order process Feedback
dose wennep Effect
= Lag 1 comp.
a9 ‘I’ Intravenous |
Lag 2 comp. infusion :
klag . . ¥ oL
29| Gutcom- | .|  Central
Lag 3 comp. partment compartment E
Inhibition
ICgg, Imax _—
¢

. . ktr ktr kir ktr kout kout kout kout
Synthesns"“} @ @ @ @ @
rate (Kin) \ ) {

f Y
Ant e, Precursor cells in bone marrow Platelets in circulating pool

Tora,,
L LT,

.
- wunat
Rt sammnn
. .n
.-"".IIIIIDIII.IIII!. IIII...II..II.'I-.'--...

Feedback (y)
FIG 1 Structure of the final mechanism-based population pharmacokinetic/toxicodynamic model. The pharmacokinetic model is comprised of three absorp-
tion lag compartments, a gut compartment, and a central compartment. One series of 15 transit compartments was used to describe platelet precursor cells in the
bone marrow, and another series of 15 transit compartments to describe platelets in the circulating pool. Platelets displayed a feedback effect on the synthesis of

platelet precursor cells. A lack of platelets in the circulating pool compared to the platelet count at steady state caused a stimulation of platelet precursor synthesis,
and an excess of platelets in the circulating pool caused an inhibition of platelet precursor synthesis.
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Toxicodynamics of linezolid

Modelling of linezolid toxicity

A AAC

Joumals.ASM.org

Clinical Populal
Linezolid

Lauren M. Boak,** Craig R. R
Blair Capitano,®* Alan Forres

Drug Delivery, Disposition and Dyna
Parsippany, New Jersey, USA®: Depa
University, Melbourne, Australia®; U
Monash University, Melbourne, Aust
Monash University (Parkville campu

Antimicrob Agents Chemot

A: Mean baseline 250 x 10°/L

50% - _¢ Dosage regimen
-e-1200 mg Q12h
40% -
| -@-600 mg Q12h |
30% A -4-400 mg Q12h
20% - A | ©9-600 mg Q24h
10%} ] —-D =0=Naone
0% - , o
0 7 14 21 28

FIG 4 Simulated probabilities for nadir platelet counts below 100 X 10%/liter
for various normal and front-loaded linezolid dosage regimens when mean
baselines were as indicated.

ifety,
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Toxicodynamics: avoid the elevated C_;,,...

|
— =075 I
1.0 4 o c:ml‘.mm
M D_B-.
é 0.6 -
:
= u.ﬁ' I
B [
2 |
£ DJ' |
é .
|
0.0C (AP BAN_ S} P (SRS 08) #3000 A0 S0 ® B3 B8 }0
|
|
T T T T T T T T T I- T T
02 03 0405 07 1 2 i 4 5 7 10 20 30
Linezolid € 1, (Mg/L)

Fig. 16.13 Linezolid Cy, and logistic regression model for thrombocytopenia (Pea et al. 2012),
reproduced with permission. The symbols refer to the Cy;, observed over time in each patient with
(top) or without (bottom) thrombocytopenia. The continuous line represents the result of the logis-
tic regression model. The vertical broken line identifies the C;, value predicting 50 % probability

of thrombocytopenia

Theuretzbacher U, PK/PD of Oxazolidinones In: Fundamentals of Antimicrobial Pharmacokinetics and Pharmacodynamics,
AA. Vinck, H. Derendorf & JW Mouton eds, Springer, 2014, p 401-443
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Linezolid and tedizolid impairment of mitochondrial protein
synthesis and impact of pharmacokinetics

. Impairment of mitochondrial

protein synthesis may explain

linezolid-induced lactic acidosis

and neuropathies

. Both linezolid and tedizolid

impair mitochondrial protein
synthesis .... but this is
reversible...1

. Plasma free concentrations of

linezolid remain always > IC.,
(twice daily administration)
-> permanent inhibition 2

Plasma free tedizolid free
through concentrations fall
< ICg, for part of the dosing
interval (once-daily
administration)

- partial daily recovery 2

10075

Linezolid

Free Plasma Drug Concentration
(uM)

0-1 L] I T 1 L] 1

FIG 4 Mean free (unbound) drug plasma exposure concentrations at steady
state for thempﬁtic—dose tedizolid (200 mg once daily; circles) and linezolid
(600 mg twice daily; triangles) over the course of the dosing interval, based on
published values (25, 41), in relation to the MPS ICs, of each agent.

25 Pharmacia and Upjohn Co. 2014. Zyvox (linezolid) prescribing information.Pfizer, Inc, New York, NY.
41 Flanagan et al. 2013;23d ECCMID - poster 921. 2

1 Milosevic et al. 55" ICAAC & 25th ICC, 2015: poster 1008 (available from http://www.facm.ucl.ac.be/posters.htm )
2 Flanagan et al. Antimicrob Agents Chemother 2015; 59:178-185 — PMID 25331703
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The programme...

What about resistance ?
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Why so much resistance ?

acquired resistance
from other bacteria

natural resistance
(environmental)

selection of resistant
isolates

spontaneous
mutations

A process linked to
exposure to antibiotics
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A direct visualization...

ANTIBIOTIC RESISTANCE

Spatiotemporal microbial evolution
on antibiotic landscapes

Michael Baym,’ Tami D. Lieberman," Eric D. Kelsic,"' Remy Chait,'t Rotem Gross,”
Idan Yelin,2 Roy Kishony"“>*}

A key aspect of bacterial survival is the ability to evolve while migrating across spatially
varying environmental challenges. Laboratory experiments, however, often study evolutionin
well-mixed systems. Here, we introduce an experimental device, the microbial evolution and
growth arena (MEGA)-plate, in which bacteria spread and evolved on a large antibiotic landscape
(120 x 60 centimeters) that allowed visual observation of mutation and selection in a migrating
bacterial front. While resistance increased consistently, multiple coexisting lineages diversified
both phenotypically and genotypically. Analyzing mutants at and behind the propagating front, we
found that evolution is not always led by the most resistant mutants; highly resistant mutants
may be trapped behind more sensitive lineages. The MEGA-plate provides a versatile platform for
studying microbial adaption and directly visualizing evolutionary dynamics.

Baym et al. Science. 2016; 353:1147-51
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A direct visuz

ANTIBIOTIC RESISTANCE

Spatiotemporal mi

on antibiotic lands|

Michael Baym,' Tami D. Lieberman,' Eric
Idan Yelin,2 Roy Kishony">*f

A key aspect of bacterial survival is the ability
varying environmental challenges. Laboratory,
well-mixed systems. Here, we introduce an ex
growth arena (MEGA)-plate, in which bacteria s}
(120 x 60 centimeters) that allowed visual obse
bacterial front While resistance increased cons,
both phenotypically and genotypically. Analyzin,

found that evolution is not always led by the mj
may be trapped behind more sensitive lineages.
studying microbial adaption and directly visuali

Baym et al. Science. 2016; 353:1147-5

A C {inset from B)

Time-lapse
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Fig. 1. An experimental device for studying microbial evolution in a spatially structured environ-
ment. (A) Setup of the four-step gradient of timethoprim (TMP). Antibiotic is added in sections to
make an exponential gradient rising inward. (B) The four-step TMP MEGA-plate after 12 days. E. coli
appear as white on the black background. The 182 sampled points of clones are indicated by circles,
colored by their measured MIC. Lines indicate video-imputed ancestry. (C) Time-lapse images of a sec-
tion of the MEGA-plate. Repeated mutation and selection can be seen at each step. Images have been
aligned and linearly contrast-enhanced but are otherwise unedited.
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Fig. 1. An experimental device for studying microbial evolution in a spatially structured environ-
ment. (A) Setup of the four-step gradient of timethoprim (TMP). Antibiotic is added in sections to
make an exponential gradient rising inward. (B) The four-step TMP MEGA-plate after 12 days. E. coli
appear as white on the black background. The 182 sampled points of clones are indicated by circles,
colored by their measured MIC. Lines indicate video-imputed ancestry. (C) Time-lapse images of a sec-

tion of the MEGA-plate. Repeated mutation and selection can be seen at each step. Images have been
aligned and linearly contrast-enhanced but are otherwise unedited.
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A key aspect of bacterial survival is the ability
varying environmental challenges. Laboratory,
well-mixed systems. Here, we introduce an ex
growth arena (MEGA)-plate, in which bacteria s}
(120 x 60 centimeters) that allowed visual obse
bacterial front While resistance increased cons,
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studying microbial adaption and directly visuali
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Fig. 1. An experimental device for studying microbial evolution in a spatially structured environ-
ment. (A) Setup of the four-step gradient of timethoprim (TMP). Antibiotic is added in sections to
make an exponential gradient rising inward. (B) The four-step TMP MEGA-plate after 12 days. E. coli
appear as white on the black background. The 182 sampled points of clones are indicated by circles,
colored by their measured MIC. Lines indicate video-imputed ancestry. (C) Time-lapse images of a sec-
tion of the MEGA-plate. Repeated mutation and selection can be seen at each step. Images have been
aligned and linearly contrast-enhanced but are otherwise unedited.
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Concentration that prevent mutations / efflux
Mutation Preventing Concentration [MPC]))

lllustration with Mycobacterium bovis and fluoroquinolones

— classic bactericidal effect

surviavl

. Elimination of
] MPC,, = } primary mutants or

efflux-positive

H | | H | isolates (~ 10 x MIC)
0.01 0.10 1.00 10.00
concen trati on Dong et al. Antimicrob Agents Chemother 1999; 43:1756-1758
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concentratie

Window for selection of resistance

Mutation selection window

Time after initial administration

concept taken from Drlica & Zhao, Rev. Med. Microbiol. 2004, 15:73-80
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Window for selection of resistance

eradication of primary mutants or efflux-positive isolates

Selection of primary mutants
and of efflux + isolates

concentratie

No therapeutic effect

Time after initial administration

concept taken from Drlica & Zhao, Rev. Med. Microbiol. 2004, 15:73-80
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Mutant prevention concentration:
an example with linezolid

AAC

Journals ASM.org

In Vitro Resistance Studies with Bacteria That Exhibit Low Mutation
Frequencies: Prediction of “Antimutant” Linezolid Concentrations
Using a Mixed Inoculum Containing both Susceptible and Resistant
Staphylococcus aureus

Alexander A. Firsov,® Maria V. Golikova,® Elena N. Strukova,® Yury A. Portnoy,® Andrey V. Romanov,” Mikhail V. Edelstein,’
Stephen H. Zinner®

Department of Pharmacokinetics & Pharmacodynamics, Gause Institute of New Antibiotics, Russian Acaderny of Medical Sciences, Moscow, Russia®; Institute of
Antimicrobial Chemotherapy, Smolensk State Medical Academy, Smolensk, Russia®; Mount Auburn Hospital, Harvard Medical School, Cambridge, Massachusetts, USA®

Antimicrob Agents Chemother 2015;59:1014 —-1019.
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Mutant prevention concentration:
an example with linezolid

AAC

Journals ASM.org

In Vitro Resistance Studies with Bacteria That Exhibit Low Mutation
Frequencies: Prediction of “Antimutant” Linezolid Concentrations
Using a Mixed Inoculum Containing both Susceptible and Resistant
Staphylococcus aureus

Alexander A. Firsov,® Maria V. Golikova,® Elena N. Strukova,® Yury A. Portnoy,® Andrey V. Romanov,” Mikhail V. Edelstein,’
Stephen H. Zinner®

Department of Pharmacokinetics & Pharmacodynamics, Gause Institute of New Antibiotics, Russian Acaderny of Medical Sciences, Moscow, Russia®; Institute of
Antimicrobial Chemotherapy, Smolensk State Medical Academy, Smolensk, Russia®; Mount Auburn Hospital, Harvard Medical School, Cambridge, Massachusetts, USA®

Antimicrob Agents Chemother 2015;59:1014 —-1019.
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Mutant prevention concentration:
an example with linezolid

10000

2
==
1000y 5 E° -
SE
20
100 { >

MIC (pg/mn

10

0 5 10 15

Passage number

FIG 1 Loss in susceptibility of S. aureus 10 passaged on linezolid-containing
MHB. The inset graph shows S. aureus growth in antibiotic-free MHB. Sym-
bols: O, §. aureus 10; A, RM9; [J, RM15. The linezolid MIC for the parent
strain is indicated by a dotted line.

Antimicrob Agents Chemother 2015;59:1014 —-1019.
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— A T — T
1 /ID l 100 1000
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Linezolid concentration (ug/mi)

FIG 2 Linezolid MPC determination with 5. aureus 10 alone and supple-
mented by RM. Symbols: O, parent strain; A, parent strain (10'° CFU/ml) plus
RM9 (10 CFU/ml); A, parent strain (10'° CFU/ml) plus RM9 (10* CFU/ml).
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Mutant prevention concentration:
an example with linezolid

_ YhYVYVIYVYY AAARAAEE AAAARREEE AAAREREY

§ | AUC,/MIC60h AUC,,/MIC 120 h AUC,,/MIC 240 h AUC,,/MIC 480 h
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FIG 3 Simulated pharmacokinetics of linezolid and time courses of susceptible (0> the MIC) and resistant (2<, 4, and 8 the MIC) subpopulations of
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Mutant prevention concentrations:
Impossible to obtain concentrations in a patient ...
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The impossible concentration ...

MPC is often ~ 10 x the MIC...

207 T linezolid 600 mg
Linezolid / Staphylococcus aureus T
International MIC Distribution - Reference Database 2017-06-10
MIC distributions include collsted data from multiple sources, geographical aress and time periods and can never be used to infer rates of resistance
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The impossible breakpoint ...

MPC is often ~ 10 x the MIC...

207 T linezolid 600 mg

Linezolid / Staphylococcus aureus
International MIC Distribution - Reference Database 2017-06-10

MIC distributions include collsted data from multiple sources | geographical aress and time periods and can never be used to infer rates of resistance
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In summary...

PK/PD helps (successfully) to define the conditions of administration
(doses, schedules) associated with efficacy

» Now arequirement for registration of new antibiotics (and
old ones are being revisited)

PK/TD approaches may also help do mitigate toxicity if dose-related
(directly of indirectly)...

> will be increasingly used for defining safe use of antibiotics
... but will not solve all toxicity problems...

PK/PD and MPC show the current limits of currently available
antibiotics and why we may have always emergence of resistance
by selection of less susceptible subpopulations (via
tolerance/persistence)

— we DO need new, more innovative ideas...
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Who did that ?
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* PubMed search using (pharmacokinetic* OR pharmacodynamics*) AND (antibiotic* OR antiviral* OR antifungal*)
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Please, ask questions ...

be critical,
ask for facts !

Vesalius - anatomy

Slides will be available on http://www.facm.ucl.ac.be - Lectures
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