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Intracellular life : a Trojan Horse strategy....
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Intracellular life : a Trojan Horse strategy....

Protection
~ humoral host defenses
~antibiotics
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Intracellular life : a Trojan Horse strategy....
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Intracellular life : where to go ?

® Q Early endosomes

/'

Inclusions
Chlamydia spp.
Phagosomes
Salmonella spp. Mycobacterium spp.
Brucella spp.
Lysosomes 7

O
Cytosol

Listeria monocytogenes
Shigella flexeneri
o

Endoplasmic reticulum
Phagolysosomes | |
_ _ Legionella pneumophila
Legionella pneumophila

Staphylococcus aureus
Carryn et al, Infect Dis Clin North Am (2003) 17:615-34
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PK/PD parameters against intracellular bacteria

cooperation with

host defenses
metabolism  binding

influx ? \ /

> bacterial
efflux responsiveness
accumulation
and physico-chemical
bioavailability conditions

Carryn et al, Infect Dis Clin North Am (2003) 17:615-34
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Antibiotic accumulation and subcellular distribution

» possible
re-distribution

B-lactams; fast; ~ 1 x

fluoroquinolones : fast
CIP, LVX : 4-10 x
MXF, GAR, GMF : 10-20 x

?

linezolid: ~ 1 x
lincosamides: 1-4 x
tetracyclines: 2-4 x

rifampin : 2-10 x
synercid: 30-50x

confined « endocytosis
in vacuoles

aminoglycosides: slow ; 2-4 x
glycopeptides: slow
VAN ~ 8 x
TLV ~ 50 x
ORI~ 150-300 x

macrolides: fast
ERY: 4-10 x
CLR, ROX, TEL: 10-50x
AZM, SOL: > 50 x
some oxazolidinones: fast
RDZ : 10 x

mainly in vacuoles «

slow release

diffusion/
segregation

UCL .5+
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In vitro model of intracellular infection

o?::g';:;f“ Phagocytosis Extracellular wash
Incubation of bacteria with Elimination of non phagocytosed bacteria

ith 10 % h . . . ..
Wi . % uman.serum cells at an appropriate MOI by incubation with 50-100 X MIC gentamicin;
in culture medium L .. .
elimination of gentamicin by washing

Gentamicin

o’ ©

Determination of residual intracellular inoculum Intracellular infection
Incubation over time

Determination of cfu and protein content in cell lysates
in control conditions or with antibiotics

cfu / \ proteins

Antibiotic

m 1 (AB)

UCL 2, Buyck et al (2016) ISBN 978-1-4939-2854-5
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In vitro model of intracellular infection

2+ ® intra
4- —O— extra + AB s O extra
——o— intra i
- 0.001 x MIC—1,000 x MIC & OF=---=-\\;=--=--------
29 ———
@ ' : D
O € 2- &5 -2+
iy = s
2 E S
8 AN ) ;
R | 2 -1 0 1 2 3
: : T : : log extracellular
0 6 12 18 24 concentration (mg/L)
time (h)
remains in '
vacuoles
ucL Seral et al, AAC (2003) 47:2283-92 Barcia-Macay et al, AAC (2006) 50:841-51 i
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PD parameters: what do they tell you ?

® int .
o oxtra relative potency

e Estimation of the concentration needed to reach a specified effect

Alog CFU 24h-0h

| Cs= static concentration e Measure of the « intracellular MIC »
I | | ‘I | ? | |
-2 -1 0 1 2 3
= « PK-related » parameter:
log extracellular

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

UCL
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PD parameters: what do they tell you ?

® intra . ;
o extra maximal efficacy

<

<

Nl 0L T T & St

N N : L

S e Estimation of the maximal reduction in inoculum
LL <7 . - .

O 4+— for an infinitely large concentration

(@)}

g -4- «—1 | Emax = max. efficacy

—r—r—Tr—T e Measure of the killing capacity
-2 -1 0 1 2 3

log extracellular
concentration (mg/L) = « PD-related » parameter

= mode of action of the drug
= bacterial responsiveness
= cooperation with host defenses

In most cases

Emax intra <<< Emax extra

UCL
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Modulating intracellular potency by modulating PK

metabolism binding

AV

efflux

B 4
accumulation

and
bioavailability

Carryn et al, Infect Dis Clin North Am (2003) 17:615-34
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Modulating intracellular potency by modulating PK

/1 relative potency
21 o e
- A Cstatic

0- _ .............

metabolism binding

? influx_ ?\ /

efflux ?
accumulation
and

bioavailability

Alog CFU 24h-0h
n
f:/

2 -1 0 1 2 3
log extracellular
concentration (mg/L)

Carryn et al, Infect Dis Clin North Am (2003) 17:615-34
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Azithromycin is substrate for P-glycoprotein

Seral et al. JAC (2003) 51:1167-73
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antibiotic content (ug/mg cell prot.)

15+

101

Increasing accumulation by inhibiting efflux

2

2
X, >
2

s Verapamil is an inhibitor of P-glycoprotein
- increase in azithromycin accumulation (cytosol/organelles)

s
¥4

3 soluble fraction
granular fraction
Hl nuclear fraction

26

azithromycin

63

.

azithromycin
+

verapamil

ASM-microbe - intracellular activity
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Increasing accumulation by inhibiting efflux 2 2 &2
2 2— Y
i ? ?
& P 4 Verapamil is an inhibitor of P-glycoprotein
v 4 b 4 : : : . .
x 9 2 p - increase in azithromycin accumulation (cytosol/organelles)
- Increase in relative potency against intracellular S. aureus

3 soluble fraction <F azithromycin

granular fraction
154 H8 nuclear fraction

1.54 - azithro+verapamil

26

antibiotic content (ug/mg cell prot.)
H
<
\\\\\ o
w
change from original inoculum
(log CFU /' mg prot.)

0- -1.5 T T T T
azithromycin azithromycin 0 2 N ® 8 1o
+ ) azithromycin extracellular concentration (x MIC)

verapamil
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Increasing accumulation by improving diffusibility 2 72
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=
2 2 5,
®f 2 o4 9 Neutral/zwitterionic molecules are more diffusible
P —
© s 2
f7 4
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Increasing accumulation by improving diffusibility | » 2

S —=

2 >4 9 Neutral/zwitterionic molecules are more diffusible
9 — accumulation lower for most fluoroquinolones at acidic pH

=
[MoxIFLOXACIN|

* cationic , zwitterionic
2.00 o o o o .O . o o
plam . F i |
s
£~ 1757 O moxifloxacin m/u\w . Nw
oI Hzl\? N L N HaN OCH3A
™ 2 1.504 3A
5 8
% E 1.254
L © 1009eeeecccce,
g = 1.001 - cationic * ..°.
S 2 S gl TS0 zwitterionic
O = 0.75+1 5
g 9 =
. © D 60-
S 9 0.504 5
S o 8
D = 0.25- g 407
S g
OOO L] L] ] ] ] g 201 ° ,
5.5 6.0 6.5 7.0 7.5 . L= == ==y
°e -~ Lanonc,
pH values 0 . = . . r2822% : .
2 3 4 5 6 7 8 9 10
pH
uct, JEE’ Lemaire et al. AAC (2011) 55:649-58; VVan Bambeke, Future Microbiology (2015) 10:1111-23 LDR?
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Increasing accumulation by improving diffusibility | » 2

S —=

2 s 9 Neutral/zwitterionic molecules are more diffusible

9 — accumulation higher for acidic fluoroquinolones (delafloxacin/finafloxacin)
?7 4 4
[DELAFLOXACIN|

.. ._ [ ] .. :
Jcationic 2 o
15.0 3 7o

e TN H
£F o [ ] delafloxam_n /C/N \
EN 125 O moxifloxacin "o C F
o I
99/& H,N
c 0 J
S & 10.0
N
L« 100-
S = 7.51
E©o c
3 = 2 80-
S 5 5.0 3
(] : =
© O 5
ERS . l g
T -8 2.51 S 401
o © %

j - ouo;(*u oh uuuuuuuuuuu Wuu 8

OO (l) T T T T Qe 201 6 o 0 : ,'
5.5 6.0 6.5 7.0 75 E ..;‘Zat.'of”‘.’ . o
) -
pH values 020044 00a3% .
2 3 4 5 6 7 8 9 10

Lemaire et al. AAC (2011) 55:649-58; VVan Bambeke, Future Microbiology (2015) 10:1111-23
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Increasing accumulation by improving diffusibility | » 2

=
2 7
s 2 >4 9 Neutral/zwitterionic molecules are more diffusible
S 4 ' s 2 - Increase in relative potency for acidic molecules in acidic environments
b — 2
34 ' delafloxacin ' moxifloxacin |3

] ]
o : .
m ]
£
)
£
O (Otcccatec{ \c=cccccccccccnanacnana| becccccccccccaaa
&
3 mpHS55 e
o OpH7.40
o
o
<]

-4
Log concentration (mg/L)
ucL /2 Lemaire et al. AAC (2011) 55:649-58 LDR?
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Increasing accumulation by improving diffusibility = » 2«22

——

S —= P — o
2 | 7
®?A >4 Y 4 Neutral/zwitterionic molecules are more diffusible
r— 2 ?
© V4
?7 b 2

pH is acidic in many environments :

e skin surfaces (pH 4.2-5.9)
e mouth (pH 5-7)

e vagina (pH 4.2-6.6)

e urinary tract (pH 4.6-7)

e pus, infected peritoneal fluid, and drainage fluid (6.6-6.8)
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Delivery systems to modulate accumulation/distribution | » 2 <~
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Delivery systems to modulate accumulation/distribution | » 2 <~

— pe—
2 I, -
Y 4 Aminoglycosides are not diffusible (too polar...)
} f } . . OH
» and accumulate in lysosomes by endocytosis
UCL;"‘%
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Delivery systems to modulate accumulation/distribution | » 2 <~

—_—
y 4
- 2 Aminoglycosides are not diffusible and accumulate in lysosomes by endocytosis
’ |2 9 s — No activity against a cytosolic bacterium T
b 4 o

Activity at 18 mg/L Time- and concentration-effects H3CH2N@

T
2 2 — | HO 3 o CH,
24 h Gentamicin OH
CHs o) ® Ol
1 I HoN@ NH, s

Alog CFU from time O
[ o

L .
< © Time (h)

o 37 12 h 37 Gentamicin
()
g 24 2
Y 4 £
o
= 1
)
v 4 5
2, 01 0
o
<
14 -1
Q\@\ o“’e 0 12 24
o .
© Time (h)

Imbuluzqueta et al. JAC (2012) 67:2158-64
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Vectors to modulate accumulation/distribution | » 2 &~

P Y 4 Aminoglycosides are not diffusible and accumulate in lysosomes by endocytosis
? |2 » s — No activity against a cytosolic bacterium
s - Nanoparticle formulation for cytosolic release

gentamicin (GEN) + surfactant (AOT [bis(2-ethylhexyl) sulfosuccinate sodium salt])
+ poly(p,L-lactide-co-glycolide) (PLGA)

127 Cc/Ce = 12.0
3 soluble fraction
c 10 T X
'g granules fraction
© 0.81 W nuclear fraction
o
D 06
o
£ 0.4
£ U] Cc/Ce=4.0
o §
=+ 02{ cclce=13 \
. . k
0.0-
GEN GEN-AOT GEN-AOT
UCL Eﬁlmbuluzqueta et al. Acta Biomater. (2011) 7:1599-608; JAC (2012) 67:2158-64. 752H NP LDR?
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Delivery systems to modulate accumulation/distribution | » 2 <~

——

9 | 7
- 2 Aminoglycosides are not diffusible and accumulate in lysosomes by endocytosis
? |2 » s — Delivering them in the cytosol make them active on cytosolic bacteria
d Activity at 18 mg/L Time- and concentration-effects
o 24 h 2 Gentamicin GEN-AOT 752H NP
g
4 =
2 3
<
o 37 Gentamicin GEN-AQT 752H NP
£ y
4 5
5 g
2 5 y
=
- _1-I . . . . i
0 12 24 0 12 24
Time (h)

e’
Imbuluzqueta et al. JAC (2012) 67:2158-64 &
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Delivery systems to modulate accumulation/distribution | » 2 <~

- 2 Aminoglycosides are not diffusible and accumulate in lysosomes by endocytosis
? |2 » s — Delivering them in the cytosol make them active on cytosolic bacteria
Y 4 Correlation with relative
Activity at 18 mg/L Time- and concentration-effects concentration at infected site
2 2 2

24 h Gentamicin GEN-AOT 752H NP 24 h

1{ 3= o GEN
: B GEN-OAT

7
=

Alog CFU from time O
= o

B GEN-OAT NP

O-
-14
* * *
'2 L] L] L] L] L] = L] L] L] T T T -2 T T T T T
Y L & & KL 0 12 24 0 12 24 2 -1 0 1 2
SR 2R .
00(\\ S © (fk o Time (h) log antibiotic concentration
A O in MLP fraction
yo (ratio to value for cells
O‘f incubated with GEN 18 mg/L)

0l®.. GEN-OATNRN ..

o ] 12h| 3] Gentamicin 37 : 24h
Q :
E 24 2 2
Y 4 £
(@]
= 17 1 140 GEN
Y B GEN-OAT
b 5
(@]
o
<

-1- * -1 L -1 \
N - -
& K o“’é S K 0 12 24 0 12 24 2 1 0 1 2
000 (oq;b é,v 69;?‘ _ log antibiotic concentration
A & A Time (h) in S fraction
VO (ratio to value for cells

& incubated with GEN 18 mg/L)

UCL @lmbuluzqueta et al. JAC (2012) 67:2158-64 °
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Influence of the intracellular environment on potency

Local environment can also modulate the intrinsic activity of antibiotics (“intracellular MIC”)

REAL CAJUN

RUSTIC HOME COOKING FROM DONALD LINE'S LOUTSIARA
DONALD LINK  wiTe PAILA DISEROWE +

2

physico-chemical
conditions

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

Alog CFU 24h-0h

/1 relative potency

2 -1 0 1 2 3
log extracellular
concentration (mg/L)

UCL ,Ex
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Impact of intracellular pH on activity g

&
%7 > . .
\ > MRSA are as susceptible as MSSA to 3-lactams when intracellular !
meropenem cloxacillin

=

o

L

<

S

-

18

O

o

9

ﬂ L

*580. o
4 Y 1
1 1 ) ) 1
3 2 1 0 1 2 33 2 14 0 1 2 3
log, extracellular concentration (mg/L)

uct fg Lemaire et al., AAC (2007) 51:1627-32 LDR?
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Impact of intracellular pH on activity

\ e In broth, at acidic pH, MRSA are as susceptible as MSSA to 3-lactams !

(=== pH74 — pH5.4 )

meropenem cloxacillin

A log cfu (24h - Oh)

Iogwextracellular concentration (mg/L)

uet & Lemaire et al., AAC (2007) 51:1627-32
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Impact of intracellular pH on activity

= At acidic pH, the conformation of PBP2a is modified, allowing for the access of B-lactams !

10 10
-0~ control pH 7.0 -0~ control pH 5.5

= -8 + oxacillin -8 + oxacillin
g 0 -0
% PBP2a
8
$ 1 L10
=
(7]
T
':‘-’ ~20 --20
»
<)

30 R e T 30

230 240 250 210 220 230 240 250

wavelength (nm)

FIGURE 4. Circular dichroic spectra of PBP 2a at pH 7. 0 (/eft 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.

LA Lemaire et al., J Biol Chem (2008) 283:12769-76
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Impact of oxidant species on activity &

4!..4‘
3
.
d <
Q‘o‘ Menadione-dependent SCV of MRSA are hypersusceptible to 3-lactams intracellularly ....
L
zﬁ control conditions + N-acetyl-cysteine
“‘ ” b ooowT ) b ooowT
. 44 i O menD 4 i O menD
o : :
() 1 ]
£ 3 i 3 ;
E 2 2 o
2 1 i 14 i
= . ; . abolished |} MIC NN if
S : by ROS \E.E acid pH
1 ; 1| scavenger ! |i wWT menD  + ROS
'2 L] L] L] E L] L] '2 L] L] L] E L] L]
4 3 2 41 0 1 2 3 4 3 2 -1 0 1 2 3 122' Icontrol -228
log extracellular conc. (mg/L) 32- =3+ 120, L 30
16- -16
- 8- G -8 =
= 4 -4 o)
£ 2- -2 3
o 1 o 1 B a
= 0.54 e -0.5 =
= 025 L0.25 ~
01254 | B -0.125
0.0625- i e -0.0625
0.031254 | [ -0.03125
0.015625- 2 -0.015625
pH 7.4 pH 5.5 pH 7.4 pH 5.5

Garcia et al., JAC (2012) 67:2873-81
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Impact of oxidant species on activity &

i gg‘

oxidant
stress

Menadione-dep SCV ;
biosynthetic :
enzymes :
v

menadione |=——» menaquinone
uN Re l

?,
/
P4 cytochromes
G Antioxidant .
Exogenous oxidant species Q‘o pathway Cytochrome oxidase
may compensate * < .
i ‘ZQ = ROS proton motive force cell wall active antibiotics
for reduced ROS production b4 DEATH ! | < _
. . o
in menadione-dependent SCVs < bactericidal FoF, ATPase
tibioti cell wall and
e ATP protein rowth
_____ > synthesis — > 9
Uc,,t‘g’ Garcia et al., JAC (2013) 68:1455-64 . LDR?
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Modulating intracellular activity by modifying PD

cooperation with
host defenses

2

bacterial
responsiveness

1 E

Alog CFU 24h-0h

max

2 -1 0 1 2 3
log extracellular
concentration (mg/L)

Carryn et al, Infect Dis Clin North Am (2003) 17:615-34
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Bacterial responsiveness and PD

() N

' \\__/,f bacterial
responsiveness
UCL 5+ .
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Bacterial responsiveness and PD

' \\__/,f bacterial
Differences among species ™ S responsiveness
broth ol intracellular
24
g
§ ]
(=]
P g g,
» g .
< |E D
81, T Why are -lactams
— == . .
= Ve N more active against
u : ! N i N * * i .
o| intracellular
al A Listeria ?
04 R
" 4 5
. =27
2 -
A
5
2 1 o 1 2z s 2 1 @ 1 %z 3
ve & log,, of multiples of MIC Lemaire et al. JAC (2005) 55:897-904 LDR?
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Bacterial responsiveness and PD

(@) (@)

. __ﬁj bacterial
Proteomic analysis of extra- vs intra-cellular Listeria responsiveness
ABC transporters Y hexose transporters ‘
metabolism of sugars/aminosugars/glycerolipids ¥
synthesis of dTDP-rhamnose 4 4
/ UDP-glucose & - glyceraldehyde-3-P #
pentose phosphate pathway
teichoic acid
lipoteichoic acid Synthesis of thiamine precursors & %,
A :
! nucleotide synthesis\
\ “‘ glutamate .............----"‘""l'.
% ¥ |'- -- fatty acids <— ;—\citrate
Reduced (£ 75
s} e .
cellwall |[£] |3 ‘ ~
synthesis uq;.j- “ E‘:ﬁ 4_\_ D-alanlne .: — pyruva1e.: LA A N N N N NN N R NNNERNRNENSEH;NSENEH:]
0 o + Oxidative stress response x .
g ‘......................‘
£
€
@
UCL &, Van de Velde et al. Proteomics (2009) 9:5484-96
Université %f @",—. I}
225 Y 05/06/2017
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Bacterial responsiveness and PD

& bacterial

Differences among phenotypes responsiveness
2 sC
. SCV :
—ne  |s0genic normal phenotype and SCV of S. aureus
1-
=
(=)
£ 0-
3 . I
-
L
O _14
(=)
o
< £
2] Most antibiotics are less
efficient against SCVs

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

Nguyen et al, AAC (2009) 53:1434—42

- LORI
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Bacterial responsiveness and PD

Combining drugs as a way to improve efficacy ?

rifampin 1= Enax
0.9+
= 1
& '
= 074 mmn
S m ' '
(@] Y— 1 1
= © 0.54=d===-- -
D Lu 1 1
L > 1 1 1
O L ' ' '
o 034 =dumm== [P
8 C )
< ' ' ' '
(KL EECEEREEREETEEEES EEPS
— T T T T T ! ! ! ! N1 =-FE
2 -1 0 1 2 3 4 5 ! ! T T T ~ Fmax
| il . 01 03 05 07 09
og extracellular concentration (x MIC) EME of A
C,= FMEA.ECson FME = FME, + FMEg=1
1-FME,
Cy= FMEG.ECyy5
1-FMEg
e ()
e 2 05/06/2017 ASM-microbe - intracellular activity

'\_____._ij bacterial

responsiveness
1.254 Synergy
L00- additivity
I~ Y
w O0.75=
S
u -
0509 antagonism antagonism
0.25- ,
antagonism
0.00-—@ O @ o @
0.1 0.3 0.5 0.7 0.9
drug A
—@ O @ O @
0.9 0.7 0.5 0.3 0.1
drug B

Nguyen et al, AAC (2009) 53:1443-49
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Bacterial responsiveness and PD

\_ij bacterial
Combining drugs as a way to improve efficacy ? responsiveness

=

rifampin / moxifloxacin

W
1

-
[

Fractional maximal effect (FME)
"

Fractional maximal effect (FME)
N

o

0 T T T T T
RIF / MXF 0.1/0.9 0.3/0.7 0.5/0.5 0.7/0.3 0.9/0.1 =¥ RIF / ORI 0.1/0.9 0.3/0.7 0.5/0.5 0.7/0.3 0.9/0.1 —%—
ma/L 9002 0007 0.018 0.042 0.161 -0 RIF ma/L 0002 0007 0.018 0.042 0.161 -O-RIF

Nguyen et al, AAC (2009) 53:1443-49
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Conclusions: Can we modulate intracellular antimicrobial activity ?

Tl CR o lzIi[a'A8 PROBABLY FEASIBLE !

increase accumulation (7 extracellular conc.; N efflux; play with pH ?)

modify distribution (delivery systems)

reduce intracellular MIC (pH, oxidant species; difficult to change in practice...)
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Conclusions: Can we modulate intracellular antimicrobial activity ?

T\ CREiil=[aAd MUCH MORE CHALLENGING !

Use drug combinations
(mechanisms of synergy ??7?)

make bacteria more responsive
(do not neglect slow growing phenotypes [SCV]...)

boost cell defense mechanisms
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