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Antibiotic efflux is observed in both eukaryotic and prokaryotic cells, modulating accumulation and resis-
tance. The present study examines whether eukaryotic and prokaryotic fluoroquinolone transporters can
cooperate in the context of an intracellular infection. We have used (i) J774 macrophages (comparing a
ciprofloxacin-resistant cell line overexpressing an MRP-like transporter with wild-type cells with basal ex-
pression), (ii) Listeria monocytogenes (comparing a clinical isolate [CLIP21369] displaying ciprofloxacin re-
sistance associated with overexpression of the Lde efflux system with a wild-type strain [EGD]), (iii) cipro-
floxacin (substrate of both Lde and MRP) and moxifloxacin (nonsubstrate), and (iv) probenecid and reserpine
(preferential inhibitors of MRP and Lde, respectively). The ciprofloxacin MICs for EGD were unaffected by
reserpine, while those for CLIP21369 were decreased approximately fourfold (and made similar to those of
EGD). Neither probenecid nor reserpine affected the moxifloxacin MICs against EGD or CLIP21369. In
dose-response studies (0.01 X to 100X MIC) in broth, reserpine fully restored the susceptibility of CLIP21369
to ciprofloxacin (no effect on EGD) but did not influence the activity of moxifloxacin. In studies with intra-
cellular bacteria, reserpine, probenecid, and their combination increased the activity of ciprofloxacin in
wild-type and ciprofloxacin-resistant macrophages in parallel with an increase in ciprofloxacin accumulation
in macrophages for EGD and an increase in accumulation and decrease in MIC (in broth) for CLIP21369.
Moxifloxacin accumulation and intracellular activity were consistently not affected by the inhibitors. A bac-
terial efflux pump may thus actively cooperate with a eukaryotic efflux transporter to reduce the activity of a

common substrate (ciprofloxacin) toward an intracellular bacterial target.

Active efflux is a very general mechanism of drug resistance
present in almost all cell types (33). In this context, efflux
transporters recognizing antibiotics have now been described
in both eukaryotic and prokaryotic cells (34, 35). Their expres-
sion in phagocytic cells significantly reduces the activity of the
corresponding substrates toward intracellular bacteria, as ex-
emplified for azithromycin and daptomycin (both substrates of
the P-glycoprotein) against Staphylococcus aureus (20, 30) or
fluoroquinolones (substrates of MRP) against Listeria mono-
cytogenes (30). Conversely, addition of transporter inhibitors
favors the intracellular activity of these drugs in parallel with
an increase of their intracellular concentrations (20, 30). More
complex mechanisms may, however, also be envisaged, as re-
cently demonstrated by the enhancement of the intracellular
killing of Mycobacterium tuberculosis upon addition of reser-
pine, attributed to inhibition of K" transport (2). In bacteria,
efflux transporters are well recognized as a cause of resistance
for almost all antibiotic classes, with quinolones, tetracyclines,
and chloramphenicol being the most universal substrates (34).
Data, however, are scarce on the intracellular expression of
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bacterial resistance by efflux, as well as on the potential coop-
eration between prokaryotic and eukaryotic efflux pumps hav-
ing a common substrate and on the impact of such cooperation
on antibiotic efficacy toward intracellular bacteria.

In the present study, we have examined the activities of two
fluoroquinolones, ciprofloxacin and moxifloxacin, against L.
monocytogenes, using bacterial strains and macrophage cell lines
that express or overexpress efflux transporters against these anti-
biotics in comparison with their wild counterparts. Thus, we com-
pared (i) a clinical isolate (CLIP21369, displaying a ciprofloxacin
resistance phenotype associated with overexpression of Lde, a
member of the major facilitator superfamily of secondary trans-
porters encoded by the chromosomal /de gene) (10) to the wild-
type strain EGD (widely used for the evaluation of antibiotic
activity against L. monocytogenes) (5, 12, 13, 15), and (ii) cipro-
floxacin-resistant J774 macrophages, a cell line created in our
laboratory and in which an MRP-like transporter (member of the
ATP-binding cassette superfamily) acting on ciprofloxacin (24) is
overexpressed (22), to wild-type cells (with a basal-level expres-
sion of this transporter). In this system, we also compared cipro-
floxacin to moxifloxacin, since the former is a substrate for both
Lde and MRP-like transporters, whereas the latter remains
largely unaffected by either transporter (10, 23).

MATERIALS AND METHODS

Bacterial strains and susceptibility testing. Wild-type L. monocytogenes EGD
(serotype 1/2a) was provided by P. Berche. Strain CLIP21369 (serotype 1/2b),
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TABLE 1. Influence of efflux pump inhibitors on the MICs of
ciprofloxacin and moxifloxacin against L. monocytogenes

MIC (mg/liter”) of drug with efflux pump inhibitor”

L.

Ciprofloxacin Moxifloxacin
monocytogenes
strain None . .. None . .
(control) Reserpine Probenecid (control) Reserpine Probenecid
EGD 1.2 1.2 1 0.6 0.5 0.5
CLIP21369 5 1 0.6 0.5 0.3 0.2

¢ Arithmetic dilution.
’ Concentrations of inhibitors were as follows: reserpine, 33 pM (20 mg/liter);
probenecid, 15 mM (4.3 g/liter).

isolated from a human case in France, is resistant to quinolones by overexpres-
sion of the Lde efflux pump (10). BM4497 (derived from CLIP21369 by inser-
tional inactivation of /de [10]) was used as a control. Bacteria were maintained
and characterized as described previously (27). MICs were determined in tryptic
soy broth (TSB) by arithmetic or geometric dilution (5).

Killing curves in acellular media. Killing curves were performed in TSB.
Cultures in logarithmic growth phase (~10° CFU/ml) were diluted in TSB to a
density of 10° CFU/ml. At the end of the 5-h incubation at 37°C, aliquots were
diluted, plated on tryptic soy agar, and incubated overnight. The number of
viable bacteria was determined by colony counting using an automated
detector (5).

Cells and cell culture. Wild-type J774 macrophages and macrophages ren-
dered resistant to ciprofloxacin by long-term exposure to this antibiotic (hence-
forth referred to as ciprofloxacin-resistant macrophages [22]) were used in par-
allel. Both cell lines were maintained and cultured as described previously (22).

Determination of cellular concentrations of quinolones. A high-pressure liquid
chromatography assay, based on a published method (1), was used since reserpine
was found to interfere with the fluorometric assay used previously (23). In brief, cells
incubated with fluoroquinolones were washed three times with ice-cold phosphate-
buffered saline, scraped with a Teflon policeman, and collected in distilled water. An
aliquot of each sample was withheld and used for determination of the total protein
content (21). The remaining part was centrifuged at 14,000 rpm for 10 min, and 50
to 100 pl of the supernatant was used for chromatography (Alliance Waters 2690
chromatograph equipped with a Waters 996 photodiode array detector [set at 275
nm for ciprofloxacin and 298 nm for moxifloxacin] and an autoinjector), using a
reversed-phase column in conjunction with a precolumn, both XTerra RP,g 5-um
columns, and a mobile phase made of acetonitrile and 25 mM Na,HPO, buffer, pH
3.0 (20:80, vol/vol; 1.0 ml/min). Data were collected using Millennium3? version 4.00
software (Waters Corporation). The limit of detection was ~1.5 ng for both fluo-
roquinolones, with intraday and interday variation coefficients of 2.5 and 5.2% for
ciprofloxacin and 2.6 and 6.5% for moxifloxacin, respectively. The cellular drug
concentrations were expressed by reference to the corresponding total protein con-
tents (22). In preliminary experiments, this method was validated by comparison
with the fluorometric assay (23), with correlation slope factors of 1.13 (R* = 0.963)
and 0.92 (R* = 0.975) for ciprofloxacin and moxifloxacin, respectively, using cells
incubated at extracellular concentrations spanning from 10 to 50 mg/liter (n = 20).

Cell infection and determination of intracellular activity of quinolones. Ex-
periments were conducted as described earlier (22, 30) with a multiplicity of
infection (bacterium-to-macrophage ratio) of 7.

Morphological studies. Infections were carried out using a multiplicity of
infection of 70 to allow for the observation of a sufficiently large number of
intracellular bacteria. Electron microscopy was performed on cells fixed in situ,
and samples were processed as previously described (32).

Materials. Ciprofloxacin and moxifloxacin were provided by Bayer AG, Wup-
pertal, Germany, as microbiological standards, with potencies of 85.0% and
90.9%, respectively. Reserpine and probenecid were purchased from Sigma-
Aldrich (St. Louis, MO). Cell culture medium and serum were from Invitrogen
(Paisley, Scotland, United Kingdom). TSB and tryptic soy agar were from Difco,
Becton Dickinson and Co. (Sparks, MD).

RESULTS

MICs and influence of pump inhibitors. Table 1 shows the
MICs of ciprofloxacin and moxifloxacin against L. monocyto-
genes EGD and CLIP21369, under control conditions or in the
presence of pump inhibitors, used at the highest testable con-
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centration (33 wM, concentration for which reserpine caused
maximal effect and was soluble; 15 mM, maximal concentra-
tion at which probenecid did not affect macrophage viability).
Values for EGD were not influenced by the addition of
probenecid or reserpine. In contrast, CLIP21369 was approxi-
mately fourfold less susceptible to ciprofloxacin than was EGD,
but the MIC was brought close to that against EGD in the
presence of reserpine or probenecid. The MICs of moxifloxa-
cin against CLIP21369 were close to those for EGD and were
not influenced by the addition of either of the two efflux in-
hibitors.

Extracellular activity of fluoroquinolones. Figure 1 shows
the results of dose-effect studies of the activities of ciprofloxa-
cin and moxifloxacin against the EGD and CLIP21369 strains,
using a wide range of concentrations (corresponding to ap-
proximately 0.01- to 100-fold the MIC for EGD) after 5 h of
contact. In all conditions, a sigmoidal function could be fitted
to the data, and the corresponding pertinent regression param-
eters are presented in Table 2. When the antibiotics were used
alone, these data show (i) a static effect at concentrations close
to the MIC in all cases (as expected); (ii) a larger relative
maximal efficacy (E,,,,) for the CLIP21369 strain in compari-
son with EGD for both ciprofloxacin and moxifloxacin; and
(iii) a larger relative potency (lower 50% effective concentra-
tions [ECss]) for moxifloxacin against both strains (reflecting
its lower MICs), whereas the relative potency of ciprofloxacin

L. monocytogenes EGD L. monocytogenes CLIP21369

21 — g o
1. +
c CF.
ciprofloxacin
“H O alone
2] W + reserpine
o
o -3 _| i
o
E 41 1
=
§ °1 ¥ | I A S
2
&
o 11 1
k)
<« 0
moxifloxacin
-14 O alone
21 @ + reserpine
_3. H
) [}
‘5- T T Vn T T 1 T T vv T T T
-2 -1 0 1 2

-2 -1 0 1 2
Log concentration (mg/L)

FIG. 1. Killing curves of ciprofloxacin (top) or moxifloxacin (bot-
tom) against L. monocytogenes EGD (left) or CLIP21369 (right). Bac-
teria in broth were incubated for 5 h in the presence of the antibiotic
alone (open symbols) or combined with reserpine (33 wM; 20 mg/liter;
closed symbols). The abscissas indicate the extracellular concentra-
tions of the antibiotic in log scale; the ordinates show the changes in
CFU (log,,) per ml as observed after 5 h of incubation in comparison
with the original inocula (horizontal dotted lines). The arrowheads
point to the MIC of the strain (open arrowhead, antibiotic alone;
closed arrowhead, antibiotic plus reserpine; values are indicated in
Table 1). All values are the means of three independent determina-
tions * standard deviations (when not visible, error bars are smaller
than the size of the symbol).



R.
OTHE
CHEM

TS

ANTIMICROB
AL.

ET

ND

MO

LIS

3042

inst
hat agai ti-
than t the an
mesloner When o elflox
as 10 tim in MI rpinef floxaci
1369 s crence f rese of cipro ht the
CLIP2 the diff ence o ctivlty' brOug Imost
) against flecting the pr;fsect the aeserplne alues a ce of
in re 7 T v n
(ECBO again rtested l.rflicantly iontraS‘;21369 t(ihe presgvity'
ioni 1 in in ac f
. EG. > cre sign in. In L i a ivity o
55 jotics w id not strain. ainst C ence o ifloxacin ctlvlty r
8T &5¢Y blo.bitord EGD cin ag the abs Mmoxi rial a cellula
5. inhi : n € . a
5%% S£% mﬂmtﬁmemxaﬂhncﬁdommmamdm%GDmg
S 2 S > S 2 a . r no d ion n
s 212 <5 v = thivlty t‘; those ;"ine hacllati on al::u mulatfgw ard th;e 1774 3‘/ s
S 2 sz SR imilar eser mu I ac cin ild-ty line
23 g5 W E < Simi ine. R accu llula ifloxa ing wi ell 4 h
< Y £y 2Ep in r ce oxi sing h ¢ r2
> Z73 2 £5 N eserp 1lula The d moxif edu Eac ho a-
5 A, < 2 g ] Z r trace nes. in an min es. TS5 . flox
3 =3 = § =3 n inolo cin exa ag fo . rollo
= Z =~ & 2 = £ 5 ‘5;: z.g Ioroq“lnoiproﬂox?ns Werz macropﬂcubated of (i) Clriserplnde
) S 223 =3 flu itv of ¢ tra 7 di ce id,
< XX 5387 = X o 9s J7 in an sen ne, nec
= 22 E g 82 tivity 21369 st tant mna pre id alo obe d
-5 - =) 4 o E L2 S ac LIP in-resis ial stra in the ecl 1 S pr S an
g 3 & =0% 2F ¢ C n-r ria ori ben plus lone -
P b O 55 the ac cte 1) ii) pro lone olon Ita
o) S o S= 5 225 X flox: ba tro 1) p ino uin 1mu
£ % £52 538 ipro by a ba (con ; (@ ui oroq ds n-
S 2 S & 2% 8 = cip d by a tic lone; oroq flu Is an tco
o 29 = g 552 ) te bio in a flu s ( ells a
s £5 55 & o= S infec nti cin ach drug he ¢ sed in the
5 52 egs 85 zgs ithout a ifloxa iii) e es, di of t re u din
ER th Xi d( cas on we undin | er
3 =0 — c° go 5 S8 4 wi mo. ;an all cas fecti nes we n fo g/lit
b i 3.9*4: =i 5 in or both; h. In rin inolo atio 3m e
3 - £3% ¢ 23 ci r th. fte ui ntr 4. ne
s 22| 2 5 2% 254 wmgoaofm;mkdamem;am“ﬂmmmfcm&fma
o < Q_Q" - —_ = 5= 3 &“5 serpin were bined. axim tional cin [S oroqu: )
& e 83 5 52 ¢ =g re ibitors) n comb g the m onven xifloxa the flu 1 groups
= —~ 1 2= o 2 = inhil . . [0) i-
2 |z - EEIREE e neously Whilimlck“leivmglfer contrations Ofrimentas experi
= 5 ) 22 E 25 ously s re /i tr e iou o-
5 2 S G|Rg 5 —& & ne tions m nts mg cen exp evio h flu
- 2 ) ee s =g g% o ntra atie nd 4 con ame )- Pr f both flL n
5D = g o S e g2 = ce of p ina lar_ he s d 3). ion o atio
o 5 = 8 “ \E/@ £ 5% g‘; = serum roﬂoxai the Cegu(uslng (tFig- 2 anmulatlonaccum}#) the
= 2 = =2 S 2S£ z Z ip lle’ ine h cu ii) the (111 T
s |5 < s S S 5+ =3 forc ara in 5 Lac ) t d n
& g =5 m er > h( ala ii an di
N | 5z PR L e ed cel ) maﬁ?pef“’d;c(l uninfected an
5 ” o s g 3 E 53“5 es te ha thi h a in
& 3 iy g 2 25 lones w fec nt at 5 nun was
2 Y A so 2 € § &1 in nonin ve show chieved etween betwee f drugs 0.11
= 3 2 Z5 ‘595 = 22 nts ha s Is a ant b differ ce o = 0.
@ 2 @3 M = ’:% 3 = ment nolone. const o not absen 9 (1.24 versus
B — ! = % = .
: g = G 221538 E 85 levels remain levels d th in thEIP213664 + 0‘14signlﬁ'
A I — . -
o Uc lo ° S : 8 %g ?ﬂ % g levels ulat10n23 29). ial grow for CS] and 3. as not cid, or
2] = =S ! - 3 > 2 m > T n W
g K g ik 228 et oot eolls 1(ar bact(;'iGD tl;la[ P> 0]';) Growth probened down
2 a ¥ 0 g EE EE fec ellu for t5 01]). ine, lowe Lin
= g | =) %) % < B = = trac r a 0. Serp tly S tro .
= ~ = - S In we log,o P < f reser an con is
3 5 == o < £ 2 3 E=< slo 32 h[ of re ific to th
2 N = = 1 [O= 2 £ k=4 . htly + 0. t 24 nce sign red ther f
S 2 - s8g § §g slig 147 = a rese was mpare whe to
2, <] 3 88 |:c: g5 3,03 = 048 ) o BOD reducion COscerta”nciﬁc e were
=3 S5 ERS S E + 0. a e te
o S X =3 g 3 25 93 cte . for Ie To Sp . ra t
°= 23 <2 = EZ2 3. affe ion 15% ). the s tion ra bu
%= Al S E on 58 tly inat to iment nd iplica ains, _
2 3 £3 £ & 28 can mb (10 rim th a Itip str (ob
25 SS Z=£ SEE ir co 369 expe ow mu ted 497
EX % =EREEE g:¢ thei 1P21 i cacellular nrela BM4 ). It
EN “ ST F L5 CL nd 1u ce v u ied []O]
S e SS g8 5o for ~depe-ralce intra ically tudie 69 no
g3 29 S3 35-% ek three lnce in IIit1P213690f genet e also SCLIPleteS aln(lllibi'
= o == < S =3 = . n w in I .
«2 &> e i oo =hal % £ 5 E dlﬁe;-iors on C the us}fenoty?;; gene i growth nce of ;r)l and
38 HE % 2 £ES 8 25 inhibi dto-cp o ] e EG in
3 E J 2| 5% <|=% 2 £25 lnot relateits Speclifi)n of thvery Slmin the Ptogenes multiply
- 8 _h o = 8 .
s 22 i 35 2 ct . rather N R, N growth Microncoey pown) as
8 th é\g :ué? gg % :;E'é tained dyllke Etracellulaellular O'n micro (nOt Sh%phagesb‘zn_
= b S =R 2 & e in intrac ctr €S acr ro
@ S5 53 SR 255 chav ion of nt ele hag macr e, p a-
< o S 228 0 > 22 z b tion ses, d by Crop . _type ne, flox
z 2 n L gy g5 2 E g, duc 1l ca un f ma in wild eserp ipro t
= > | =732 = € a fo Ol mé nw fr Cip bu
3 S 23 e £E c52 I In ere es cini ce o Is). 5h
E A 3 == 333 iz CLIP21360 5 both ?ﬁroﬂoxie D mer N EGD at robene-
g | = She ek g EL 3 s L Lo Lot ! ! o P o
5 s| 8 S< s3 5z £52 icwmwmmmosbmuuﬁgzr&“hiwmmzwcanh
g s § 23 %53 :%K t ccumubout2'~ ation thegz4h'R in to ¢ )ats
g S LLU) - << E -g g E ot % A ased al COmblnd down ase at ofloxaci 0 CFUlty and
° |z o 2 £% 5 incre i ; S -
5 < << “E\%%% 8§§ miO”mﬁymﬁ;J“ﬁ;wC%5m1%;aaﬁmnz
= PN —~ ] o . X .
= <5 g8 ) 23 3 ead, ne o o n a bout betwe roflo bine
Z = s o ° =2 in alo 4_10g1 inatio (a 97] cIp om "
- 88 [<e) i $Sg 2 E ) cin 1. bin. nts = 0. nd rc ipro
7 ~ . | EE @ gs dal. mbir ounts (a a 0 cip
Q =) = ol 2| £ g 9 = 2.2 use 1r CO ial c . [R . type lone ity of
S = T 28 =7 = ZE ca the acter ionship wild- ine a tivity
£ S o 5 S35 g foE id, or inb tion oth erpi ac
g 2 ge) ERS £z ¢ 5% = cid, tion rela inb res d the
8 g S5 K 55 57 3 duction ear ion 24 h, se
a 2 S Ll BEE £33 re lin lati t increa
g 2 zlrrolO :E é %S § g% (Wlth al: aCCumll.llages).. ?antly e
2 R el S )
3 = S| | 5<=3 o= istan ecC
" IS : :—
5 - | &n THE 553 with proben
= & | 2 25 B=ie= D-'g & with p
- b 25 =) =
5 2 = S g SE XV
= £ 3 g Q g8 £ 23 N =
E g o s gj_g'gga e
3) < N — = 5 R=|
~ E S & 2 23 TBE
. <
i 2 £ 1G] d S
=8 2 =
= £ 5 =
= £ O
) =2
< <
=




VoL. 52, 2008

COOPERATION BETWEEN Lde AND MRP EFFLUX PUMPS

3043

ciprofloxacin

cellular concentration

cellular activity

EGD CLIP21369
4 5h 5h
m 3
o 21, s,
g s ™ 5h AL (W -
S 0 -‘®|_| =
'S_ £ = 300 e - i N ’ "
o 58 E 2
[x} -
T) £ 2 200 g -3
[ g4
e %5100 g 4
(] @ 3
o © 0 g 2
o 0
b= -4
s 2
-3
-4
CT € CiR CiP C
+R+P
4 5h 5h
3 a
gg 21 a b 2
400 1 b
2| 5h s o | 2
£ |8 3 : .
£ = 300
o[58 g2
[t 2 E 3
o s g 200 ‘;
S |58 g
£ S = 100 S
% w
- i) o
: 0 [=2)
S =
[72]
(7]
Q
1™

CT C C+RC+P C
+R+P

CT C C+RCH ¢
+R+P

FIG. 2. Concentration (left) and intracellular activity (right) of ciprofloxacin in J774 wild-type macrophages (top) or ciprofloxacin-resistant
macrophages (bottom) exposed to 4.3 mg/liter of the antibiotic alone (C) or combined with reserpine (33 wM; 20 mg/liter [C+R]), probenecid (15
mM; 4.3 g/liter [C+P]), or both inhibitors (C+R+P). CT, control (no drug added). Cellular concentrations were measured in uninfected cells after
5 h of incubation and expressed as ng/mg cell protein; intracellular activities were compared in cells infected by L. monocytogenes EGD (middle
panels) or CLIP21369 (right panels) and expressed as the change in CFU (log,,) per mg cell protein after 5 h or 24 h of incubation in comparison
with the original inocula. Values are the means of three independent determinations = standard deviations (when not visible, error bars are smaller

than the thickness of the bar border).

floxacin. Ciprofloxacin alone was inactive against CLIP21369
at both 5 h and 24 h. At 5 h, however, ciprofloxacin became
static in the presence of probenecid or reserpine alone and
caused a 0.5-log,;,-CFU decrease in the presence of the two
combined inhibitors. At 24 h, the inhibitors decreased the
bacterial growth seen in the presence of ciprofloxacin and
caused a 0.5-log,,-CFU decrease when used in combination. In
ciprofloxacin-resistant macrophages (lower panels), cellular
accumulation of ciprofloxacin was (i) markedly lower than that
in the wild-type cells, (ii) increased in the presence of reser-
pine, and (iii) further increased in the presence of probenecid
and still further if the two inhibitors were combined (however,

not reaching the same level as that in wild-type macrophages).
Intracellular activity of ciprofloxacin against EGD in these
cells globally mirrored the changes in cellular accumulation.
Thus, ciprofloxacin alone was essentially unable to prevent
growth at either 5 h or 24 h. Addition of reserpine or proben-
ecid allowed for a modest decrease in bacterial counts at 24 h,
which was further increased by their combination, but not to
the level observed with EGD. The overall effect of inhibitors
on ciprofloxacin activity at 5 h against CLIP21369 was similar
to that seen with EGD. At 24 h, ciprofloxacin was inactive
under all conditions, with bacterial counts mirroring again the
drug cell content.
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FIG. 3. Concentration (left) and intracellular activity (right) of moxifloxacin in J774 wild-type macrophages (top) or ciprofloxacin-resistant
macrophages (bottom) exposed for 5 h to 4 mg/liter of the antibiotic alone (M) or combined with reserpine (33 pM; 20 mg/liter [M+R]),
probenecid (15 mM; 4.3 g/liter [M+P]), or both inhibitors (M+R+P). CT, control (no drug added). Cellular concentrations were measured in
uninfected cells after 5 h of incubation and expressed as ng/mg cell protein; intracellular activity was compared in cells infected by L. monocytogenes
EGD (middle panels) or CLIP21369 (right panels) and expressed as the change in CFU (log,,) per mg cell protein after 5 h or 24 h of incubation
in comparison with the original inocula. Values are the means of three independent determinations =+ standard deviations (when not visible, error

bars are smaller than the thickness of the bar border).

The contribution of each transporter in reducing ciprofloxa-
cin intracellular activity was estimated by comparing the de-
gree of potentiation obtained in the presence of inhibitors (i)
against EGD infecting wild-type or ciprofloxacin-resistant
macrophages (disclosing their effect on the macrophage efflux
pump [MRP]) and (ii) against EGD or CLIP21369 infecting
wild-type macrophages (disclosing their effect on the Listeria
efflux pump [Lde]). These calculations indicated that (i) inhi-
bition of the macrophage transporter produced a gain of about
1 and 3 logs of intracellular activity in wild-type and ciprofloxa-
cin-resistant cells, respectively, and (ii) inhibition of the Liste-
ria transporter increased the intracellular activity of ciprofloxa-
cin by about 2 to 2.5 logs (see Fig. S1 in the supplemental
material). We also found a much weaker potentiation in cip-

rofloxacin-resistant cells infected by CLIP21369 than in the
other situations tested, indicating that the inhibitors used were
unable to cope with the concomitant overexpression of the two
efflux pumps.

Results of similar experiments with moxifloxacin are illus-
trated in Fig. 3. Moxifloxacin accumulated at high and similar
levels in the two cell types, with no marked effect of any
inhibitor (the level of cellular accumulation of moxifloxacin
being similar to that seen with ciprofloxacin in the presence of
reserpine or probenecid in wild-type cells). Under all condi-
tions, moxifloxacin was able to reduce the intracellular bacte-
rial counts, and this effect increased over time. No consistent
effect of the inhibitors was seen, except that probenecid ex-
erted a slightly depressing effect on moxifloxacin activity at 5 h



VoL. 52, 2008

under all conditions while reserpine increased it toward
CLIP21369.

DISCUSSION

The key finding of the present study is that a bacterial efflux
pump, such as Lde, may actively cooperate with a eukaryotic
transporter, such as MRP, to reduce the activity of a common
substrate (ciprofloxacin) toward an intracellular bacterial tar-
get (L. monocytogenes). The data comparing CLIP21369 with
EGD and ciprofloxacin-resistant with wild-type J774 macro-
phages show that the expression of Lde and MRP transporters
has distinct but additive negative effects on ciprofloxacin activ-
ity. Addition of transport inhibitors allows restoration of the
activity of ciprofloxacin to an extent essentially commensurate
with the increases of (i) its cellular accumulation (through
modulation of the MRP activity) and (ii) its antibacterial po-
tency (through impairment of Lde). The behavior of moxi-
floxacin supports this conclusion since no or only a minimal
effect of inhibitors was observed with this antibiotic, which is
substrate for neither MRP (this study; see also reference 23)
nor Lde (based on MIC determinations in this study [Table 1]
and in reference 10).

Probenecid, a well-known inhibitor of organic anions (4, 6)
and of MRP transporters (11, 16) in mammalian cells, in-
creases the cellular accumulation of ciprofloxacin in J774 mac-
rophages (24) and its activity against intracellular L. monocy-
togenes (29). The present study suggests that it is also an
inhibitor of Lde, which has not been reported so far. Reser-
pine, commonly used as an inhibitor of efflux in gram-positive
bacteria (10, 19, 25, 28, 36), is also an inhibitor of the P-
glycoprotein and of the breast cancer resistance protein (8, 38,
39). Our study shows that reserpine also impairs the activity of
the ciprofloxacin MRP-like transporter in J774 macrophages.
This is so far undescribed, but reserpine has been shown to
inhibit the transport of methotrexate (14), another known
MRP substrate (17). The sharing of substrates and inhibitors
among phylogenetically remote transporters is not a surprise
since (i) most inhibitors act through a competitive mechanism
(18, 26, 37), (ii) substrates can also be inhibitors (3, 24), and
(iif) common pharmacophores have been described for sub-
strates and inhibitors of multidrug transporters (7, 9). Further
studies, however, will need to better characterize the proper-
ties common to the prokaryotic Lde and the eukaryotic MRP.
The faster intracellular growth of CLIP21369 than of EGD or
the Ide disruptant isogenic strain (partially prevented by the
addition of efflux pump inhibitors) may also suggest a role of
Lde in intracellular growth.

In a broader context, the observations reported in this study
may have important implications for the treatment of intracel-
lular infections. They underline the importance of active efflux
in modulation of antibiotic efficacy, not only at the bacterial
but also at the host cell level, strongly pleading for an early
evaluation of the interactions between antibiotics and trans-
porters expressed both in prokaryotic and in eukaryotic cells.
This may ultimately lead to the selection of drugs which, like
moxifloxacin, are substrates for neither of these transporters.
The alternative approach, consisting in the development of
broad-spectrum pump inhibitors, could indeed face major dif-
ficulties, related to their intrinsic but unwanted pharmacolog-
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ical activities, the impairment of the physiological functions
exerted by the transporters in mammalian cells (31), the mul-
tiplicity of the efflux systems, and the potential risk of the rapid
emergence of resistance.
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