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Lactoferrin-induced cell depolarization and a delayed tobramycin-Killing effect on Pseudomonas aeruginosa
cells were correlated. This antibiotic tolerance effect (ATE) reflects the ability of a defense protein to modify
the activity of an antibiotic as a result of its modulatory effect on bacterial physiology. P. aeruginosa isolates
from cystic fibrosis patients showed higher ATE values (=6-fold) than other clinical strains.

Aminoglycoside antibiotics have been shown to be effective
in treating Pseudomonas aeruginosa lung infections of cystic
fibrosis (CF) patients (8). However, medical experience shows
that in vitro aminoglycoside-susceptible P. aeruginosa may per-
sist in an infected lung despite appropriate antibiotic treat-
ment, indicating a dissociation between in vitro and in vivo
antibiotic susceptibility (13). This paradoxical phenomenon re-
flects the influence of environmental, bacterial, and host fac-
tors that are not present in in vitro susceptibility tests. For
example, antibiotic susceptibility is modified in vitro and in
vivo by bacterial factors, including biofilm formation (10), or by
some physiological changes, such as membrane depolarization
of anaerobically grown bacteria that results in aminoglycoside
resistance (4). Some host defense compounds (e.g., lactoferrin)
have also been reported as modifying the in vitro antibiotic
susceptibility of bacteria and yeasts (1, 3, 9). Despite the fact
that some of these defense compounds increase during the
infection, there are few studies exploring their influence on
antibiotic activity.

Human lactoferrin (hLf) is an innate defense protein, mainly
present in mucosal secretions, that is found at high concentra-
tions (~0.9 mg/ml) in the sputa of CF patients infected by P.
aeruginosa (6). We have recently reported that this protein
induces a decrease in the transmembrane electrical potential
of bacteria and yeasts (14, 15). Since aminoglycoside uptake is
dependent on electrical potential of the bacterial membrane,
we attempted to determine whether membrane depolarization
induced by lactoferrin may decrease susceptibility to tobramy-
cin. If this scenario were so, that effect could partly explain the
apparently different in vivo and in vitro susceptibilities of P.
aeruginosa strains isolated from CF patients.

The strains studied included P. aeruginosa ATCC 9027, P.
aeruginosa FRD1 (cystic fibrosis isolate mucA22 [Alg™]) and P.
aeruginosa FRD1131 (mucA22 algD::Tn501-33 [Alg™]) (a gift
from D. E. Ohman, Virginia Commonwealth University).
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Fourteen clinical isolates of P. aeruginosa from the sputum of
different CF patients were provided by F. Baquero (Hospital
Ramon y Cajal, Madrid, Spain), C. Bousono (Central Hospital
of Asturias, Oviedo, Spain), and I. Planells (Vall d'Hebron
Hospitals, Barcelona, Spain); six isolates from non-CF patients
were also included in the study. The clinical isolates were
identified by the API 20NE system. Recombinant human lac-
toferrin (rhLf) was provided by Ventria Bioscience (Sacra-
mento, Calif.). Gentamicin and tobramycin were purchased
from Sigma (St. Louis, Mo.). MICs were determined by the
NCCLS microdilution method (12) with Mueller-Hinton me-
dium (Difco) and inocula of 5 X 10° CFU/ml. The MIC was
defined as the lowest concentration at which there was no
visible growth after 24 h of incubation at 37°C.

Time-kill assays were carried out with all P. aeruginosa
strains as described previously (14). Briefly, the bacterial sus-
pensions (10° CFU/ml) in 10 mM Tris-HCI buffer (pH 7.4)
containing 100 mM NaCl were preincubated with rhLf (0.9
mg/ml) for 10 min before the addition of the antibiotic (at the
MIC). Duplicate samples were then removed every 30 min
during 3.5 h, and dilutions were plated onto Mueller-Hinton
agar to obtain a viable count. Bacterial viability (log;, CFU/ml)
was plotted against time for each experiment. The antibiotic
tolerance effect (ATE) was defined as the difference in time (in
hours) between the rhLf-treated and untreated suspensions for
the bacterial counts to decrease 1 log unit below that measured
immediately after the addition of antibiotic. This effect was
calculated by the following equation: ATE = T — C, where T
is the time required for the host factor (rhLf)-exposed cell
suspension to decrease 1 log,, below the count observed im-
mediately after the addition of the drug (tobramycin or gen-
tamicin) and C is the time required for the untreated suspen-
sion to decrease 1 log,, below the count observed immediately
after the addition of the drug.

The membrane potential was determined by using the fluo-
rescent probe bis-(1,3-dibutylbarbituric acid) trimethine oxo-
nol (DiBAC,; Molecular Probes, Eugene, Oreg.) (3) as de-
scribed previously (14). Briefly, exponential-phase bacteria
were washed and resuspended (10° CFU/ml) in 10 mM Tris-
HCI buffer (pH 7.4) containing 100 mM NaCl and then incu-
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TABLE 1. Antibiotic tolerance induced by lactoferrin in P. aeruginosa strains

Parameter for tobramycin (parameter for gentamicin)”

P. aeruginosa strain®

MIC (pg/ml) T (h) C (h) ATE (h) (mean *+ SD)
ATCC 9027 1 1.4 0.9 0.5=*0.1
CI strains

01082 1(2) 0.9 (1.7) 0.3 (1) 0.4 +0.1(0.7%£0.1)

01090 1 1.6 .8 0.6 =0.1

01100 0.25 0.7 0.4 0302

01160 1 1.2 0.6 0.6 =0.1

02785 0.5 14 0.7 04=0.1

04001 1(2) 1.6 (2.3) 1.1(1.5) 0.5*+0.1(0.8=x0.1)
CF strains

B129 1 3 1.5 1.5+02

B191 1 1.9 0.4 1.5+03

B218 1 24 0.8 1.6 £ 0.2

B231 1 2.4 0.9 1.5+0.1

B529 2 2.8 1.4 1.4 +0.1

B566 0.5 1.7 0.5 1.2+0.2

050850 2(2) 2.1(24) 0.8 (0.9) 1.3+03(1.5=0.2)

052733 2(2) 2.4(2.7) 1.1(1.4) 1.3 +03(1.3x0.3)

065711 1 2.2 0.6 1.6 = 0.1

090401 1 2.6 0.7 1.9 +05

093814 4 2.9 1.2 1.7+05

M19915 1 1.8 0.7 1.1 £0.1

M65323 1 23 1 1.3+0.2

M99130 1 1.7 0.3 1.4 +0.1

@ CI strains, clinical isolates from different sources. CF strains, clinical isolates from sputum of CF patients.
> T, time required for the host factor-exposed cell suspension to decrease 1 log,, below the count observed immediately after the addition of the drug; C, time
required for the untreated suspension to decrease 1 log,, below the count observed immediately after the addition of the drug. Also determined were the ATEs of the

MICs of tobramycin and gentamicin in the presence of lactoferrin (0.9 mg/ml).

bated with rhLf (0.9 mg/ml) at 37°C for 15, 30, 60, 90, 120, and
180 min. Samples were then reincubated for an additional 10
min with DiBAC, (0.4 wM, final concentration) (3) and ana-
lyzed by cytofluorometry.

All experiments were performed at least in triplicate. Re-
sults were analyzed by the Mann-Whitney U test. A P value of
<0.05 was considered significant.

The P. aeruginosa strains studied were sensitive to the ami-
noglycosides tobramycin and gentamicin in a conventional
MIC test (Table 1). Since the in vitro bactericidal activity of
lactoferrin was inversely related to the extracellular concentra-
tions of NaCl and divalent cations (14, 15), the evaluation of
the MIC of rhLf and combination effects (i.e., fractional inhib-
itory concentration) of rhLf and the antibiotic was not possible
by using standard microbiological media. Consequently, time-
kill assays were performed in Tris buffer containing NaCl.
Figure 1 shows illustrative results from time-kill assays corre-
sponding to P. aeruginosa clinical isolate 04001 and CF strain
B129 isolated from a diabetic foot ulcer and the sputum of a
CF patient, respectively. The killing by tobramycin in rhLf-
pretreated cells was not immediate. Table 1 summarizes the
ATE values of 21 P. aeruginosa strains, including 14 clinical
isolates from different CF patients attended in three hospitals
located in different geographical areas. The comparison of the
results obtained by using individual MICs of tobramycin or
gentamicin and rhLf (0.1 to 1 mg/ml) showed that the ATE
values of CF isolates were significantly (P < 0.05) higher (=6-
fold) than those calculated for the non-CF isolates. This dif-
ference was apparently not related to the controversial affinity

of aminoglycosides to the exopolysaccharide alginate, because
both P. aeruginosa FRD1 (Alg™") and its nonmucoid derivate P.
aeruginosa FRD1131 (Alg™) showed similar ATE values (data
not shown). The influence of alginate on this effect, if any,
could be more relevant in the cystic fibrotic lung, where alg-
inate-overproducing P. aeruginosa communities are organized
in biofilms exhibiting increased tobramycin resistance (7, 10).
In this case, the exposure of this pathogen to suboptimal an-
tibiotic concentrations as a consequence of the aminoglycoside
binding to the alginate matrix could increase the ATE values
induced by hLf with respect to those observed in our assays
with planktonic cells.

After rapid electrostatic binding, the aminoglycoside uptake
in P. aeruginosa has been reported to occur in two phases: a
slow-uptake phase that depends on the magnitude of the bac-
terial transmembrane electrical potential and a subsequent
rapid-uptake phase due mainly to the membrane permeabili-
zation caused by the antibiotic (2, 4). Although the accumula-
tion of tobramycin in P. aeruginosa cells was not verified in the
present study, it is well known that the depolarization of the
membrane potential implies less uptake of the aminoglycosides
and consequently a decreased bacterial susceptibility (4). Rep-
resentative data from experiments performed with P. aerugi-
nosa clinical isolate O4001 and CF strain B129 exposed to rhLf
at previously indicated times are shown in Fig. 1. A high per-
centage (>80%) of fluorescent cells, indicative of rapid mem-
brane depolarization, was observed. Similar data were ob-
tained with all P. aeruginosa isolates exposed to rhLf, as well as
in control assays when the cells were treated with carbonyl
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FIG. 1. Time-kill assay curves for tobramycin in the presence of lactoferrin. P. aeruginosa cells were incubated with 0.9 mg of lactoferrin (@)/ml,
1 pg of tobramycin (m)/ml, or 0.9 mg of rhL{/ml and 1 pg of tobramycin/ml (O). Results are the means from duplicates of at least three independent
assays. The antibiotic tolerance effects are indicated (bars). The effect of lactoferrin on the membrane potential of P. aeruginosa was determined
by flow cytometry using the fluorescent probe DIBAC, (3) (insets). Percentages of fluorescence (fluorescent cells) correspond to bacteria with
membrane depolarization. CI, clinical isolate. CF, clinical isolate from sputum of a CF patient.

cyanide m-chlorophenylhydrazone (10 nM) (data not shown).
Since we have recently reported that hLf decreases the bacte-
rial membrane potential without a permeabilizing effect (14),
we speculate that the depolarization inhibited the antibiotic
uptake during the slow-uptake phase, as the inability of tobra-
mycin to decrease the number of P. aeruginosa cells seems to
reflect. This delayed phase was followed by a rapid loss of cell
viability that apparently corresponded to the later rapid-up-
take phase (2), since it was partially inhibited by the presence
of 1 mM MgCl, (data not shown) as described previously (5).

Aminoglycoside activity against P. aeruginosa in the sputum
of CF patients is significantly decreased (10- to 25-fold) by host
and bacterial factors that are still not fully understood (11).
The identification of these factors may therefore contribute to
improving antibiotic dosing regimens to eradicate P. aeruginosa
from these patients. Based on our results, we hypothesize that
lactoferrin could be a host factor that decreases the efficacy of
tobramycin in vivo. Since the ATE value was tobramycin con-
centration dependent (data not shown), it is possible that this
effect might be partially overcome when high drug concentra-
tions are achieved at the site of the infection (e.g., in inhalatory
therapy).

In conclusion, this study shows that lactoferrin induces a
transitory tolerance to tobramycin on P. aeruginosa signifi-
cantly in CF clinical isolates. Although it is known that envi-
ronmental parameters and bacterial and host factors may mod-
ulate antibiotic activity, our results show for the first time that
a host defense protein is able to modify antibiotic susceptibility
as a consequence of its modulatory effect on bacterial physiol-

ogy.
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