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In cystic fibrosis (CF), the condition limiting the prognosis of affected children is the chronic obstructive
lung disease accompanied by chronic and persistent infection with mostly mucoid strains of Pseudomonas
aeruginosa. The majority of CF patients have antineutrophil cytoplasmic antibodies (ANCA) primarily directed
against the bactericidal permeability-increasing protein (BPI) potentially interfering with antimicrobial effects
of BPI. We analyzed the expression of BPI in the airways of patients with CF. In their sputum samples or
bronchoalveolar lavage specimens, nearly all patients expressed BPI mRNA and protein, which were mainly
products of neutrophil granulocytes as revealed by intracellular staining and subsequent flow cytometry.
Repeated measurements revealed consistent individual BPI expression levels during several months quanti-
tatively correlating with interleukin-8. In vitro, P. aeruginosa isolates from CF patients initiated the rapid
release of BPI occurring independently of protein de novo syntheses. Furthermore, purified natural BPI as well
as a 27-mer BPI-derived peptide displayed antimicrobial activity against even patient-derived mucoid P.
aeruginosa strains and bacteria resistant against all antibiotics tested. Thus, BPI that is functionally active
against mucoid P. aeruginosa strains is expressed in the airways of CF patients but may be hampered by
autoantibodies, resulting in chronic infection.

Cystic fibrosis (CF) is the most common lethal hereditary
disease in the Caucasian population (about 1:2,500). In the
majority of CF patients, mutations in the cystic fibrosis trans-
membrane conductance regulator gene occur. These mutations
result in a nonfunctional chloride channel on epithelial mem-
branes, therefore leading to an imbalance of electrolyte trans-
port on epithelia and subsequently to severe dysfunction in
multiple organs (16).

The major cause for morbidity and mortality in CF patients
is the neutrophil-dominated lung inflammation caused pre-
dominantly by chronic Pseudomonas aeruginosa airway infec-
tions (10). The events that lead to chronic lung infection in CF
patients are still poorly understood.

Immune defense mechanisms and antibiotic therapy against
P. aeruginosa infections in CF patients are partially ineffective
because of the capacity of P. aeruginosa to develop mucoid
phenotypes by producing an alginate capsule that enables bio-
film formation. Bacteria in alginate biofilms are less accessible
to endogenous antibacterials, phagocytes, and complement
(12, 15). Furthermore, biofilms contribute tremendously to the
resistance of P. aeruginosa to applied antibiotics, partially be-
cause of slow growth (11), but hypermutation also plays a key
role in the development of multiple-antimicrobial resistance
(5, 18), namely, to ticarcillin, ceftazidime, and gentamicin
(19).

Antimicrobial peptides and proteins are important effector
molecules in innate immunity to combat bacterial infections.
The main producers of such molecules are neutrophil granu-

locytes that play a key role in CF lung inflammation. Bacteri-
cidal permeability-increasing protein (BPI) is abundantly ex-
pressed in neutrophils and is stored in acidic granules (8). In
addition, it was shown that BPI is also expressed in epithelial
cells (3). The 55-kDa BPI has restricted antimicrobial activity
against gram-negative bacteria. Direct bactericidal activity and
lipopolysaccharide neutralization are mediated by the N-ter-
minal part of the protein, whereas the C-terminal region has
been shown to opsonize bacteria (9). Recently, a mouse or-
tholog of human BPI was described, indicating the importance
of this antimicrobial protein throughout evolution in different
vertebrate species (7). Antineutrophil cytoplasmic autoanti-
bodies against BPI (BPI-ANCA) have been found in up to
90% of CF patients (22, 28), and the presence of BPI-ANCA
has been shown to correlate with chronic P. aeruginosa lung
infection (1, 6) and Pseudomonas-induced lung damage (4). In
vitro, BPI-ANCA have been shown to inhibit neutrophil-me-
diated killing of P. aeruginosa (24). This raises the possibility
that neutralizing BPI-ANCA interfere with the bacterial
killing of P. aeruginosa in the lungs of CF patients and
thereby are a key factor for the bacteria to establish chronic
infection.

However, there is no information on the expression and
regulation of BPI in the airways of CF patients or on the
interaction of BPI with mucoid as well as multiresistant P.
aeruginosa strains. In this study, we show that BPI is present in
the bacterially infected airways of CF patients. Furthermore,
BPI is released from granulocytes after bacterial encounter
with P. aeruginosa. Finally, BPI is effective against mucoid and
drug-resistant strains of P. aeruginosa and kills these bacte-
ria rapidly and efficiently. These results indicate that BPI
may have potential as a new therapeutic agent in CF lung
infections.
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MATERIALS AND METHODS

Sputum samples. Sputum samples and bronchoalveolar lavage specimens
(BAL) were collected from CF patients for diagnostic purposes after informed
consent. To extract the cells in sputum, fresh sputum samples were treated with
2 ml of sputolysin reagent (Calbiochem; Merck, Darmstadt, Germany) and 18 ml
of phosphate-buffered saline (PBS) for 15 min at room temperature (RT) with
occasional mixing. Samples were then filtered through a cell strainer (70 �m)
(BD Falcon; BD Biosciences, Bedford, Mass.) and washed with PBS. After
centrifugation, the cell pellet was resuspended in PBS and the cell concentration
was determined.

Isolation of RNA. The isolation of RNA from 2 � 105 to 4 � 106 sputum-
derived cells as well as from isolated human granulocytes was performed with
RNAqueous (Ambion, Austin, TX) following the manufacturer’s instructions.
When RNA isolation was not performed immediately, pelleted cells were resus-
pended in an adequate amount of lysis/binding solution (RNAqueous) and
stored at �70°C until use. Possible contaminating genomic DNA was digested
using DNA-free (Ambion).

PCR. Reverse transcription of RNA was performed using SuperScript II
RNase H-reverse transcriptase (Invitrogen, Carlsbad, CA), with a preincubation
of 2 min at 42°C before SuperScript was added and run as follows: 42°C for 50
min, 70°C for 15 min, and 4°C. For qualitative analysis of BPI mRNA expression,
the primers 5�-GCAGCCCACCGGCCTTACCTTCTACC-3� (sense) and 5�-G
TGCCCCACAGCCCATCAGGAACA-3� (antisense) were used at an annealing
temperature of 62°C. Real-time PCR was performed using a LightCycler (Roche,
Mannheim, Germany) with the following primer pairs: 5�-ATGATGCTGCTTA
CATGTCTCGAT-3� (sense) and 5�-AGCGTACTCCAAAGATTCAGGTT-3�
(antisense) for �2-microglobulin (annealing temperature, 52°C; 4 mM MgCl2)
and 5�-GAGGTCAGCGCCGAGTCC-3� (sense) and 5�-CCCCTGGTGCCTTC
ATTTAT-3� (antisense) for BPI (annealing temperature, 60°C; 4 mM MgCl2).
SYBR green was purchased from Invitrogen (Molecular Probes). All primers
were purchased from ThermoElectron (Ulm, Germany).

ELISA. BPI from isolated granulocytes was measured by a BPI-enzyme-linked
immunosorbent assay (ELISA) purchased from HyCult Biotechnology (Uden,
The Netherlands), and interleukin-8 (IL-8) protein was measured using DuoSet
purchased from R&D Systems (Wiesbaden, Germany) following the manufac-
turer’s protocols.

Western blot. Cells extracted from sputum samples were lysed (lysis buffer, 50
mM Tris, 1% NP-40, 150 mM NaCl, 1 mM EDTA, pH 8.5, containing 1 �g/ml
aprotinin, 1 �g/ml leupeptin and 1 �g/ml pepstatin A to inhibit digestion by
proteases), 50 �g of total protein was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride
membrane, and BPI was detected by polyclonal rabbit immunoglobulin G1
(IgG1) anti-BPI antibody (HyCult Biotechnology) and a secondary horseradish
peroxidase-conjugated donkey anti-rabbit IgG1 antibody (Dianova, Hamburg,
Germany) and visualized by ECL Plus reagent (Amersham, Little Chalfont,
England).

Bacteria. For the stimulation of isolated granulocytes, P. aeruginosa strain
ATCC 27853 was used. In addition, experiments for bacteriostatic and bacteri-
cidal activity of BPI and BPI peptide were performed with different mucoid and
nonmucoid P. aeruginosa strains isolated from CF patients, including strains fully
resistant to all applied antibiotics, namely, piperacillin, ceftazidime, cefepime,
imipenem, meropenem, tobramycin, amikacin, and ciprofloxacin. Bacteria were
cultivated in tryptic soy broth to exponential growth phase, harvested by centrif-
ugation at 2,800 � g for 10 min, and washed twice with PBS before use.

Stimulation of human-isolated granulocytes. Granulocytes were isolated from
human whole blood by density gradient centrifugation using Percoll (Amersham
Biosciences, Uppsala, Sweden) following sedimentation of erythrocytes through
3% dextran T70 (Roth, Karlsruhe, Germany) in PBS for 20 min to separate
granulocytes from erythrocytes. Experiments were performed in RPMI medium
(PAA, Pasching, Austria) with 10% fetal calf serum. A total of 4 � 106 granu-
locytes were stimulated with a multiplicity of infection (MOI) of 20 CFU with
UV-inactivated P. aeruginosa for several time points without and with 10 �g/ml
of cycloheximide (Sigma, Steinheim, Germany). Supernatants were collected and
stored at �70°C until IL-8 and BPI measurement. Stimulated cells were har-
vested directly with lysis/binding solution (RNAqueous; Ambion) and stored
at �70°C until RNA extraction.

Flow cytometry. For the detection of granulocytes, fluorescein isothiocyanate-
conjugated anti-CD66b monoclonal antibody (mouse IgM, clone G10F5; BD
Pharmingen, BD Biosciences) and, for macrophages, allophycocyanin-conju-
gated anti-CD14 monoclonal antibody (mouse IgG1, clone M5E2; BD Pharmin-
gen) were used at 5 �l/106 cells. BPI was detected using 500 ng of monoclonal
mouse IgG1 anti-BPI antibody (clone HM2042; HyCult Biotechnology, Uden,

The Netherlands) and was labeled with a secondary phycoerythrin-conjugated
monoclonal rat anti-mouse IgG1 antibody (clone A85-I; BD Pharmingen). Non-
conjugated mouse IgG1(�) (clone MOPC-21; BD Pharmingen) was used as an
isotype control. After Fc binding sites were blocked to prevent unspecific bind-
ing, antibodies were applied for 20 min at RT for surface staining. For intracel-
lular staining of BPI, 100 �l of cells were incubated (10 min at RT) with 1 ml of
fluorescence-activated cell sorter lysing solution (Becton Dickinson), followed by
incubation (10 min at RT) with 500 �l fluorescence-activated cell sorter lysing
solution with 0.2% saponin (Sigma). After the cells were washed, BPI antibody
was applied for 30 min at RT. For the detection of oxidative burst, granulocytes
were incubated with dihydrorhodamine (Sigma) at a final concentration of 5 �M
for 15 min at 37°C and 2 � 106 cells were then stimulated with an MOI of 200
P. aeruginosa CFU for 15 min or 1 h at 37°C, respectively. After the cells were
washed with PBS-1% fetal calf serum, analysis was performed by flow cytometry.

All flow cytometry measurements were performed with a FACSCalibur cy-
tometer using CellQuest Pro software (BD Biosciences, Heidelberg, Germany).

Bacterial killing by BPI. BPI purified from human blood was purchased from
Wieslab AB (Lund, Sweden). BPI peptide (sequence, N-A-N-I-K-I-S-G-K-W-K-
A-Q-K-R-F-L-K-M-S-G-N-F-D-L-S-I) was synthesized and high-pressure liquid
chromatography purified by Peptron (Daejeon, Korea).

Assays for BPI activity against bacteria were performed in 96-well plates in a
volume of 50 �l of PBS. A total of 104 bacteria/ml was incubated at 37°C with
different concentrations of BPI or BPI peptide for the time points indicated and
then plated on blood agar. After incubation at 37°C overnight, bacterial colonies
were quantified.

Statistics. Statistical significance was analyzed using Prism 3.0 GraphPad soft-
ware. Linear regression was calculated for correlation of BPI and IL-8 (see Fig.
3). Results are expressed as means � standard deviations (see Fig. 4B and C and
6). Significance was tested by one-way analysis of variance, followed by Dunnett’s
multiple comparison tests. Statistical significance was reached if P was 	0.05.

RESULTS

We were interested in whether BPI is detectable in the lungs
of bacterially infected CF patients. To answer this question,
cells contained in sputum samples of CF patients were isolated
and prepared for mRNA and protein analyses of BPI. The cells
extracted from sputum samples mainly consisted of neutrophil
granulocytes (see Fig. 2), which are reported to form the large
majority of infiltrating cells of the lung mucosa during CF (13).
The vast majority (43 of 51 analyzed) of sputum samples were
found positive for BPI mRNA as shown for seven patients in
Fig. 1A. However, only low levels of BPI mRNA were detect-
able using a quantitative real-time PCR. This was also con-
firmed in repetitive samples isolated from patients chronically
colonized with P. aeruginosa (data not shown). Furthermore,
BPI could be detected in most samples on the protein level of
whole-cell lysates by using a specific immunoblot assay (Fig.
1B). In order to determine which cells are the main producers
of BPI in lung fluid from CF patients, we set up flow cytometry
analysis. By this technique, we found that neutrophil granulo-
cytes of sputum-derived cells express high levels of BPI intra-
cellularly. In five of nine sputum samples analyzed, over 90%
of CD66b-positive cells were also BPI positive, showing a high
frequency of BPI-positive neutrophil granulocytes in CF lung
fluid. In addition, a second cell population, which was CD66b/
CD14 negative, also contained intracellular BPI. The expres-
sion of BPI in the CD66b/CD14-negative cell population was
lower compared to that of the neutrophils (Fig. 2A and B).
According to microscopic analysis of sputum samples, these
cells have the morphological features of epithelial cells, al-
though this could not be shown directly due to the lack of
suitable marker molecules. Similar findings were observed in
bronchoalveolar lavage specimens from CF patients (Fig. 2C).
Therefore, we concluded that BPI is strongly expressed at the
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protein level in the infected lungs of CF patients and neutro-
phil granulocytes are the main source of BPI in lung fluid.

Next, we were interested in whether BPI is also released by
the BPI-expressing cells into lung fluid. Therefore, we analyzed
cell-free sputum supernatants and were able to detect BPI as
well as IL-8 protein in each sample. Furthermore, by compar-
ison of IL-8 and BPI levels, a positive correlation (r2 
 0.6785)
was found in supernatants of sputum samples (Fig. 3). There-
fore, BPI and IL-8 seem to be released coordinately into lung
fluid.

To determine the mechanism underlying the expression and
release of BPI from neutrophil granulocytes in the presence of
P. aeruginosa, in vitro experiments with isolated human gran-
ulocytes from healthy donors were performed. Polymorphonu-
clear leukocytes (PMNs) were isolated by density gradient cen-
trifugation as described in Materials and Methods. Thereafter,
PMNs were cultured in the presence of P. aeruginosa and
oxidative burst was determined as an activation control (Fig.
4A). Both IL-8 and BPI were released from PMNs in a time-
dependent manner following bacterial encounter (Fig. 4B and
C). To analyze whether BPI is released solely from intracellu-
lar stores or in addition is transcriptionally activated, the pro-
tein de novo synthesis of the PMNs was inhibited during the P.

FIG. 1. BPI is expressed in sputum samples of CF patients. BPI
mRNA was detected with specific primers by reverse transcription-
PCR (A) of sputum-derived cells from CF patients. BPI was detected
by immunoblotting (B) whole-cell lysates of sputum-derived cells. BPI
mRNA (panel A, lanes 1 to 7) and protein (panel B, lanes 1 to 6) are
shown for the same CF patients.

FIG. 2. Neutrophils are the major source of BPI in lung fluid from CF patients. Isolated cells from sputum samples (A and B) or BAL (C) of
CF patients were analyzed by flow cytometry. Cell types were distinguished by extracellular staining of CD66b for granulocytes and CD14 for
monocytes. BPI was detected by intracellular staining. Percentages of the total amount of cells are given within the charts for each quadrant. The
histograms to the right show BPI-positive cells (black) versus the isotype control (white).
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aeruginosa stimulation period. We could show that the release
of BPI induced by P. aeruginosa is completely independent of
protein de novo synthesis and is solely mediated by release
from, presumably, azurophil granules (Fig. 4C), whereas the

levels of IL-8 could be significantly reduced by the inhibition of
protein synthesis with cycloheximide (Fig. 4B). Similar results
were obtained with the transcription inhibitor actinomycin D
(data not shown). In accordance with these data on BPI inhi-
bition and with the data obtained from neutrophils isolated
from lung fluid, mRNA levels of BPI remained low in the
neutrophil granulocytes throughout P. aeruginosa stimulation
(data not shown). Therefore, it appears that BPI and IL-8 are
released from PMNs in a coordinated fashion, but the release
of BPI is mediated solely from intracellular stores, whereas
IL-8 needs further synthesis during the exocytosis process.

It has already been shown that BPI is able to kill wild-type P.
aeruginosa (25). However, it is well documented that P. aerugi-
nosa changes its phenotype during chronic and recurrent in-
fection in the lungs of CF patients. One of the hallmarks of the
phenotypic changes of P. aeruginosa is growth as a mucoid
strain. Bacteria with a mucoid phenotype form alginate cap-
sules which enable them to establish biofilms in the lung. Fur-
thermore, these bacteria may already be resistant to antibiotics
applied in the therapy of CF lung infections (11). Therefore,
we were interested in whether BPI is biologically active against
mucoid and antibiotic-resistant strains of P. aeruginosa. Natu-
ral BPI extracted from human neutrophils and a 27-amino-acid
peptide of BPI were used in kill assays to determine the po-
tency of BPI to act bactericidally against mucoid and antibiot-
ic-resistant P. aeruginosa strains. The BPI peptide from the

FIG. 3. Positive correlation of BPI and IL-8 concentrations in cell-
free lung fluid from CF patients. Supernatants of sputum samples from
CF patients were collected after treatment with sputolysin and subse-
quent centrifugation. IL-8 and BPI levels were determined by ELISA.
Linear regression shows the positive correlation r2 
 0.6785. The
P value was 	0.0001.

FIG. 4. BPI is released from neutrophils after stimulation with P. aeruginosa. Human PMNs were isolated from whole blood from healthy
donors by density gradient centrifugation. Oxidative burst was analyzed by flow cytometry of dihydrorhodamine-labeled cells stimulated with P.
aeruginosa for the time periods indicated (A). Histograms are shown for stimulated cells (black) versus nonstimulated controls (white). The release
of BPI and IL-8 was determined after stimulation with UV-inactivated bacteria (MOI, 20 CFU) in the presence or absence of cycloheximide, which
was applied 15 min before the bacteria. Cell-free supernatants were collected after distinct time points, and IL-8 (B) and BPI (C) protein was
measured by ELISA. Three individual experiments are shown for IL-8 and BPI measurements. Due to variances in the level of BPI from different
blood donors, the results are given as induction levels (n-fold). *, P 	0.05 for P. aeruginosa-stimulated cells versus median controls; **, P 	0.01
for P. aeruginosa-stimulated cells versus median controls; ##, P 	0.01 for P. aeruginosa-stimulated cells with cycloheximide versus P. aeruginosa-
stimulated cells. n.d., not detected; ns, not significant. Error bars indicate standard deviations.
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amino-terminal part of the protein has previously been shown
to have bactericidal and lipopolysaccharide binding activity
(17). As expected, the BPI peptide, like the full-length BPI,
was able to kill P. aeruginosa (strain ATCC 27853) in a con-
centration-dependent fashion (Fig. 5A). More importantly, P.
aeruginosa strains that were freshly isolated from CF lungs and
growing with a mucoid phenotype were killed by BPI peptide
and full-length BPI protein (Fig. 5B and C and 6A). The data
shown for BPI peptide are representative for 12 clinical CF
isolates tested, including 7 mucoid strains. Furthermore, we
included clinical P. aeruginosa isolates derived from CF pa-

tients in the experiments; these isolates were either resistant to
several antibiotics or were characterized as fully resistant to all
antibiotics tested during routine diagnostics (piperacillin, cefta-
zidime, cefepime, imipenem, meropenem, tobramycin, amikacin,
and ciprofloxacin). Nevertheless, full-length BPI and BPI pep-
tide (data shown are representative for four resistant isolates
tested) were both bactericidal against the antibiotic-resistant
strains of P. aeruginosa in a concentration- and time-dependent
manner (Fig. 5B and C and 6), similar to wild-type and non-
resistant bacteria. Clinical isolates treated with 10 �g/ml of
BPI, apart from the reduced number of CFU, showed dramat-
ically reduced growth rates, observable by the reduced size of
the colonies compared to nontreated controls. This finding is
consistent with published data on bacteriostatic effects of BPI
(2).

From these results, we conclude that BPI is bactericidal
against P. aeruginosa even if the strains form alginate capsules
or are resistant to a variety of antibiotics.

FIG. 5. Antimicrobial activity of a BPI-derived peptide and kinetics
of BPI-mediated killing. A 27-amino-acid peptide from the amino-
terminal region of BPI was synthesized and compared to natural BPI
isolated from human granulocytes. BPI peptide was used at the indi-
cated concentrations to determine bactericidal activity against P.
aeruginosa. BPI peptide was coincubated with the bacteria for 1 h at
increasing concentrations (A and B), whereas BPI was applied at 10
�g/ml for time-dependent killing of P. aeruginosa (C) and then plated
on blood agar to quantify surviving bacteria (A, B, and C). In panel A,
the ATCC 27853 strain was used. In panels B and C, the P. aeruginosa
stains used were freshly isolated from the lungs of CF patients, one
showing a mucoid phenotype (gray bars) and the other being fully
resistant to common antibiotics applied in CF lung infection (white
bars). n.d., not detected.

FIG. 6. Mucoid and antibiotic-resistant clinical P. aeruginosa iso-
lates are killed by BPI. Natural BPI isolated from human granulocytes
was used at the indicated concentrations to determine bactericidal
activity. The experiments were performed as described in the legend
for Fig. 5. All bacteria shown are clinical P. aeruginosa isolates from CF
patients. (A) P. aeruginosa strains with a mucoid phenotype, three of
which have resistance to up to four antibiotics. (B) P. aeruginosa strains
that are multiresistant to antibiotics. Two of the strains are fully resis-
tant to all antibiotics applied. Statistically significant differences are
given as P values (*, P 	0.05; **, P 	0.01). ns, not significant. Error
bars indicate standard deviations.
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DISCUSSION

It has been suggested that BPI plays a crucial role during P.
aeruginosa lung infections in CF patients (8, 23, 24, 22). Nev-
ertheless, to date, there are no data available on the expression
of BPI in the infected lungs of CF patients. Therefore, diverse
samples originating from the lungs of CF patients were ana-
lyzed by different methods to determine the presence of BPI.
Most of these patients suffer from chronic lung infection with
P. aeruginosa. Both BPI mRNA and BPI could be detected
from cells contained in sputum samples from CF patients (Fig.
1), and further analysis by flow cytometry showed that sputum-
derived cells are mainly composed of neutrophil granulocytes
(Fig. 2). In fact, in six of nine samples analyzed, the portion of
CD66b-positive cells exceeded 70% and was even 85% in
BALs, whereas only very low levels of monocytes could be
detected. Although the main producers of BPI in the infected
lungs of CF patients are neutrophils, another CD66b-negative
cell type also carried BPI intracellularly. Recently, mucosal
epithelia have been shown to be able to produce immune
effector molecules, including BPI (3). In CF patients with
chronic lung infection, the ongoing inflammation leads to the
destruction of the lung tissue, which might explain the pres-
ence of epithelial cells in sputum samples, suggesting that the
second BPI-positive cell population is epithelial cells. Micro-
scopic analysis of these cells revealed that this population is
very likely from epithelial origin. BPI could also be detected in
cell-free lung fluid from CF patients (Fig. 3). This finding
argues for a potent and ongoing stimulation of granulocyte
degranulation in vivo. The high variance in the amount of BPI
measured from sputum sample supernatants might be due to
multiple reasons. The quality and amount of sputum samples
vary greatly, and for technical reasons, cell numbers contained
in different samples cannot be allowed for before processing.
Due to the treatment, sputum samples already undergo a di-
lution of about 1:10 before BPI measurement, which further
emphasizes the high concentration that can be reached in the
lung. The finding that BPI levels correlate strongly with levels
of IL-8 (r2 
 0.6785) suggests that both proteins are released
in a coordinated fashion. BPI is known to be stored in azuro-
phil (primary) granules of PMNs (2, 26). A possible scenario of
the positive correlation of IL-8 with BPI in the lung fluid could
be that IL-8 produced by other cells, like alveolar macrophages
or epithelial cells, governs the amount of PMNs recruited to
the lung and, therefore, the amount of BPI released in the lung
fluid. However, BPI levels from sputum supernatants correlate
only partially with cell numbers, and we could also show (Fig.
4) that BPI as well as IL-8 is released from PMNs after coin-
cubation with P. aeruginosa. The release of BPI from neutro-
phils of CF patients was not altered in a limited number of
samples tested so far (data not shown). In addition, the pres-
ence of very high concentrations of cell-free BPI in the airways
of CF patients also argues against a defect of BPI release as a
consequence of the chloride channel mutation.

BPI and IL-8 levels do not correlate with the P. aeruginosa
status of the patients (nor with other pathogens often involved
in CF lung infection, like Staphylococcus aureus or Candida
albicans), suggesting that additional mechanisms triggering the
release of effector proteins from granules are involved. BPI-
specific ANCA, which are found in up to 90% of CF patients,

might also play a role because ANCA are able to activate
neutrophils, causing respiratory burst and degranulation (21,
24). It has also been shown that the release of superoxide is
due to cross-linking of ANCA-antigens (14). It was previously
reported that BPI mRNA occurs early in PMN development,
consistent with the localization of BPI in primary (azurophil)
granules (27). Our finding that the release of BPI, in contrast
to IL-8, is independent of de novo protein synthesis, together
with the fact that we were able to detect only low copy numbers
of BPI mRNA, both in PMNs isolated from whole blood (Fig.
4) and in sputum-derived cells, suggests that the regulation of
BPI on a transcriptional level after P. aeruginosa stimulation
plays a minor role.

The ability to form a biofilm seems to be an important
virulence factor for P. aeruginosa to establish chronic infection
(11, 20). In CF, P. aeruginosa strains with mucoid phenotypes
and the ability to form biofilms cause major therapeutic prob-
lems because of their lower susceptibilities to antibiotic treat-
ment. Here we show that BPI is also able to kill P. aeruginosa
strains that are encapsulated by alginate; moreover, BPI was
also bactericidal against P. aeruginosa strains that were mul-
tiresistant or even completely resistant to all antibiotics used in
P. aeruginosa treatment.

In contrast to our findings with several independent clinical
isolates from CF patients in a previous study, other authors
observed nearly no activity of BPI against P. aeruginosa (25).
This may be due to (i) the preparation of BPI used in that
study, (ii) the experimental setting of the killing assay, or (iii)
the particular strain of Pseudomonas. Our data suggest that
BPI, which is released from PMNs into lung fluid, should be
able to eliminate invading P. aeruginosa. The concentrations
that were reached in lung fluid from CF patients (Fig. 3) are in
the range of those used in in vitro experiments (Fig. 5 and 6).
The dose range of BPI-mediated Pseudomonas killing is similar
to that reported for other gram-negative rods. However,
ANCA specific for BPI may interfere with the antibiotic activ-
ity of BPI, as already shown in vitro (22, 24), leading to con-
ditions that enable P. aeruginosa to form biofilms. Once a
robust biofilm is established, the bacteria become very hard to
treat with antibiotics and are additionally sheltered from attack
by the immune system. Whether BPI is also able to efficiently
kill these bacteria remains to be elucidated. Further analysis
needs to be established to determine whether BPI or antimi-
crobial peptides derived from BPI are applicable in the treat-
ment of P. aeruginosa lung infections during CF, which might
open a new possibility in the management of this disease. In a
proportion of CF patients, BPI-ANCA do recognize only the
C-terminal portion of BPI (22), suggesting that the BPI pep-
tide used in our experiments, which is part of the N-terminal
portion of BPI, might not be recognized by BPI-ANCA of all
patients. This indicates that small, BPI-derived peptides might
be an additional therapeutic agent to treat P. aeruginosa lung
infection in CF patients if therapy is applied as early as P.
aeruginosa is detected and before biofilms can be established.
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