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Rationale: A well-known clinical paradox is that severe bacterial
infections persist in the lungs of patients with cystic fibrosis (CF)
despite the abundance of polymorphonuclear neutrophils (PMN)
and the presence of a high concentration of human neutrophil
peptides (HNP), both of which are expected to kill the bacteria but
fail to do so. The mechanisms remain unknown.
Objectives: This study examined several possible mechanisms to
understand this paradox.
Methods: PMN were isolated from sputum and blood of subjects with
and without CF or non-CF bronchiectasis for phagocytic assays. HNP
isolated from patients with CF were used to stimulate healthy PMN
followed by phagocytic tests.
Measurements and Main Results: PMN isolated from the sputum of the
bronchiectatic patients display defective phagocytosis that corre-
lated with high concentrations of HNP in the lung. When healthy
PMN were incubated with HNP, decreased phagocytic capacity was
observed in association with depressed surface Fcg RIII, actin-fila-
ment remodeling, enhanced intracellular Ca21, and degranulation.
Treatment of PMN with an intracellular Ca21 blocker or a1-pro-
teinase inhibitor to attenuate the activity of HNP largely prevented
the HNP-induced phagocytic deficiency. Intratracheal instillation of
HNP in Pallid mice (genetically deficient in a1-proteinase inhibitor)
resulted in a greater PMN lung infiltration and phagocytic deficiency
compared with wild-type mice.
Conclusions: HNP or PMN alone exert antimicrobial ability, which was
lost as a result of their interaction. These effects of HNP may help
explain the clinical paradox seen in patients with inflammatory lung
diseases, suggesting HNP as a novel target for clinical therapy.
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A well-known clinical paradox in the lungs of patients with cystic
fibrosis (CF) is that severe bacterial infections may persist despite
the abundance of polymorphonuclear neutrophils (PMN), which
are expected to kill the bacteria but fail to do so (1–4). Pulmonary
PMN normally exhibit an avid capacity for phagocytosis of
microorganisms. During phagocytosis, or in response to a variety
of stimuli, PMN release large amounts of proteins into the

extracellular milieu as a consequence of exocytosis of the con-
tents of intracellular granules (degranulation) and leakage during
phagosome formation. Human neutrophil peptides (HNP)21,-2
and -3, or a-defensins, are the most abundant proteins stored in
the PMN azurophilic granules (5) and they are highly homolo-
gous, exerting broad antimicrobial activities (6). HNP-1 and
HNP-2 constitute approximately 90% of the total HNP content
within human neutrophils, and HNP-1 and HNP-3 are 30 residues
in length and identical in sequence in all but their amino terminal
residues (6). The levels of HNP in the plasma of healthy vol-
unteers range from undetectable to 0.2 mg/ml, but in in patients
with bacterial infections they increase to concentrations as high
as 170 mg/ml (7, 8). Extremely high levels of HNP in sputum
(.1,600 mg/ml) have been reported in patients with CF (9).

Because CF transmembrane conductance regulator (CFTR)
expression is very low or undetectable in PMN isolated from the
lung and blood, the reduced phagocytic activity may not be the
direct result of a CFTR mutation in phagocytes but rather
a consequence of the milieu of the CF lung (10, 11). This concept
is further supported by the fact that circulating PMNs from
patients with CF have similar phagocytotic properties as those
isolated from normal control subjects (11). Furthermore, recent
evidence suggests that the abnormality of antimicrobial activity in
the CF lung is salt-independent (12, 13). However, a detailed
understanding of the mechanisms underlying the deficiency of
bacterial killing by PMN in the CF lung is currently lacking.

To investigate the mechanisms of the clinical paradox de-
scribed above, we speculated that the HNP released from
activated PMN are not bystanders and they exert important
immunological properties in the CF lung. We tested the hypoth-
esis that HNP interact with their activated host PMN through
a negative feedback mechanism resulting in impairment of their
antimicrobial function in inflammatory conditions. Our study
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Severe bacterial infections persist in bronchiectatic lungs
despite the abundance of neutrophils and the presence of
human neutrophil peptides (HNP), both of which are
expected to kill the bacteria but fail to do so. The mecha-
nisms remain unknown.

What This Study Adds to the Field

HNP or neutrophils alone exert antimicrobial ability,
which was lost as a result of their interaction. This finding
may explain the clinical paradox and suggests HNP as
a novel target for clinical therapy in inflammatory diseases.
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demonstrates that the PMN isolated from the sputum of patients
with CF and non-CF bronchiectasis display defective phagocyto-
sis that correlated with high concentrations of HNP in the lung.
HNP or PMN alone exert antimicrobial ability, which was lost as
a result of their interaction, suggesting that HNP could be a useful
inflammatory marker for bronchiectatic lungs and a novel target
for clinical therapy.

METHODS

All studies reported here were approved by the institutional human
Research Ethics Board and Animal Care Committee. Informed
consent was obtained from all healthy subjects and patients with CF
or non-CF bronchiectasis involved in the study.

Patients

Forty-five patients with CF, 8 patients with non-CF bronchiectasis, and
15 healthy control subjects were included in the study. The patients with
CF included 26 male (58%) and 19 female (42%) patients between 18 and
46 years of age. Inclusion criteria were the diagnosis of CF by clinical
symptoms and positive sweat test or two disease-associated mutations in
the Cftr gene, FEV1 greater than 25% of predicted value, and being on
concomitant therapy for at least 2 weeks before the study. Exclusion
criteria were a history of lung transplantation or awaiting lung trans-
plantation, any lung surgery within the previous 2 years, severe biliary
cirrhosis with ascites, current cigarette use, and current pregnancy. Fifty
percent of the patients with CF were delta F508 homozygotes. Therapy in
the patients with CF consisted of inhaled corticosteroids in 69%, oral
corticosteroids in 6%, and inhaled mucolytics in 18%. Although 96% of
patients had positive sputum cultures, almost half of the patients had two
or more organisms identified: 65% grew Pseudomonas aeruginosa, 24%
each grew Burkholderia cepacia and Aspergillus spp., and 22% grew
Staphylococcus aureus. Stenotrophomonas, Alcaligenes, and Burkholde-
ria gladioli were each present in less than 10% of the patients.

Eight patients with non-CF bronchiectasis (six females and two
males aged between 21 and 81 yr) were included with CT scan
confirmation. The inclusion criteria were persistent colonization with
P. aeruginosa and the ability to spontaneously expectorate sputum with
no underlying immune deficiency and negative results on CF testing.
One patient had persistent growth also of Aspergillus. The volumes of
FEV1 were greater than 25% of predicted value. All patients except
one received inhaled corticosteroids and regular inhaled antibiotics.

HNP

Purified HNP from the sputum of patients with CF were a mixture of
HNP-1, -2, and -3 and were confirmed by acid-urea polyacrylamide gel
electrophoresis and mass spectroscopy (Mass Spectrometry Labora-
tory, Molecular Medicine Research Center, University of Toronto,
Toronto, ON) as previously described (14–19). (See online supplement
for details.) The purified HNP was used for all in vitro and in vivo
experiments. Synthetic HNP-1 and HNP-2 serving as controls in some
experiments were purchased from Sigma (St. Louis, MO).

PMN Isolation

Mouse PMN were isolated from bone marrow and lung lavage fluids.
Human PMN were isolated from peripheral blood of nonsmoking
healthy donors and patients with CF or non-CF bronchiectasis at
clinic visit, and from induced sputum of healthy donors or sponta-
neously expectorated sputum from the same patients with CF or non-
CF bronchiectasis who donated blood. (See online supplement for
details.)

Flow Cytometry

Flow cytometry was performed on a FACSCanto controlled by
FACSdiva software (BD Biosciences, Mississauga, ON) to detect
surface markers using mouse anti-human monoclonal anti-CR1, anti-
CR3, anti-Fcg RIII, anti-CD63, and anti-66b antibodies (Serotec Inc.,
Raleigh, NC), and 10,000 events were analyzed.

Phagocytosis Assays

The phagocytic assays included flow cytometry assays and slide assays
using latex beads and labeled Escherichia coli and live P. aeruginosa.
(See online supplement for details.)

HNP ELISA and Human Neutrophil Elastase Assay

HNP concentration was measured by ELISA. (See online supplement
for details.) The concentrations of human neutrophil elastase in PMN
cell culture medium were measured in the presence and absence of
HNP stimulation by using a Human Elastase ELISA Kit (Hbt, HyCult
Biotechnology, Uden, The Netherlands).

Lung Permeability Assessment

Pallid mice (deficient in a1-PI) and background strain C57BL/6J of
wild-type mice weighing 25 to 28 g were purchased from Jackson
Laboratories (Bar Harbor, ME). Electron microscopy estimates of the
thickness of the alveolar surface liquid give an average value of about
0.4 mm in mice (20, 21). According to the morphometric data analysis
(20), the mean alveolar surface area is approximately 0.1 m2 in a 25-g
mouse. Based on these values, the total alveolar surface liquid is about
40 ml in a 25-g mouse. To estimate changes of lung permeability, we
administered HNP intratracheally at a dose of 200 pg in mice. The dose
of HNP used would thus roughly correspond to an initial concentration
of 5 mg/ml in the lungs of the mice. Evans blue dye technique was used
to evaluate lung injury. (See online supplement for details.)

Statistical Analysis

Data are reported as mean 6 SE. Statistical significance was de-
termined using the Scheffe method for complex contrasts or the
Bonferroni/Dunn multiple comparisons approach (StatView 5.0.1;
SAS Institute Inc., Cary, NC). Correlation between phagocytosis and
HNP concentration and associated two-tailed P values were deter-
mined using the Spearman correlation test (GraphPad Prism 4.0;
GraphPad Software Inc., San Diego, CA). A P value less than 0.05
was considered as statistical significance.

RESULTS

We isolated PMN from the sputum of patients with CF and non-
CF bronchiectasis. The number of PMN in the induced sputum
from patients with CF was greater than from patients with non-
CF bronchiectasis and both were greater than PMN from
healthy individuals (see Figure E1a in the online supplement).
Peripheral blood PMN isolated from patients with either CF or
non-CF bronchiectasis and from healthy volunteers demon-
strated an identical phagocytic capacity for E. coli. However,
PMN isolated from the sputum of patients with CF and non-CF
bronchiectasis exhibited decreased phagocytic capacity com-
pared with PMN isolated from the induced sputum of healthy
control subjects (Figures E1B and E1C).

To examine the mechanisms underlying this apparent phago-
cytic deficiency, we focused on patients with CF and assessed
expression of three surface receptors known to be pivotal in
phagocytosis, including CR1 (the complement receptor type 1
or CD35), CR3 (the phagocyte integrin CD11b/CD18), and IgG
Fc receptor Fcg RIII (CD16). The expression of CR1, CR3, and
Fcg RIII was normal in the PMN isolated from blood, but Fcg

RIII was lower in the PMN isolated from CF sputum than from
the healthy donors (Figure E2).

Because the actin cytoskeleton is known to be critical in the
phagocytic process and because Fcg RIII can modulate actin-
filament (F-actin) redistribution (22, 23), we stained and
observed an altered F-actin distribution in the PMN isolated
from sputum of the patients with CF compared with the diffuse
distribution of F-actin in PMN isolated from blood or from
induced sputum of healthy control subjects (Figure 1A).

To investigate the relationship between HNP and phago-
cytic function of PMN, we measured the sputum concentra-
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tion of HNP, which was greater in the patients with CF
(413 6 22 mg/ml) and non-CF bronchiectasis (297 6 71 mg/ml)
than in the healthy control subjects (0.14 6 0.01 mg/ml,
both P , 0.05). We observed an inverse correlation between
the phagocytic capacity of PMN and the concentration of
HNP in the sputum of CF and non-CF bronchiectasis patients
(Figure 1B).

To test the specific effect of HNP on PMN phagocytic
dysfunction seen in patients with CF and non-CF bronchiectasis,
we next isolated PMN from healthy volunteers and exposed them
to HNP purified from CF sputum and then added E. coli as
phagocytic prey. We chose to use E. coli but not P. aeruginosa in
this assay because CR1 and the complement protein fragment
C3bi on PMN can be cleaved by opsonized P. aerugonisa, creating
an opsonin-receptor mismatch that impairs the complement-
mediated phagocytosis against the bacteria (24, 25). We observed
that the purified HNP and the isolated healthy PMN alone each
exhibited E. coli killing activity; however, the bacterial killing
capacity decreased when PMN were treated with HNP for
30 minutes before exposure to E. coli (Figure 1C). To further
examine the individual effect of HNP on PMN phagocytic
function, synthetic HNP-1 and HNP-2, the two major HNP that
are commercially available, were used to repeat the E. coli killing

assay. Both synthetic HNP-1 and HNP-2 showed ability to kill
bacteria (Figure 1D). Furthermore, the synthetic HNP-1–treated
but not HNP-2–treated PMN from healthy control subjects
showed a decreased killing activity against E. coli (Figure 1D).
We repeated the assays using IgG-opsonized latex beads and
observed a dose-dependent decrease in phagocytic index in the
PMN treated with HNP (Figure 1E).

Through protein–protein interactions, HNP form complexes
with serine proteinase inhibitors (serpins), including a1-PI, a1-
antichymotrypsin, a2-antiplasmin, and antithrombin III, leading
to mutual inactivation (26). a1-PI has been shown to inhibit
HNP activity in human lung cell line A549. We observed that
the treatment of PMN with equimolar amounts of purified
human a1-PI (Prolastin) largely reversed the HNP-induced
phagocytic defect (Figure 1F).

In PMN incubated with HNP, the surface expression of CR3
did not change significantly but Fcg RIII expression dramati-
cally decreased (Figure 2A). An F-actin network was disrupted
into punctate or globular structures in the cortical region and in
the cytoplasm after stimulation with HNP (Figure 2B), which
was similar to the phenotypic alteration observed in the PMN
isolated from sputum of the patients with CF (Figure 1A).
These effects were dose-dependent.

Figure 1. Human neutrophil peptides (HNP) inhibited phagocytosis of polymorphonuclear neutrophils (PMN). (A) Altered distribution of F-actin in

PMN isolated from cystic fibrosis (CF) sputum. The PMN from blood and sputum of healthy donors and patients with CF were seeded on

fibronectin-coated coverslips, fixed and permeabilized before staining with rhodamine-phalloidin (red). n 5 9; a representative image is shown in

each group. (B) Inverse correlation between PMN phagocytosis and HNP concentration in sputum of CF (open circle) and non-CF bronchiectasis
(filled circle), where the x represents HNP concentration, and y the percentage of phagocytosis in the regression equation. (C ) PMN isolated from

blood of healthy donors were incubated with HNP for 30 minutes before Escherichia coli exposure for 2 hours. The supernatants were plated for E.

coli colony counting. *P , 0.05 versus the far left and the right bar, respectively. (D) PMN isolated from blood of healthy donors were incubated
with synthetic HNP-1 or HNP-2 for 30 minutes before E. coli exposure for 2 hours. The supernatants were plated for E. coli colony counting. sHNP 5

synthetic HNP. *P , 0.05 versus the far left bar, respectively. (E ) Healthy human PMN were incubated with HNP for 30 minutes, followed by

exposure to IgG-opsonized latex beads for 60 minutes. The extracellular beads were stained with fluorescein isothiocyanate anti-IgG antibody

(green). DIC 5 differential interference contrast. (F ) Phagocytic index defined as the number of intracellular beads per cell. A complex of HNP
(10 mg/ml HNP is equal to 2.8 mM) and an equimolar Prolastin was used to treat PMN 30 minutes before exposure to the beads. n 5 10 per group,

*P , 0.05 versus 0 mM HNP and the two groups at the far right, respectively.
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Because the disassembly of F-actin can facilitate degranula-
tion in PMN (27, 28), the expression of the azurophilic-granule
membrane marker CD63 (29) and the specific granule marker
CD66b (28) was thus examined. Degranulation of both granule
types was observed 30 minutes after stimulation with HNP
(Figure 3A). Ca21 has been shown to play many roles in
cytoskeletal changes as well as being a cofactor for cell de-
granulation (27, 30, 31); thus, we loaded healthy PMN with an
intracellular indicator Fluo-3 AM and observed a rapid, dose-
dependent increase in intracellular Ca21 concentration on expo-
sure to HNP (Figure 3B). When the PMN were treated with the
intracellular Ca21 chelator BAPTA-AM, the surface expression
of CD63 and CD66b was significantly attenuated in response to
HNP (Figure 3A). Treatment of PMN with BAPTA-AM also
largely restored their phagocytic capacity after incubation with
HNP (Figure 3C).

To elucidate whether exposure to HNP triggers the release of
proteases that may in turn impair PMN function, we observed
a small increase in the release of human PMN elastase after HNP
stimulation for 1 hour. However, this increase did not reach
statistical significance (Figure 3A, panel 3). To examine whether
the concentration of HNP used in our phagocytic assays altered
cell viability, PMN apoptosis was assessed using Annexin V
staining after stimulation with HNP (0–20 mg/ml) for 30 minutes.
No significant apoptosis was observed under these conditions
(Figure E3). However, high concentrations of HNP (50 mg/ml)
increased apoptosis by 30% (Figure E3).

An important question was whether PMN could disable the
microbicidal activity of HNP. We demonstrated that HNP at
10 mg/ml was able to kill E. coli efficiently (75% killing at
60 minutes). The PMN lysates obtained from healthy human

PMN showed bacterial killing activity (20% killing at 2 hours).
However, when human PMN lysates were mixed with HNP, the
bacterial killing activity of HNP was diminished by approxi-
mately 30% compared with HNP alone (P , 0.05, Figure 3D).
These results suggest that soluble mediators in the human PMN
lysates can alter the antimicrobial properties of HNP.

Similar to the results obtained from human cell studies, we
observed that the PMN isolated from bone marrow of C57/BL6
mice exhibited P. aeruginosa killing activity that was impaired
in the presence of both HNP and PMN (Figure 4A). Further-
more, the PMN recovered from lung lavage fluid had a de-
creased bacterial killing capacity in the mice who received
intratracheal HNP compared with the mice receiving vehicle
control solution (Figure 4B). To test the hypothesis that PMN
from Pallid mice (deficient in a1-antitrypsin) would show
impaired phagocytic function in response to HNP challenge,
we studied the phagocytic function of PMN obtained from lung
lavage from these mice and compared this to PMN from wild-
type control mice. We observed that lung PMN from Pallid
mice after HNP instillation had decreased capacity to internal-
ize IgG opsonized latex beads compared with the PMN
obtained from wild-type mice (Figures 4C and 4D). The model
of HNP-induced PMN phagocytic deficiency in the lung was
characterized by greater lung PMN sequestration and pulmo-
nary permeability in the Pallid mice than in the wild-type
control subjects (Figures 4E–4G).

DISCUSSION

In the present study, we observed that the phagocytic ability of
PMN isolated from the sputum of patients with CF and non-CF

Figure 2. Effects of human neutrophil peptides (HNP) on surface expression of CD markers and F-actin distribution of polymorphonuclear
neutrophils (PMN). (A) HNP decreased surface Fcg RIII expression. Healthy PMN were treated with the indicated concentrations of HNP for 1 hour

and stained with anti-human CR3–fluorescein isothiocyanate or Fcg RIII–fluorescein isothiocyanate antibodies for 30 minutes, followed by analysis

with flow cytometry. Analysis markers in lines indicate gating for unstained cells. MFI 5 mean fluorescence intensity. n 5 10, *P , 0.05 versus other

groups, respectively, at identical conditions. (B) HNP altered F-actin distribution. PMN from healthy donors were incubated with indicated
concentrations of HNP for 1 hour. Cells were washed, fixed, and permeabilized with 0.2% Triton-X for 15 minutes before staining of F-actin with

rhodamine-phalloidin (red). A representative image of F-actin is illustrated from seven experiments per group.
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bronchiectasis was impaired in part due to the presence of high
concentrations of HNP. Our results are in agreement with more
recent studies demonstrating that PMN recovered from CF lung
had blunted phagocytic capacity (11, 12, 32). We provide strong
evidence that part of the defect in the antimicrobial function of
PMN is related to the interactive inhibitory effects of the high
concentrations of HNP and their host PMN in bronchiectatic
lungs.

Bronchiectatic lung is characterized by frequent bacterial
infection and the presence of large numbers of PMN (1–4). The
PMN that have transmigrated into the lung are believed to kill
bacteria by means of a complex series of events that include
ingestion, fusion of phagosomes with lysosomes, and finally
killing and digestion of the ingested microorganisms. During
these processes, there is sometimes release of the contents of
the phagosome, such as HNP, outside the confines of the cell
into the extracellular space. We report here that PMN isolated
from sputum of patients with CF and non-CF bronchiectasis
display defective phagocytosis that correlated with high con-
centrations of HNP in the lung.

We demonstrated that there is ongoing active inflammation in
conjunction with PMN degranulation in the CF lung as reflected
by increased numbers of PMN and a higher concentration of HNP

in the sputum of the patients with CF. A previous study has
reported concentrations of HNP up to greater than 1,600 mg/ml
(9), whereas we detected a mean value of 400 mg/ml in sputum of
patients with CF. This difference may be because hospitalized
patients with unstable severe CF were included in the former
study (9), whereas relatively stable patients with CF were in-
cluded at clinic visits in our study.

Because the phagocytic activity of PMN in blood from
patients with CF was normal and there was an inverse correla-
tion between the phagocytic capacity and the concentration of
HNP in the CF sputum, we considered the possibility that the
high concentration of HNP in the sputum of patients with CF
may exert inhibitory effects on PMN phagocytosis. Our studies
show that PMN alone and HNP alone in vitro are able to kill
bacteria, but fail to do so when mixed together. We further
demonstrated that incubation of PMN isolated from healthy
control subjects with HNP, especially HNP-1, can induce
phagocytic deficiency, although the specific domain (i.e., C- or
N-terminal) of HNP responsible for the deficiency is yet to be
identified.

The Fcg RIII represents the largest proportion of FcR that
participate in bacterial phagocytosis by recognizing and binding
opsonized particles and modulating F-actin redistribution (11, 22,

Figure 3. Mechanisms of human neutrophil peptides (HNP)–induced deficiency of polymorphonuclear neutrophils (PMN) phagocytosis. (A) HNP

increased PMN degranulation. PMN from healthy donors were incubated with HNP for 30 minutes and stained with anti-human antibody against

CD63 or CD66b, in the presence and absence of an intracellular Ca21 chelator BAPTA. MFI 5 mean fluorescence intensity. n 5 10. Healthy PMN
(1 3 106/ml) in 24-well plates were treated with HNP at 10 mg/ml or vehicle control solution for 1 hour. The concentrations of human neutrophil

elastase (HNE) were measured in cell culture medium. (B) HNP increased intracellular Ca21. Healthy PMN were loaded with fluo-3 AM for 1 hour in

phosphate-buffered saline free of Ca21 and Mg21, exposed to HNP followed by analysis over 60 seconds (n 5 5). (C ) Effects of BAPTA on the

phagocytic index. Healthy PMN were incubated with BAPTA and HNP for 30 minutes, followed by exposure to IgG opsonized latex beads for
1 hour. *P , 0.05 versus 0 HNP, †P , 0.05 versus vehicle (V, 0.01% dimethyl sulfoxide) in the presence of HNP at identical conditions, respectively.
‡P , 0.05 versus 0 and 1 mg/ml of HNP at identical conditions, respectively. (D) PMN disables the antibacterial activity of HNP. Escherichia coli was

incubated for 3 hours with and without HNP (10 mg/ml), with and without PMN lysates (1 3 106 cells isolated from blood of healthy volunteers
[hPMN lysates] or bone marrow of C57BL/6J mice [mPMN lysates]), or with and without the combination of HNP and the human or murine PMN

lysates, respectively. n 5 3 experiments. *P , 0.05 versus E. coli, †P , 0.05 versus E. coli and HNP, respectively.
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23). We showed that the expression of Fcg RIII in otherwise
healthy PMN was significantly reduced in response to HNP
exposure, which reproduced the features seen in the PMN
obtained from CF sputum. Our results are consistent with a pre-
vious study demonstrating a lower PMN surface expression of
Fcg RIII and no significant differences in CR1, CR3, Fcg RII
(CD32), and Fcg RI (CD64) in patients with CF compared with
non-CF control subjects (4, 33, 34). The downregulation of Fcg

RIII may be involved in several mechanisms, including shedding
of FcRIII from the cell surface on PMN activation (34, 35),
cellular apoptosis (36), cleavage of the receptor by proteinases
such as elastase (37), and high levels of IL-8 (38). The shedding of
Fcg RIII can be stopped in the presence of inhibitors of metal-
loproteinases but not by inhibition of serine proteinases (37).

A decreased expression of Fcg RIII can affect F-actin struc-
ture and polymerization (39). We observed that a normal cortical
F-actin structure was disrupted in PMN from healthy donors after
exposure to purified HNP, consistent with the observation that an
altered F-actin organization was present in the PMN isolated
from CF sputum. Degranulation of PMN induced by a rapid
intracellular Ca21 burst may induce additional alterations in the
actin cytoskeleton (27, 30, 31, 40). Indeed, when PMN were
treated with the intracellular Ca21 chelator BAPTA-AM, the

HNP-induced degranulation was attenuated and the PMN
phagocytic activity was largely restored.

There are additional possible mechanisms by which the
antimicrobial activity of HNP can be altered in CF conditions.
For example, antimicrobial compounds such as HNP in the CF
sputum may become glycosylated and rendered inactive thus
contributing to the sustained inflammatory response in the CF
airways (40, 41). However, we consider this mechanism to be
unlikely because HNP lack consensus sequences for N-linked
glycosylation (42). Interestingly, we found that the contents of
human PMN can dramatically affect the antibacterial activity of
HNP. These data suggest that degranulation of human PMN, by
releasing intracellular contents, can disable HNP and compro-
mise microbial killing during inflammation. This notion merits
further investigation.

It is noteworthy that we chose to use low concentrations
(1–10 mg/ml) of HNP for short periods of time of stimulation.
Although higher concentrations of HNP are reported in blood
and lung of patients with inflammation (7, 8, 43–45) they may
include both free HNP and HNP that may be functionally
inactive because they are either complexed with other proteins,
such as a1-PI and albumin, or bound to cells (9, 26, 46). Also,
the milieu of the bronchiectatic lungs in which HNP interact

Figure 4. Effects of human neutrophil peptides (HNP) on polymorphonuclear neutrophils (PMN) phagocytosis in mice. (A) PMN isolated from bone

marrow of C57BL/6J mice (n 5 5) were incubated with the indicated concentrations of HNP for 30 minutes before Pseudomonas aeruginosa

exposure for 3 hours for bacterial killing assay. *P , 0.05 versus 0 HNP in the absence of PMN; †P , 0.05 versus 0 HNP in the presence of PMN; ‡P ,

0.05 versus other groups in the presence of PMN, respectively. (B) Mice received intratracheal instillation of HNP (200 pg) or vehicle control in 30 ml

phosphate-buffered saline and observed for 5 hours (n 5 7 each). PMN were then isolated from lung lavage fluids and exposed to P. aeruginosa for

3 hours for bacterial killing assay. *P , 0.05 versus other groups. (C and D) In a separate assay to evaluate phagocytic function, PMN recovered from

lavage fluids of the wild-type (WT) and the Pallid mice (n 5 7 each group) 5 hours after HNP instillation were exposed to IgG opsonized beads for
30 minutes. After fixation, the extracellular beads were labeled with fluorescein isothiocyanate (green). Thus for a given number of beads and PMN

in the assays, the greater the number of extracellular green beads, the less efficient was phagocytosis (as quantified by the phagocytic index) as seen

in the Pallid mice. Phagocytosis was defined by the number of beads internalized per cell was calculated as a percentage of controls. (E and F ) Total

cell count and differentiation in lung lavage fluids was performed in the wild-type (WT) and Pallid mice. (G) In separate experiments, mice (n 5 5
each) received Evans blue dye (EBD) via tail vein 30 minutes before the end of a 5-hour experiment after HNP instillation. EBD concentration in lung

homogenate supernatant was quantified by a dual wavelength spectrophotometer for correction of contaminating heme pigments. *P , 0.05

versus WT in Vehicle control; †P , 0.05 versus Pallid in Vehicle and WT in HNP group, respectively.
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with PMN is likely considerably more complex than in our
experimental model systems. Finally, we cannot exclude the
possibility that the impaired PMN function in sputum of the
patients with CF was a result of the combined effects of CF
disease and medication. However, because the PMN from
sputum of patients with non-CF bronchiectasis also showed
a similar defect in bacterial killing, it suggests that the defective
PMN phagocytosis is unlikely due to medication in the CF lung.

To reproduce the results obtained from human cell studies,
the murine model was chosen because murine PMN do not
produce endogenous HNP (47), although they do respond to
HNP stimulation (19, 48) and thus provide a clean background
to study HNP. The intratracheal instillation of HNP resulted in
a significant infiltration of PMN into the lung, which can be
explained by the observation that HNP stimulate lung epithelial
cells to produce IL-8 (or KC/MIP-2 in murine systems), a potent
chemoattractant for PMN (17, 19, 49). We found that the PMN
isolated from healthy mice after HNP priming exhibited an
impaired P. aeruginosa killing activity. Also, the transmigrated
PMN recovered from lung lavage fluid demonstrated impaired
ability to kill P. aeruginosa or to internalize opsonized latex
beads after HNP instillation into the lung (14, 17, 18, 49). When
the in vivo experiments were repeated in Pallid mice that have
genetic a1-antitrypsin deficiency, the phagocytic function of the
PMN recovered from the lung decreased further in the Pallid
mice in response to HNP instillation. Our results suggest that
PMN are more susceptible to develop phagocytic dysfunction in
conditions of serpin deficiency. Indeed, although concentrations
of HNP in plasma are undetectable in volunteers, they are
markedly increased to around 50 mg/ml levels in patients with
a1-PI deficiency and moderate to severe lung disease (50, 51).

The present study examines the interaction between PMN
and HNP that might have been previously overlooked in the
context of defective phagocytosis in bronchiectatic lungs. An-
other known problem in the CF lung is the physical barriers to
phagocytosis resulting from bacterial glycoconjugates contrib-
uting to biofilm formation. An inhibition of bacterial neurami-
nidases could reduce the biofilm formation and thus bacterial
infection (52).

In conclusion, we demonstrate that several interrelated
intracellular signals are involved in the HNP-induced phago-
cytic defect; thus HNP may play a crucial role in the clinical
paradox seen in bronchiectatic lungs. HNP could also be a useful
inflammatory marker and a novel target for clinical therapy in
other inflammatory lung diseases where PMN sequestration and
high concentrations of HNP are found (7, 8, 43–46).
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