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Potential of Host Defense Peptide Prodrugs as Neutrophil ElastaseDependent Anti-Infective Agents for Cystic Fibrosis
Éanna Forde,a,b Hilary Humphreys,b,c Catherine M. Greene,d Deirdre Fitzgerald-Hughes,b Marc Devocellea
Centre for Synthesis and Chemical Biology, Department of Pharmaceutical and Medicinal Chemistry, Royal College of Surgeons in Ireland, Dublin, Irelanda; Department of
Clinical Microbiology, Royal College of Surgeons in Ireland, Dublin, Irelandb; Department of Microbiology, Beaumont Hospital, Dublin, Irelandc; Pulmonary Research
Division, Department of Medicine, Royal College of Surgeons in Ireland, Beaumont Hospital, Dublin, Irelandd

Host defense peptides (HDPs) are short antimicrobial peptides of the innate immune system. Deficiencies in HDPs contribute to
enhanced susceptibility to infections, e.g., in cystic fibrosis (CF). Exogenous HDPs can compensate for these deficiencies, but
their development as antimicrobials is limited by cytotoxicity. Three HDP prodrugs were designed so their net positive charge is
masked by a promoiety containing a substrate for the enzyme neutrophil elastase (NE). This approach can confine activation to
sites with high NE levels. Enzyme-labile peptides were synthesized, and their activation was investigated using purified NE. Susceptibilities of Pseudomonas aeruginosa to parent and prodrug peptides in the presence and absence of NE-rich CF human bronchoalveolar lavage (BAL) fluid and different NaCl concentrations were compared. The effect of the HDP promoiety on cytotoxicity was determined with cystic fibrosis bronchial epithelial (CFBE41o-) cells. NE in CF BAL fluids activated the HDP prodrugs,
restoring bactericidal activity against reference and clinical isolates of P. aeruginosa. However, activation also required the addition of 300 mM NaCl. Under these conditions, the bactericidal activity levels of the HDP prodrugs differed, with pro-P18 demonstrating the greatest activity (90% to 100% of that of the parent, P18, at 6.25 g/ml). Cytotoxic effects on CFBE41o- cells were
reduced by the addition of the promoiety to HDPs. We demonstrate here for the first time the selective activation of novel HDP
prodrugs by a host disease-associated enzyme at in vivo concentrations of the CF lung. This approach may lead to the development of novel therapeutic agents with low toxicity that are active under the challenging conditions of the CF lung.

C

ystic fibrosis (CF) is an autosomal recessive disorder characterized by chronic lung disease. Bacterial infection begins
soon after birth and is followed by an intense neutrophilic response in the peribronchial and endobronchial spaces, releasing
large amounts of neutrophil elastase (NE) (1, 2). By far the most
significant pathogen in adult CF infection is Pseudomonas aeruginosa, often causing chronic, endobronchial, drug-resistant infection (3–6). Chronic infection leads to pulmonary exacerbations
which, in addition to an exaggerated inflammatory host response
to infections, lead to long-term reductions in lung function and
premature death (1, 2, 6).
Despite the substantial CF inflammatory response to infection,
many components of immunity are compromised in the disease.
The high protease levels found in the CF lung, especially of NE
(M concentrations), can degrade lactoferrin, elafin, hemoglobin, and host defense peptides (HDPs) such as the defensins and
human cathelicidin (LL-37) (7–10), with members of the latter
group being the subject of extensive research as novel alternative
antimicrobials. HDPs are short, cationic, amphipathic peptides
that play a crucial role in the innate immune system (11). Many of
these highly conserved peptides possess substantial antimicrobial
activity (12). The antibacterial activity of HDPs is initiated
through electrostatic interactions with the anionic phospholipid
head groups of the cell envelope. This can lead to either membrane
perturbations or translocation across the membrane and interaction with various intracellular targets (13–15). This is also the
basis of their selectivity, with characteristics of bacterial membranes such as high levels of anionic lipids and high transmembrane potential allowing endogenous HDPs to target them over
eukaryotic membranes (16). Because these peptides have multiple
modes of action, including depolarization of the bacterial membrane, pore formation, induction of degradative enzymes, and
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disruption of intracellular targets, bacteria may have a propensity
for the development of resistance to HDPs that is lower than that
seen with conventional antibiotics. This would potentially increase the lifetime of any exogenous HDP in clinical use (17) and
provide another option for antipseudomonal therapy, should the
issue of protease degradation be resolved. As a result of this, HDPs
have been the subject of increasing interest.
While a number of HDPs have been the subject of early-phase
clinical trials, they have yet to progress further, and the majority of
these trials focus on topical applications (17, 18). Furthermore,
rapid metabolism and a lack of affinity for their target mean that
HDPs often have very narrow therapeutic indices (17, 19). Increased activity due to increased hydrophobicity is often accomplished at the expense of selectivity between eukaryotic and prokaryotic membranes, resulting in host toxicity. Even endogenous
HDPs such as LL-37 can be cytotoxic at high concentrations (20).
This represents a major obstacle in the use of HDPs in CF; the
primary aim of chronic P. aeruginosa infection treatment is the
preservation of lung function (5, 21). Research has focused on
overcoming these issues by modifying the active HDPs them-
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selves. Approaches that may improve specificity or reduce toxicity
include the conjugation of HDPs to conventional antibiotics. For
example, magainin 2 has been conjugated to vancomycin, resulting in an increase in permeabilization efficiency via the lipid IItargeting properties of the antibiotic (22). Other strategies include
conjugating a HDP to a bacterium-specific pheromone, or a
pathogen-specific antibody, resulting in a conjugate active against
only the bacterium of interest (23, 24).
Alternatively, a prodrug approach has been used previously by
our group to reduce toxicity and increase specificity through selective activation. This was achieved by a HDP modification involving the addition of an oligoglutamic acid promoiety to the
HDP P18, linked by a NE-labile trialanine linker, generating a
prodrug with reduced antimicrobial activity and net charge compared to the active peptide, P18 (⫹3 versus ⫹8). Antimicrobial
activity was restored by the addition of NE. The pro-HDP also had
lower hemolytic activity than P18. However, the peptide resulting
from NE activation, AA-P18, had antibacterial activity inferior to
that of P18 itself (25).
We describe here the development and evaluation of a further
series of NE-targeted prodrugs using an alternative linker moiety,
AAAG. Glycine was added between the heterochiral sequences
(L-amino acid promoiety and D-amino acid active HDP), as it is
achiral, the goal being a cleavage product with comparable rather
than inferior bactericidal activity. Three peptides were modified to
contain the linker motif and the anionic oligoglutamic acid promoiety.
The pro-HDPs have been developed for local delivery to the CF
lung similarly to the method described for tobramycin therapy
(3). This would potentially limit cleavage of the pro-HDPs to the
bronchioles, where mucus, infection, and the resulting neutrophilic response with NE are localized (1, 5). To simulate the conditions of the airway surface liquid (ASL) with which the proHDPs interact, CF bronchoalveolar lavage (BAL) fluid was added
to bactericidal assays. Incubation of the pro-HDPs with BAL fluid
provides endogenous NE for pro-HDP cleavage and, in addition,
is a robust test of the feasibility of local lung delivery. Components
of BAL fluid have previously been shown to inhibit the activity of
some HDPs (26–31). In this study, we show that this inhibition
may be overcome and, for the first time, that an environment
similar to that found in the CF lung may be effectively used in the
targeted application of pro-HDPs. We also demonstrate that
the reversible reduction of the peptide’s net charge may reduce the
epithelial cell cytotoxicity of HDPs. This report demonstrates a
HDP modification with potential for delivery to the CF lung in a
manner that reduces cytotoxicity and increases specificity.
MATERIALS AND METHODS
Clinical isolates. P. aeruginosa clinical isolates from CF patients were
obtained from the Microbiological Diagnostic Laboratory of Beaumont
Hospital, Dublin, Ireland. Isolate identity was confirmed by the BBL
DrySlide oxidase test (BD) and the C-390 Diatab disk test (Rosco Diagnostics, Germany). Isolates were labeled PABH01 to -04.
CF BAL fluid collection. BAL fluid samples were collected from consenting CF patients. The protocol for collection was approved by the
Beaumont Hospital Ethics Research Committee. Briefly, 30 ml of sterile
0.9% NaCl was instilled into the right or left subsegmental bronchus,
collected immediately, and stored at 4°C. After centrifugation at 1,500
rpm for 10 min at 4°C, the supernatants were removed and stored in
aliquots at ⫺80°C until required.
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Peptide synthesis. Three peptide sequences were investigated, DBac8c2, 5 Leu (rlwvlwrr [lowercase letters indicate D-amino acids]),
D-HB43 (fakllaklakkll), and D-P188 Leu (kwklfkklpkflhlakkf). Bac8c is
an 8-residue bactenecin derivative of net charge ⫹3 (32). HB43 is a 13residue, salt-resistant peptide of net charge ⫹5 (26). P18 is an 18-residue,
salt-resistant hybrid sequence of magainin 2 and cecropin A of net charge
⫹8 (33).
The parent sequences were assembled by automated solid-phase
peptide synthesis on a 433A synthesizer (Applied Biosystems, United
Kingdom) from 9-fluorenylmethoxy carbonyl (Fmoc)-protected
D-amino acids (Merck Chemical, United Kingdom) according to
the Fmoc-tBu strategy with HATU [O-(7-azabenzotriazole-1-yl)N,N,N,N=-tetramethyluronium hexafluorophosphate]/DIEA (N,Ndiisopropylethylamine) coupling chemistry from a Rink amide MBHA
(4-methylbenzhydrylamine) resin (Sigma, Ireland). Single coupling
cycles using a 10-fold excess of Fmoc-amino acids were employed,
except for the leucine at position 8 in P188 Leu, where double coupling
was required. For the prodrug candidates, the addition of the AAAG
linker and four glutamic acids and N-terminal acetylation were carried
out manually with L-amino acids in a syringe fitted with a Teflon frit
and Kaiser Test monitoring. Peptides were deprotected and cleaved
from the synthesis resin using a mixture of 80% trifluoroacetic acid,
5% water, 5% triisopropylsilane, 5% thioanisole, and 5% 1,2-ethanedithiol at room temperature (RT) for either 2 h (pro-HB43 and proP18) or 4 h (pro-Bac8c). They were then precipitated, washed three
times with 10-ml portions of diethyl ether, dried, dissolved in distilled
water, and lyophilized. Chromatographic analysis and purification
were performed on a BioCAD Sprint perfusion chromatography workstation (PerSeptive Biosystems, United Kingdom) using Gemini columns (Phenomenex) (110 Å, 5 m, C18, 4.6-mm diameter, and 250-mm
length or 100-mm diameter/250-mm length for the analytic or semipreparative columns, respectively). Buffers used were mobile-phase A
(0.1% trifluoroacetic acid [TFA] in water) and mobile-phase B (0.1%
TFA in acetonitrile) with a gradient of 5% to 65% buffer B in 18
column volumes (analytical) or 5 column volumes (semipreparative)
with a flow rate of 1 ml/min (analytical) or 5 ml/min (semipreparative)
and single-wavelength detection at 214 nm. Purified peptides were
finally characterized by matrix-assisted laser desorption ionization–
time of flight (MALDI-TOF) mass spectrometry using an ␣-cyano-4hydroxy-cinnamic acid matrix.
Enzymatic cleavage of pro-HDPs. Each pro-HDP (250 g/ml) was
incubated with 5 g/ml purified NE or with 5 or 10 g/ml pseudolysin
(PE) (Elastin Products Company) for 24 h at 37°C in PBS (pH 7.4). At
various time points, samples were removed from the incubation mixture
and analyzed by high-performance liquid chromatography (HPLC) and
MALDI-TOF.
Neutrophil elastase determination. Neutrophil elastase activity was
determined in BAL fluids by measuring the cleavage of the NE substrate, AAPV-pNA (N-methoxysuccinyl-ala-ala-pro-val-P-nitroanilide) (Sigma, Ireland). Briefly, 1 mM AAPV-pNA was added to BAL
fluids (diluted as appropriate) in buffer containing 0.05 M sodium
acetate and 0.1 M sodium chloride (pH 7.5) in 96-well plates. The rate
of AAPV-pNA cleavage was measured as the increase in absorbance at
405 nm over 5 min at 37°C using a Victor X3 2030 multilabel reader
(PerkinElmer). Reaction mixtures containing 0.25 to 5 g/ml purified
NE (Elastin Products) were used to construct a standard curve from
which the NE concentration of the BAL fluids was calculated.
Susceptibility testing. MICs were determined using the broth microdilution method according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) (34), with modifications for cationic
peptides as described by Wu and Hancock (35). Briefly, serial doubling
dilutions of peptide were made in a sterile solution containing 0.2% (wt/
vol) bovine serum albumin (BSA) and 0.01% (vol/vol) acetic acid. These
were added to a 96-well microtiter plate with a 1.5 ⫻ 105 CFU/ml inoculum of P. aeruginosa reference strain PAO1 and clinical isolates in Muel-
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TABLE 1 MICs for parent HDPs, fragment HDPs, and pro-HDPs versus P. aeruginosa PAO1 and clinical isolates
MIC (g/ml) vs P. aeruginosa strains
a

Peptide

Sequence

PAO1

PABH01

PABH02

PABH03

PABH04

Bac8c
AAG-Bac8c
Pro-Bac8c
P18
AAG-P18
Pro-P18
HB43
AG-HB43
Pro-HB43

rlwvlwrr-NH2
AAGrlwvlwrr-NH2
Ac-EEEEAAAGrlwvlwrr-NH2
kwklfkklpkfhlhlakkf-NH2
AAGkwklfkklpkfhlhlakkf-NH2
Ac-EEEEAAAGkwklfkklpkfhlhlakkf-NH2
fakllaklakkll-NH2
AGfakllaklakkll-NH2
Ac-EEEEAAAGfakllaklakkll-NH2

4
4
ⱖ64
2
2
ⱖ64
4
8
ⱖ64

NTb
8
ⱖ64
NT
2
64
NT
4
ⱖ64

NT
8
ⱖ64
NT
4
64
NT
8
ⱖ64

NT
16
ⱖ64
NT
4
ⱖ64
NT
4
ⱖ64

NT
8
ⱖ64
NT
2
64
NT
4
ⱖ64

a
b

Uppercase characters represent L-amino acids; lowercase characters represent D-amino acids.
NT, not tested.

ler-Hinton broth (non-cation adjusted; Oxoid, United Kingdom). The
lowest peptide concentration showing no visible growth was recorded as
the MIC.
Bactericidal activity. P. aeruginosa strain PAO1 and clinical isolates
were grown overnight at 37°C on Mueller-Hinton (MH) agar. Suspensions were prepared from isolated colonies to a density of a 1.0 McFarland
standard (bioMérieux, Ireland) and were further diluted 1/100 in potassium phosphate buffer (pH 7.4) containing 0.2% BSA. Assays were carried
out in microcentrifuge tubes and contained 0.78 to 25 g/ml peptides,
10% (vol/vol) P. aeruginosa suspension (approximately 1.5 ⫻ 106 CFU/
ml), and 10 mM potassium phosphate buffer (pH 7.4) containing 0.2%
BSA. To allow adequate contact time, reaction mixtures were incubated at
37°C and 200 rpm in a shaker incubator (Gallenkamp, United Kingdom)
for 1 h and then diluted 1/10 with 0.95% (wt/vol) NaCl. After vortex
mixing for 30 s was performed, a 100-l aliquot was spread onto MH agar
and incubated overnight at 37°C. Percent killing activity was calculated
from viable counts (CFU/ml) from assays containing peptides compared
to control assays not containing peptide. The assay allowed easy modification of conditions, and the effects of the addition of purified NE (5 to 20
g/ml), CF BAL fluid (25% [vol/vol]), and NaCl (300 to 600 mM) on
killing activity were determined by the addition of these to the assays and
the inclusion of appropriate controls. Statistical analyses of the data were
carried out using Graphpad Prism software and the two-tailed unpaired t
test.
Cell culture. Cystic fibrosis bronchial epithelial (CFBE41o-) cells were
cultured in minimal essential medium, supplemented with 10% (vol/vol)
fetal calf serum, 100 U/ml penicillin, and 100 g/ml streptomycin, at 37°C
in a humidified atmosphere with 5% CO2.
Toxicology assay. Cells were seeded on 96-well plates at a density of
3 ⫻ 105 cells/ml and incubated for 24 h at 37°C. The cells were then treated
with 0.2 to 300 M peptides and their prodrugs in serum-free media.
After incubation, the medium was removed and the cells were incubated
with 500 g/ml of MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2Htetrazolium bromide] (Sigma, Ireland) for 4 h. The MTT solution was
then removed, and 100 l of dimethyl sulfoxide was added to each well,
mixing by shaking was performed, and the absorbance at 560 nm was
recorded.

RESULTS

Pro-HDPs are cleaved by purified NE. Cleavage of pro-HDPs
using 5 g/ml NE was shown after 1 h of incubation. Cleavage
mainly occurred between the first and second alanines of the
linker group and, to a lesser extent, between the second and third
alanines. This cleavage pattern (i.e., AAG-HDP and AG-HDP)
was found for pro-Bac8c and pro-P18. Pro-HB43 yielded predominantly AG-HB43. These cleavage products were termed
“fragment HDPs” and were synthesized as controls. The AAAG
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linker was not labile with respect to pseudolysin, as indicated by
the detection of only pro-HDPs after incubation with this enzyme
for up to 24 h.
Pro-HDPs have greater MIC values than parent and fragment HDPs. The MIC values for both parent and fragment HDPs
were comparable (Table 1). The additional glycine and alanine
residues increased the MIC from 4 to 8 g/ml for the HB43 series,
and there was no increase for the P18 or Bac8c series. In all cases,
the pro-HDPs had MIC values greater than or equal to the highest
concentration tested (ⱖ64 g/ml). The MICs for both pro-HDPs
and fragment HDPs toward PAO1 were comparable to those
found for the four clinical isolates tested (Table 1).
Pro-HDPs are bactericidal toward PAO1 in the presence of
NE. The bactericidal activities of parent and fragment HDPs were
comparable (Fig. 1) over the concentration range tested. As 100%
killing of PAO1 was achieved at 6.25 g/ml for parent and fragment HDPs, this concentration was selected for bactericidal testing of pro-HDPs in the presence of NE. Similar to the susceptibility determined on the basis of MIC values, bactericidal activity was
negligible for pro-Bac8c and pro-HB43 in the absence of NE, but
in contrast to the poor activity of pro-P18 determined on the basis
of the MIC value, this pro-HDP was bactericidal (66.8% ⫾ 11.7%
killing activity) under the bactericidal assay conditions (Fig. 2).
Bactericidal activity increased in the presence of NE for all proHDPs. The bactericidal activity with 5 g/ml NE increased to
73.3% ⫾ 0.2% for pro-Bac8c and 90.1% ⫾ 5.8% for pro-HB43.
The activity also increased for pro-P18, to 93.5% ⫾ 4.7%, but this
result was not statistically significant (P ⫽ 0.102). The level of
bactericidal activity appeared to be independent of the NE concentration tested. No bactericidal effect was observed for NE alone
at any of the concentrations investigated (data not shown).
In the presence of NaCl, pro-HDPs are activated by CF BAL
fluids. Six CF BAL fluid samples were used to investigate proHDP activation. The NE concentrations in CF BAL fluid samples
differed (range, 0 to 193.3 g/ml) (Table 2). With the exception of
CF005, which had significant bactericidal activity (at a 25% [vol/
vol] final assay concentration) against PAO1 (74.5%), the killing
activity of the CF BAL fluids against PAO1 was ⬍20%.
The bactericidal activities of the pro-HDPs were not restored
by any of the CF BAL fluids investigated. Pro-P18 retained bactericidal activity in the absence of CF BAL fluid. However, after
accounting for activity due to BAL alone, the bactericidal activity
of pro-P18 was reduced by the addition of CF BAL fluid (Fig. 3C).
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FIG 2 Effect of 5 to 20 g/ml NE on the bactericidal activity of pro-HDPs

against P. aeruginosa PAO1. NE was added to assays containing 6.25 g/ml
pro-HDPs. Killing activity levels shown are the means ⫾ SEM of the results of
three independent assays carried out in duplicate. Where no killing activity was
observed, no bar is shown.

(BAL fluid CF004; see Fig. S3 in the supplemental material). While
pro-HB43 did not have as high of a bactericidal activity against
PAO1 as did pro-P18, the activity was significantly increased with
300 mM NaCl and CF004 BAL against the CF clinical isolates (Fig.
5). In the case of the PABH02 isolate, the activity increased from
0% (pro-HB43 with NaCl) to 99.2% ⫾ 0.7% (pro-HB43 with
NaCl and BAL fluid).
Pro-HDPs displayed lower cytotoxicity against CFBE41ocells than fragment HDPs. The 50% inhibitory concentrations
(IC50s) were higher for the pro-HDPs than for the fragment HDPs
(Table 3). The addition of the promoiety increased the IC50 from
38.3 M to ⬎300 M for pro-Bac8c, from 3.6 M to 50.8 M for
pro-HB43, and from 35.5 M to 77.3 M for pro-P18.
DISCUSSION

FIG 1 Bactericidal activity of parent and fragment HDPs against P. aeruginosa

PAO1. Data shown are the means ⫾ standard errors of the means (SEM) of the
results of three independent assays carried out in duplicate.

The addition of 300 mM NaCl (which reduces nonspecific
electrostatic interaction with anionic components of CF BAL
fluid) and an increase of the pro-HDP concentration to 25 g/ml
in the bactericidal assays resulted in the restoration of bactericidal
activity of pro-HB43 and pro-P18 but not pro-Bac8c. This effect
was shown for three selected CF BAL fluid samples with NE concentrations in the range of 46.4 to 136 g/ml (Fig. 4). However,
compared to that of the HB43 parent peptide, the bactericidal
activity of Bac8c was reduced in the presence of NaCl (Fig. S1 in
the supplemental material). NaCl alone did not increase the bactericidal activity of CF BAL fluid (see Fig. S2 in the supplemental
material). Pro-P18 alone again showed bactericidal activity, although the addition of NaCl in this case appeared to reduce its
bactericidal activity (39% ⫾ 4.8%). Similar results were observed
with 77.5% (vol/vol) BAL fluid (data not shown).
Further increasing the NaCl concentration (to 450 mM and
600 mM) did not increase the bactericidal activity of pro-HB43
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Life expectancy in cystic fibrosis has been greatly increased by the
use of antibiotics to treat lower-airway infections and delay their
progression from acute to chronic (5). However, significant challenges remain to be overcome. Once a patient becomes chronically infected by P. aeruginosa, the current guidelines recommend
long-term antibiotic therapy. This has led to the development of
antibiotic resistance due to selective pressure and subtherapeutic
local drug concentrations (1, 3, 6, 36, 37). In addition, P. aeruginosa can grow as a biofilm, which can result in further reduced
susceptibility to certain antibiotics (1, 2, 6, 38). Currently used
antibiotics cannot eradicate P. aeruginosa chronic infection, and
the resulting exaggerated inflammatory response leads to progressive loss of lung function (21). The requirement is for novel ther-

TABLE 2 Comparison of the neutrophil elastase concentration and
bactericidal activity of different CF BAL fluid samples
CF BAL fluid
sample

NE concn
(g/ml)

% killing ⫾
SEMa

CF001
CF002
CF003
CF004
CF005
CF006

35.7
NDb
136
46.4
193.3
62.8

0
0
7.8 ⫾ 6.8
10.4 ⫾ 10.6
74.5 ⫾ 4.6
15.6 ⫾ 3.3

Data represent means ⫾ SEM of the results of 3 separate determinations of killing
activity versus P. aeruginosa PAO1 where 25% (vol/vol) BAL fluid was added to assays.
ND, not detected.

a

b
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FIG 4 Effect of 300 mM NaCl on the bactericidal activity of pro-HDPs (25

g/ml) against P. aeruginosa PAO1 in the presence of 25% (vol/vol) CF BAL
fluids. Values shown are the means ⫾ SEM of the results of three independent
assays where activity due to CF BAL fluid alone was subtracted. Where no
killing activity was observed, no bar is shown.

Potential host toxicity is currently a limitation with respect to
the development of HDPs as antimicrobial agents. Here we demonstrate that prodrug modification can mask HDP bactericidal
activity and reduce host cytotoxic effects. Furthermore, the reversible conjugation of the promoiety can be targeted for cleavage by
NE in a manner similar to that of the enzymatic activation of
LL-37 by proteinase 3 in vivo (19), allowing for targeted restoration of bactericidal activity and limitation of cytotoxic effects. In
addition, the recovery of activity for two of the pro-HDPs (proHB43 and pro-P18) by the use of NE has been shown under in
vitro conditions that are representative of in vivo conditions in the
CF lung through the use of CF BAL fluid. The differential activities
found for these pro-HDPs under the assay conditions may be
explained by the different sequences and net charges of the parent
HDPs. The NE concentration required to cleave the pro-HDPs
was within the range observed in CF BAL fluids. NE levels differed
considerably in the CF BAL fluid samples in this study, and wide
variations have been reported by others. For example, Rees et al.
reported ranges of 0.47 to 18.5 M (13.8 to 545.8 g/ml) in the
sputum (10). NE concentrations have also been reported to vary
in CF patients over time (7). It has previously been estimated,
based on the level of dilution of CF BAL fluid during collection,
that the NE concentrations at the respiratory surface (as opposed
FIG 3 Effect of 25% (vol/vol) BAL fluid on the bactericidal activity of proBac8c (A), pro-HB43 (B), and pro-P18 (C) against P. aeruginosa PAO1. BAL
fluid (CF001 to CF006) was added to assays containing 6.25 g/ml pro-HDPs.
Killing activity levels shown are the means ⫾ SEM of the results of three
independent assays where activity due to CF BAL fluid alone was subtracted.
Where no killing activity was observed, no bar is shown. Controls represent
6.25 g/ml of the corresponding fragment HDP without BAL fluid, e.g.,
AAGBac8c for pro-Bac8c.

apeutic agents that are highly active against CF pathogens and less
prone to resistance, with high local antibiotic concentrations deliverable in the endobronchial space without the accompanying
systemic effects and toxicity. The latter requirement can be met by
the use of inhaled delivery (3, 6, 7), while the former emphasizes
the need for new therapeutic agents such as HDPs. Without novel
antimicrobials, there is a risk that many of the gains made in CF
treatment may be lost with increasing resistance.
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FIG 5 Effect of 300 mM NaCl on the bactericidal activity of pro-HB43 (25
g/ml) against P. aeruginosa clinical isolates from CF patients in the presence
of 25% (vol/vol) CF004 BAL fluid. Values shown are the means ⫾ SEM of the
results of three independent assays where activity due to CF BAL fluid alone
has been subtracted. Where no killing activity was observed, no bar is shown.
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TABLE 3 Comparison of the IC50s of pro-HDP and fragment HDP
against CFBE41o- cells
Peptide

Sequence

IC50 (M)a

Pro-Bac8c
AAG-Bac8c
Pro-HB43
AG-HB43
Pro-P18
AAG-P18

Ac-EEEEAAAGrlwvlwrr-NH2
AAGrlwvlwrr-NH2
Ac-EEEEAAAGfakllaklakkll-NH2
AGfakllaklakkll-NH2
Ac-EEEEAAAGkwklfkklpkfhlhlakkf-NH2
AAGkwklfkklpkfhlhlakkf-NH2

⬎300
38.3
50.8
3.6
77.3
35.5

a

Data represent means of the results of 3 separate determinations.

to the CF BAL fluid itself) may be in the range of 92 to 185 M (2.7
to 5.5 mg/ml) (39).
Although purified NE was shown to reactivate pro-HDPs in
the present study, this effect was not initially apparent in CF BAL
fluids containing NE, despite confirmation of NE concentrations
that were high enough to catalyze the cleavage step. CF-BAL may
contain several components that could inactivate HDPs. For example, LL-37 bactericidal activity is inhibited by proteolytic degradation by NE and cathepsin D in CF BAL fluid (31). Furthermore, cationic HDPs bind to anionic components of BAL and CF
sputum, such as f-actin, extracellular DNA (27, 28), mucins (29),
and glycosaminoglycans (31, 40). In addition, both extracellular
DNA and mucins have been reported to increase the MIC values
for synthetic HDPs such as HB43 (26). Inactivation by proteases
in CF BAL fluid was unlikely in the present study due to their
construction from D-amino acids and the demonstration of the
stability of the parent HDPs in the presence of NE by the use of
HPLC analysis (see the supplemental material). However, increased concentrations of the HDPs and the addition of NaCl
restored the bactericidal activity of pro-HB43 and pro-P18 in CF
BAL fluid, suggesting that anionic components of BAL fluid may
prevent HDP activity and that the effect can be reversed by the
addition of salt, similar to the liberation of LL-37 from BAL fluid
components (31). The bactericidal activity of 25% (vol/vol) BAL
fluid was found not to increase with 300 mM NaCl, indicating that
increases in activity were due to the pro-HDPs. In addition, the
stringent cleavage and recovery conditions demonstrated here for
activation in the lung environment, such as the addition of NaCl
to disrupt electrostatic interactions that may contribute to inactivation of HDPs, may potentially be met therapeutically by inhalation of saline solution. Should coadministration of NaCl be required for activity in vivo, a precedent already exists; inhaled
hypertonic saline solution is in use at 1.2 M in CF treatment for the
improvement of lung function (31, 41). The failure to achieve
activation of pro-Bac8c in the presence of CF BAL fluid and NaCl,
in contrast to pro-HB43 and pro-P18, may be related to the
greater salt tolerance of the latter two HDPs which has been shown
previously (26, 42).
We have demonstrated the effectiveness of the NE-targeted
approach for two pro-HDPs here, but there is further scope for the
development of this approach for other HDPs. Highly active
HDPs, with various length, charge, activity, and cytotoxicity characteristics, have been described in the literature (26, 32, 43–47).
However, the appropriate selection of the parent HDP requires
consideration. In the present study, since the number of glutamic
acids added to the pro-HDPs was limited to four, the final proHDPs were of different net charges (⫺1, 0, and ⫹3 for pro-Bac8c,
pro-HB43, and pro-P18, respectively). Therefore, the bactericidal
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activity and cytotoxicity of P18, which still retained a significant
cationic net charge, were not masked as markedly as for the other
candidates (Fig. 3). This residual activity of pro-P18 was not initially apparent where an MIC of ⱖ64 mg/ml was determined.
However, discrepancies in effective antimicrobial concentrations
between MIC and bactericidal assays for antimicrobial peptides
have been previously observed (44, 48, 49). It is possible that the
bactericidal activity was masked in the broth microdilution assay
used to determine MIC, which is carried out on actively metabolizing cells, where the growth of residual surviving cells is supported. This was not the case in the bactericidal assay, where viable
cell counts were measured following incubation of the pro-HDP
with a fixed bacterial population. These results demonstrate that a
high starting net charge may be undesirable for the modification
described here. The net charge reduction, while being sufficient
against Staphylococcus aureus (25), may be insufficient against
Gram-negative organisms such as P. aeruginosa. Alternatively,
other synthetic approaches may be useful for parent HDPs with a
high net charge, such as the incorporation of a spacer group (e.g.,
␤-alanine) to extend the oligoglutamic acid moiety (25).
The linker moiety of pro-HDPs may also be tailored to contain
specific sequences cleavable by enzymes appropriate to the application or the disease. In the present study, the AAAG linker was
labile with respect to human NE but not pseudolysin from P.
aeruginosa, both of which are relevant to CF. It is possible that
AAAG can be cleaved by other host/bacterial enzymes and that
additional modification of the linker may lead to increased selectivity.
Suitable HDP candidates for pulmonary delivery as pro-HDPs
for treatment of CF infections would ideally be short, highly active
against P. aeruginosa, highly salt resistant, and of lower net charge.
The issue of net charge has been observed previously by our group
for cephalothin-Bac8c conjugates, where activity was incompletely masked (50). The use of D-amino acids, which have been
shown to be resistant to proteolysis (51–53), may be necessary to
avoid deactivation by the abundant proteases of the CF lung. In
addition, any potential candidate would have to be compatible
with local lung delivery such as is used with tobramycin and colistin in treatment of CF (3, 6, 54).
This prodrug approach potentially provides the means to deliver effective bactericidal HDPs to the CF lung in therapeutic
concentrations while limiting cytotoxicity distal to the site of activation and infection (i.e., the endobronchial space). HDP prodrugs may provide novel anti-infective agents against acute bacterial infection in CF and alternative therapeutics in the prevention
of chronic pseudomonal infections. Further development and
testing of the best candidate pro-HDPs, evaluated using in vitro
studies such as those described here, should be investigated in CF
animal models to establish a proof of concept as a prerequisite to
preclinical testing.
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