
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY,
0066-4804/01/$04.00�0 DOI: 10.1128/AAC.45.10.2838–2844.2001

Oct. 2001, p. 2838–2844 Vol. 45, No. 10

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Cathelicidin Peptides Inhibit Multiply Antibiotic-Resistant Pathogens
from Patients with Cystic Fibrosis

LISA SAIMAN,1* SETAREH TABIBI,1 TIMOTHY D. STARNER,2 PABLO SAN GABRIEL,1 PATRICIA L.
WINOKUR,3 HONG PENG JIA,2 PAUL B. MCCRAY, JR.,2 AND BRIAN F. TACK4

Department of Pediatrics, Columbia University, New York, New York,1 and Departments of Pediatrics,2 Internal Medicine,3

and Microbiology,4 University of Iowa College of Medicine, Iowa City, Iowa

Received 21 December 2000/Returned for modification 22 May 2001/Accepted 19 July 2001

Endogenous peptide antibiotics are under investigation as inhaled therapeutic agents for cystic fibrosis (CF)
lung disease. The bactericidal activities of five cathelicidin peptides (LL37 [human], CAP18 [rabbit],
mCRAMP [mouse], rCRAMP [rat], and SMAP29 [sheep]), three novel alpha-helical peptides derived from
SMAP29 and termed ovispirins (OV-1, OV-2, and OV-3), and two derivatives of CAP18 were tested by broth
microdilution assays. Their MICs were determined for multiply antibiotic-resistant Pseudomonas aeruginosa
(n � 24), Burkholderia cepacia (n � 5), Achromobacter xylosoxidans (n � 5), and Stenotrophomonas maltophilia
(n � 5) strains isolated from CF patients. SMAP29 was most active and inhibited mucoid and nonmucoid P.
aeruginosa strains (MIC, 0.06 to 8 �g/ml). OV-1, OV-2, and OV-3 were nearly as active (MIC, 0.03 to 16 �g/ml),
but CAP18 (MIC, 1.0 to 32 �g/ml), CAP18-18 (MIC, 1.0 to >32 �g/ml), and CAP18-22 (MIC, 0.5 to 32 �g/ml)
had variable activities. LL37, mCRAMP, and rCRAMP were least active against the clinical isolates studied
(MIC, 1.0 to >32 �g/ml). Peptides had modest activities against S. maltophilia and A. xylosoxidans (MIC range,
1.0 to > 32 �g/ml), but none inhibited B. cepacia. However, CF sputum inhibited the activity of SMAP29
substantially. The effects of peptides on bacterial cell membranes and eukaryotic cells were examined by
scanning electron microscopy and by measuring transepithelial cell resistance, respectively. SMAP29 caused
the appearance of bacterial membrane blebs within 1 min, killed P. aeruginosa within 1 h, and caused a
dose-dependent, reversible decrease in transepithelial resistance within 5 h. The tested cathelicidin-derived
peptides represent a novel class of antimicrobial agents and warrant further development as prophylactic or
therapeutic agents for CF lung disease.

Cystic fibrosis (CF) is the most common autosomal reces-
sive, life-shortening genetic disorder among Caucasians (29).
There are approximately 30,000 CF patients in the United
States and 60,000 CF patients worldwide, and their average life
expectancy is approximately 30 years (11, 12, 15). The major
morbidity and mortality in CF are caused by the progressive
loss of pulmonary function that results from a cycle of inflam-
mation and infection. Over 80% of CF patients become chron-
ically infected with Pseudomonas aeruginosa (7, 21). Initially,
strains are nonmucoid, but over time a biofilm consisting of
mucoid strains develops (5, 6). Strains also become increas-
ingly antibiotic resistant due to many prolonged courses of
antimicrobial agents used to slow the rate of decline in pulmo-
nary function (3, 30). Furthermore, the microbiology of CF has
changed during the past two decades; intrinsically antibiotic-
resistant, gram-negative organisms such as Burkholderia cepa-
cia, Stenotrophomonas maltophilia, and Achromobacter (Alcali-
genes) xylosoxidans are emerging as CF pathogens (3, 8, 11, 34).
Thus, new therapeutic approaches are needed to improve the
management of CF lung disease, including both prophylactic
strategies to delay chronic infection with P. aeruginosa and the
development of new agents to treat antibiotic-resistant patho-
gens.

In the search for new classes of antibiotics, there has been
recent interest in naturally occurring antimicrobial peptides,

including the cathelicidins. These endogenous peptides con-
tribute to innate immunity and are expressed in myeloid and
epithelial cells (13, 16, 17). The cathelicidins of mammalian
origin are synthesized in precursor form, requiring proteolytic
processing to release the mature C-terminal antimicrobial pep-
tide (24, 37). They are typically linear, highly cationic, and salt
insensitive and display broad-spectrum antimicrobial activities
(17, 24, 33, 37). The peptides kill bacteria by thinning and
disrupting the bacterial membrane. Cathelicidin peptides are
currently under investigation as inhaled therapeutic agents for
CF lung disease (16). To identify new bactericidal agents with
activity against CF pathogens, we evaluated the in vitro activity
of multiple cathelicidin peptides, including designed truncated
peptides, against clinical strains of P. aeruginosa, B. cepacia,
S. maltophilia, and A. xylosoxidans isolated from CF patients.
Possible synergy with conventional antibiotics, the effects of
these peptides on bacterial and respiratory epithelial cell mem-
branes, and the impact of CF sputum on the activity of the
cathelicidin peptides were evaluated as well.

MATERIALS AND METHODS

Peptides. The activities of the following five parent compounds derived from
mammalian species were evaluated: LL37 (human [1]), CAP18 (rabbit [22, 23]),
mCRAMP (mouse [13, 27]), rCRAMP (rat), and SMAP29 (sheep [2, 20, 26]). In
addition, the activities of five shorter peptides were investigated, including three
novel alpha-helical peptides derived from SMAP29 and termed ovispirins (OV-1,
OV-2, and OV-3) and two truncated forms of CAP18 (CAP18-18 and CAP
18-22). The ovispirins are 14- to 18-amino-acid linear peptides designed to mimic
the antimicrobial activity of SMAP29, which has 29 amino acids. The rat se-
quence (rCRAMP) was identified by a homology search with the mouse protein
(mCRAMP) sequence and corresponded to GenBank accession number
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AA998531. The amino acid sequences of the peptides used in this study are
shown in Table 1.

The peptides were synthesized on an Applied Biosystems model 433A synthe-
sizer at the 0.1 mM scale, using solid-phase Fastmoc chemistry as described
previously (33). Peptides were purified by reverse-phase high-pressure liquid
chromatography on a Vydac 218TP1022 column. Selected fractions were pooled
and lyophilized for further characterization by mass spectrometry and capillary
electrophoresis. Peptide concentrations were determined by quantitative amino
acid analysis on a Beckman 6300 amino acid analyzer.

Clinical isolates. The activities of the peptides were tested in vitro using
antibiotic-resistant CF clinical isolates sent to the CF Referral Center at Colum-
bia University (30). Strains were stored at �70°C and subcultured once on blood
agar prior to use in this study. Twenty-four P. aeruginosa strains (including 13
mucoid and 11 nonmucoid isolates), 5 B. cepacia, 5 S. maltophilia, and 5 A.
xylosoxidans strains were studied. Each isolate was from a single patient and
resistant to several conventional antimicrobial agents (Table 2). Species identi-
fication was confirmed by selective media, the bacterial identification system API
20 NE (bioMérieux, Hazelwood, Mo.), and the P. aeruginosa-specific exoA probe
(31). Identification of the B. cepacia strains was further confirmed by the CF
Referral Laboratory using genus-specific primers (25).

Susceptibility testing. The MICs of each peptide were determined using broth
microdilution assays (Microtech Medical Systems, Aurora, Oreg.). This assay has
been shown to be comparable to agar dilution for testing the antimicrobial
susceptibility of multiply antibiotic-resistant P. aeruginosa isolated from patients
with CF (31). Microtiter plates were prepared immediately prior to use with
serial twofold dilutions of peptides (0.06 to 32 �g/ml) suspended in Mueller-
Hinton (MH) broth ([Na�] � 128 mM; [Cl�] � 108 mM). Peptide concentra-
tions were increased to 128 �g/ml when testing B. cepacia strains. Microtiter
wells were inoculated with 105 CFU of bacteria per ml, incubated at 35°C, and
read at 20 to 24 h (31). Each assay was performed at least twice. The MIC range
and the MIC at which 50% of the strains tested were inhibited (MIC50) were
determined for each peptide. Reproducibility studies with SMAP29, CAP18, and
mCRAMP using four clinical strains of P. aeruginosa (two mucoid and two

nonmucoid strains) and P. aeruginosa strain ATCC 27853 were performed in
triplicate on each of three days.

Synergy studies. (i) Time-kill studies. The P. aeruginosa laboratory strain
PAO1 (18) and a nonmucoid, tobramycin-susceptible CF clinical isolate, 50BK,
were grown to a 0.5 McFarland standard in Trypticase soy broth. The MICs of
tobramycin and SMAP29 for PAO1 were 2 and 4 �g/ml, respectively, and the
MICs of tobramycin and SMAP29 for 50BK were 2 and 1 �g/ml, respectively.
Various concentrations of tobramycin (0.5 to 1.0 �g/ml) or SMAP29 (0.5 to 2.0
�g/ml) or a combination of tobramycin and SMAP29 were suspended in cation-
supplemented MH broth, and 105 CFU of bacteria per ml were added and
incubated at 37°C. Samples were taken at 0, 1, 4, 8 and 24 h, and suitable
dilutions were made in 0.9% NaCl, plated on sheep blood agar, and incubated
for 24 h at 37°C to determine CFU/ml. Synergy was defined as a �100-fold
increase in killing at 4 h (9).

(ii) Checkerboard dilution studies. The activities of ceftazidime (1 to 16
�g/ml), piperacillin (4 to 64 �g/ml), ciprofloxacin (0.125 to 2 �g/ml), or tobra-
mycin (0.5 to 8 �g/ml) paired with increasing concentrations of SMAP29 (0.125
to 2 �g/ml) were tested against the 24 isolates of P. aeruginosa. Serial twofold
dilutions of the peptide were added to commercially prepared microtiter plates
containing the four conventional antibiotics (Microtech Medical Systems). The
fractional inhibitory concentrations were calculated as previously described using
an inoculum of 105 CFU/ml (30). Synergy was defined as a �4-fold decrease in
the MIC of both the peptide and the conventional drug when tested together
compared with the MIC of each agent tested alone. Synergy studies were per-
formed using the five B. cepacia strains and testing four peptides (SMAP29,
OV-1, OV-2, and OV-3) in concentrations between 16 and 128 �g/ml paired with
the same four conventional antibiotics.

Efficacy of SMAP29 against bacteria in CF sputum. The antimicrobial effect of
SMAP29 against clinical isolates in CF sputum was evaluated. Sputum was
obtained from a CF patient, placed on ice, and processed within 1 h. Two strains
of P. aeruginosa were identified: one mucoid strain and one multiply antibiotic-
resistant, nonmucoid strain. The MICs of tobramycin for the mucoid and non-
mucoid strains were �0.5 and 16 �g/ml, respectively, and the MIC of SMAP29
for both strains was 0.5 �g/ml. The sputum was mixed with sterile, filtered 20%
glycerol (1 mg/ml) and then divided into 75-�l aliquots and frozen at �80°C for
later use.

Three aliquots of the sputum sample were thawed, and 10 �l of each aliquot
was serially diluted 1:10 in PBS to obtain 1:101 to 1:105 dilutions. The 1:103 to
1:105 dilutions were plated on sheep blood agar plates to determine the initial
CFU/ml. The remaining 65 �l of each sputum aliquot was mixed with 65 �l of
PBS and tobramycin (final concentration, 250 �g/ml) or SMAP29 (final concen-
tration, 250 or 1,000 �g/ml), vortexed for 15 s, and incubated at 37°C. Ten
microliters of sample was removed from each experimental condition at 10, 60,
and 240 min of incubation, serially diluted, and plated as described above to
determine the CFU/ml.

After 240 min of incubation, the remaining 100 �l of each aliquot was divided
into two 50-�l aliquots. Aliquots containing tobramycin (concentration, 250
�g/ml), SMAP29 (250 �g/ml), or SMAP29 (1,000 �g/ml) each received an
additional dose of tobramycin or SMAP29 to obtain final concentrations of 500,
500, and 2,000 �g/ml, respectively. All samples were then incubated at 37°C, and
10 �l of sample was removed at 250, 300, and 480 min from the start of the
experiment, serially diluted, and plated as described above. All plates were
incubated for 2 days at 37°C. Resulting colonies were manually counted and
multiplied by the appropriate dilution factor(s) to determine the initial CFU/ml.
Studies were performed three times.

Scanning electron microscopy of P. aeruginosa treated with cathelicidin pep-
tides or tobramycin. A single colony of P. aeruginosa PAO1 grown on Luria-
Bertani (LB) agar was incubated overnight at 37°C in LB media. Bacteria were
then diluted (1:10) into fresh LB media and agitated at 37°C for 4 h, and cell
density was determined by measuring the optical density at 600 nm. Following
centrifugation at 3,000 � g for 10 min, the bacteria were resuspended in 10 mM
KPi and 1% LB medium to a concentration of 108 CFU per 200 �l. Bacteria were
then exposed to SMAP29 (0.5 �g/ml), tobramycin (5 �g/ml), or media alone.
Bacteria (200 �l) from each exposure were placed on a Millicell polycarbonate
filter (0.4-�m pore size; Millipore Corporation, Bedford, Mass.) and incubated at
37°C. After incubation periods of 1 min, 2 h, and 16 h, the liquid was removed
from the filter by gravitational force and the bacteria were fixed on the filter with
2% paraformaldehyde–2% glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.2). Samples were postfixed in 1% osmium tetroxide, dehydrated through
a graded ethanol series, dried with hexamethyldisilizane, mounted on Cam-
bridge-style stubs, sputter coated with a 60/40 mixture of gold/palladium, and
imaged using a Hitachi S-4000 FESEM (Tokyo, Japan). Images were captured
using a Kevex Sigma digital-image capture system.

TABLE 1. Sequences of cathelicidin peptides tested against
clinical isolates from CF patients

Peptide Species Peptide sequencea

LL37 Human LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES
CAP-18 Rabbit GLRKRLRKFRNKIKEKLKKIGQKIQGLLPKLAPRTDY
CAP-18-18 Rabbit KRLRKFRNKIKEKLKKIG
CAP18-22 Rabbit RKRLRKFRNKIKEKLKKIGQKI
mCRAMP Mouse GLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPEQ
rCRAMP Rat GLVRKGGEKFGEKLRKIGQKIKEFFQKLALEIEQ
SMAP29 Sheep RGLRRLGRKIAHGVKKYGPTVLRIIRIAG
OV-1 Sheep KNLRRIIRKIIHIIKKYG
OV-2 Sheep LRRIIRKIIHIIKK-NH2

b

OV-3 Sheep IRRIIRKIIHIIKK-NH2
b

a Underlined amino acids are charged residues.
b NH2 indicates C-terminal amidation.

TABLE 2. Resistance of clinical isolates from CF patients
to conventional antimicrobial agentsa

Pathogen
(no. of strains)

% Resistance to:

TIM CAZ MEM CIP TOB AMK SXT

P. aeruginosa
(n � 24)

67 71 ND 33 63 67 ND

B. cepacia
(n � 5)

67 100 100 100 ND ND 100

S. maltophilia
(n � 5)

100 100 100 80 100 ND 100

A. xylosoxidans
(n � 5)

80 40 ND 80 100 100 ND

a Abbreviations: TIM, Timentin; CAZ, ceftazidime; MEM, meropenem; CIP,
ciprofloxacin; TOB, tobramycin; AMK, amikacin; SXT, trimethoprim-sulfa-
methosoxazole; ND, not determined.
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Assessment of epithelial toxicity. Primary cultures of fully differentiated hu-
man airway epithelia were exposed to LL37, SMAP29, OV-1, and OV-2 to
determine if the peptides affected the transepithelial resistance. Human tracheal
epithelia were grown at the air-liquid interface on permeable supports as previ-
ously described (35, 36) for �14 days to ensure that the cells were fully differ-
entiated. Peptides in concentrations of 0, 1, 10, and 100 �g/ml were suspended in
PBS and applied to the apical surfaces of the airway epithelia for an exposure
period of 2.5 h (for SMAP29, OV-1, and OV-2) or 4 h (for LL37) in a 50-�l
volume. The transepithelial resistance was measured using an EVOM (World
Precision Inst., Sarasota, Fla.) Volt-Ohm meter.

RESULTS

Activity of cathelicidin peptides against P. aeruginosa. The
sheep peptide SMAP29 (MIC50, 1 �g/ml) and the rabbit pep-
tide CAP18 (MIC50, 4 �g/ml) demonstrated the greatest ac-
tivity against the 24 clinical strains of P. aeruginosa (Table 3).
In contrast, LL37, mCRAMP, and rCRAMP were less active
(MIC50, 32 �g/ml). Reproducibility studies with three peptides
(SMAP29, CAP18, and mCRAMP) testing five strains in trip-

licate on each of three days demonstrated that these results
were highly consistent (data not shown).

Activity of truncated synthetic peptide derivatives against P.
aeruginosa. The 18-amino-acid ovispirin OV-1 (MIC50, 8 �g/
ml) and the 14-amino-acid derivatives OV-2 (MIC50, 2 �g/ml)
and OV-3 (MIC50, 2 �g/ml) had activities comparable to that
of the parent compound SMAP29 (Table 3). The shorter
CAP18 peptide derivatives had somewhat less activity against
P. aeruginosa than did SMAP29 and its derivatives, as the
MIC50 of the 18- and 22-amino-acid derivatives CAP18-18 and
CAP18-22 were 16 and 4 �g/ml, respectively.

Activities of peptides against B. cepacia, S. maltophilia, and
A. xylosoxidans. The activities of the cathelicidin peptides
against other gram-negative, multidrug-resistant pathogens
were also evaluated (Table 3). The peptides had some activity
against strains of S. maltophilia and A. xylosoxidans (MIC
range, 1 to �32 �g/ml), and in general, CAP18 and SMAP29
had the greatest activity. None of the peptides tested in this
study had activity against the five strains of B. cepacia (MICs,
�128 �g/ml).

Synergy studies. (i) Time-kill studies. Time-kill studies were
done to determine whether the combination of tobramycin and
SMAP29 had synergistic activity against P. aeruginosa. This
combination of agents reproducibly reduced the CFU of PAO1
�100-fold at 4 h compared to either tobramycin or SMAP29
alone (Fig. 1A). However, the effects were reversed by 8 h and
full growth occurred by 24 h (data not shown). To determine
whether the bacterial population became resistant to the pep-
tide or tobramycin, a PAO1 culture previously exposed to
SMAP29 and tobramycin for 24 h was reexposed to each com-
pound alone or in combination (Fig. 1B). Time-kill studies
reproducibly demonstrated inhibition by 4 h, suggesting that
resistance to these agents did not occur. Time-kill studies per-
formed with PAO1 in the presence of piperacillin and
SMAP29 showed indifference, as enhanced killing was not

FIG. 1. Time-kill studies. (A and B) P. aeruginosa PAO1 exposed to tobramycin (0.5 �g/ml), SMAP29 (2 �g/ml), or a combination of the two
drugs. (A) Organisms after the first 8 h of exposure to each drug. (B) The organisms exposed to tobramycin and SMAP29 in combination were
grown for 24 h and then rediluted and exposed to fresh tobramycin, SMAP29, or a combination of the two drugs (C) P. aeruginosa clinical strain
50BK exposed to tobramycin (1.0 �g/ml), SMAP29 (0.5 �g/ml), or SMAP29* (1.0 �g/ml).

TABLE 3. Activity of cathelicidin peptides against P. aeruginosa,
S. maltophilia, and A. xylosoxidans isolated from patients with CF

Peptides P. aeruginosa S. maltophilia A. xylosoxidans

MIC range
(�g/ml)

MIC50
(�g/ml)

MIC90
(�g/ml)

MIC range
(�g/ml)

MIC range
(�g/ml)

LL37 4–64 32 64 2–32 �32
CAP18 1–32 4 16 2–16 2–32
CAP18-18 1–64 16 64 NTa NT
CAP18-22 0.5–32 4 16 4–32 1–32
mCRAMP 1–64 32 64 4–32 �32
rCRAMP 8–64 32 64 NT NT
SMAP29 0.06–8 1 2 1–8 1–32
OV-1 0.125–16 8 16 NT NT
OV-2 0.03–16 2 4 NT NT
OV-3 1–8 2 4 NT NT

a NT, not tested.
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noted (data not shown). Similarly, there was no synergy with
tobramycin and SMAP29 against the clinical isolate 50BK (Fig.
1C).

(ii) Checkerboard dilution studies. Synergy was also evalu-
ated using checkerboard dilution assays. None of the tested
combinations of conventional antibiotics paired with peptides
had demonstrable synergistic activity against the 24 clinical
isolates of P. aeruginosa or the 5 B. cepacia strains tested (data
not shown).

Activity of SMAP29 in CF sputum. The activities of tobra-
mycin and SMAP29 against P. aeruginosa in CF sputum were
compared (Fig. 2). Tobramycin (250 �g/ml) caused a decrease
of 103 CFU by 240 min and a further decrease of 101 CFU by
480 min. Increasing the concentration of tobramycin to 500
�g/ml had little effect on bacterial killing. SMAP29 (250 �g/
ml) exhibited minimal initial killing in CF sputum, and no
long-term effect was noted. Increasing the concentration to 500
�g/ml at 240 min did not enhance killing. However, 1,000 �g of
SMAP29 per ml caused a rapid decline of 102 in bacterial
counts. Adding additional SMAP29 at 240 min to achieve a
final concentration of 2,000 �g/ml led to a further decline of
101 CFU.

Effects of cathelicidin peptides on bacterial morphology.
Time-kill studies indicated that SMAP29 had a rapid onset of
effect, reducing bacterial CFU within 1 h of treatment (Fig. 1).
This rapid onset of effect was further confirmed using electron
microscopy. SMAP29 caused dramatic alterations in the cell
wall of PAO1 within 1 min (Fig. 3). Numerous blebs or blister-
like changes progressed with time. Cell debris was also noted,

suggesting that cell destruction had occurred. In contrast, bac-
teria treated with tobramycin exhibited changes in morphology
that occurred at approximately 16 h of incubation. CAP18
induced changes in bacterial cells that were similar in time
course and morphology to those elicited by SMAP29 (data not
shown).

Effects of cathelicidin peptides on transepithelial resistance.
To determine if cathelicidin peptides were toxic to mammalian
epithelial cells, epithelial barrier properties were examined in
treated and untreated cells. Apical application of cathelicidins
to primary cultures of well-differentiated human airway epi-
thelia caused a dose-dependent, reversible decrease in trans-
epithelial resistance (Fig. 4). The drop in resistance was most
apparent at the highest peptide concentrations (100 �g/ml).
Following removal of the peptide at 2.5 and 4 h, there was
complete recovery to baseline transepithelial resistance by
24 h.

DISCUSSION

The cathelicidin antimicrobial peptides possess several
unique properties that may make them desirable therapeutic
agents (16, 24, 32, 33, 37). Cathelicidin peptides are strongly
cationic and have little secondary structure in aqueous solu-
tion. These antimicrobial peptides adopt an alpha-helical
structure only after binding to negatively charged bacterial cell
wall components such as lipopolysaccharide (LPS) or lipotei-
choic acid (24, 32, 33). In contrast to most conventional anti-
biotics, cathelicidin peptides have a rapid effect on bacteria, as

FIG. 2. Activity of SMAP29 against P. aeruginosa in CF sputum. The activities against strains of P. aeruginosa in CF sputum of tobramycin (250
�g/ml), SMAP29 (250 or 1,000 �g/ml), and a PBS control with no antibiotics were compared. CFU/ml were determined after 10, 60, 240, 300, and
480 min of exposure to antibiotics as shown. The effects of the addition of a second dose at 240 min of tobramycin (final concentration, 500 �g/ml)
or SMAP29 (final concentration, 500 or 2,000 �g/ml) are also shown. The arrow indicates the timing of the addition of the second dose of
antibiotics. The results are representative of three replicate studies.
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confirmed by our electron microscopy studies, which demon-
strated profound morphological changes within 1 min of expo-
sure to SMAP29 or CAP18. These changes presumably are
associated with permeabilization of the bacterial cell mem-
branes (24, 32). Because the bactericidal activity of peptides
involves binding to cell wall components followed by disruption
of bacterial membranes, it is unusual for bacteria to develop
resistance to cathelicidins. In addition to their antimicrobial
effects, there is evidence that the peptides’ LPS binding activity
reduces the incidence of septic shock in animal models of
endotoxemia (14, 17).

The studies presented here demonstrate the potential clin-
ical applications of both naturally occurring and synthetic an-
timicrobial peptides for CF patients. We showed that the sheep
and rabbit cathelicidin-derived peptides exhibit potent activi-
ties against a large number of CF clinical isolates of multiply
antibiotic-resistant pathogens, including nonmucoid and mu-
coid strains of P. aeruginosa and some strains of S. maltophilia,
and A. xylosoxidans. The 14- to 18-amino-acid ovispirins and
the CAP18 derivatives also demonstrated significant activities.
These shorter peptides may be better suited to pharmaceutical
scale production than the longer parent compounds. Consis-

tent with previous observations, the peptides demonstrated no
activity against B. cepacia (38).

However, other studies have shown synergy between anti-
bacterial peptides and conventional antibiotics (38). Our re-
sults are more variable and suggest less benefit. SMAP29
showed evidence of synergy with conventional antibiotics in
time-kill studies against P. aeruginosa strain PAO1, but not the
CF clinical isolate 50BK. Similarly, no evidence of synergy
between peptides and conventional agents was observed in
checkerboard dilution studies of 24 clinical P. aeruginosa iso-
lates and 5 B. cepacia isolates. These results suggest that dif-
ferent test conditions and strains, including virulence proper-
ties and antibiotic susceptibility of the isolates tested, may
account for the variable response to antibiotic combinations.

While several of the cathelicidin peptides demonstrated ac-
tivity against CF strains of P. aeruginosa grown in microtiter
wells, the activity of SMAP29 against P. aeruginosa in CF
sputum was markedly reduced. CF sputum can reduce the
activity of tobramycin 10- to 100-fold due to binding to sputum
mucins (19). The observed reduction in peptide antimicrobial
activity in the presence of sputum may be secondary to the
presence of anionic substances including DNA and mucins that

FIG. 3. Effects of SMAP29 or tobramycin treatment on the morphology of P. aeruginosa PAO1 evaluated by scanning electron microcopy.
PAO1 was treated with media alone, tobramycin (5 �g/ml), or SMAP29 (0.5 �g/ml). At 1 min, 2 h, and 16 h the bacteria were processed for
scanning electron microscopy. Within one minute, treatment with SMAP29 resulted in blebbing or blistering of the outer cell wall. The effects of
tobramycin were much slower in their onset.
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bind the cationic peptides and reduce bactericidal activity (19)
or may be secondary to poor growth of the bacteria in sputum
as demonstrated by the PBS control. Furthermore, P. aerugi-
nosa organisms exist as a biofilm within the CF lung (6). Bac-
terial biofilms are structured communities of bacteria encased
in a self-produced polymeric matrix. These organisms are more
resistant to antimicrobial treatment and are known to express
genes different from those of planktonically grown bacteria (5,
6). As recently demonstrated, P. aeruginosa isolates grown in a
biofilm have altered expression of genes that control LPS syn-
thesis, which results in specific lipid A modifications (10). Such
changes could alter the binding of cationic antimicrobial pep-
tides. The results of the present study and previous observa-
tions indicate that cationic peptides may be more useful as
agents for early prophylactic treatment of CF lung disease
rather than as late interventions for treatment of established
bacterial biofilms.

While morphological effects were noted in the bacterial cell
membrane within 1 min of exposure to the cathelicidin pep-

tides studied, such rapid effects were not noted when airway
epithelia were exposed to the same peptide. Reversible
changes in transepithelial resistance occurred after 2.5 to 4 h of
exposure. Furthermore, the concentrations at which these
changes occurred were 50- to 100-fold greater than the doses
associated with killing of planktonically grown clinical strains
of P. aeruginosa, although similar to those needed for killing in
CF sputum. A similar lack of toxicity to mammalian cells has
been noted by other investigators (24, 32, 33). These findings
suggest that the effective bactericidal concentrations for the
peptides studied may be below the range at which toxicity to
host cell membranes is detected. Thus, these peptides may be
safely used as aerosolized agents.

There has been a renewed interest in the use of aerosolized
antibiotics in the management of CF lung disease (4, 28).
Aerosolization has the advantage of minimizing systemic ab-
sorption and therefore toxicity by allowing increased concen-
trations of an antimicrobial agent to be delivered directly to
the endobronchial site of infection. Numerous agents have

FIG. 4. Effects of cathelicidin peptides on the transepithelial resistance of primary cultures of human airway epithelia. Transepithelial
resistance was measured at baseline and after 2.5 h (SMAP29, OV-1, and OV-2) or 4 h (LL37) of exposure to the peptides. The peptides were
studied at concentrations of 1, 10, and 100 �g/ml. Transepithelial resistance values shown are normalized to 100% at zero hour. Following the
peptide exposure measurement, the solution containing the peptide was removed and replaced with peptide-free solution for measurement of
resistance at 24 h. Representative results are shown. The studies were performed three times in quadruplicate except for the LL37 studies, which
were performed twice.
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been aerosolized for use as suppressive therapy in patients
infected with P. aeruginosa and to prevent infection and colo-
nization (4). Most recently, aerosolized tobramycin has been
shown to improve pulmonary function in patients chronically
infected with P. aeruginosa and is the first agent to be approved
for suppressive use (28).

These studies suggest that cathelicidin peptides have sub-
stantial in vitro activity against P. aeruginosa isolates from CF
patients. At concentrations shown to have antimicrobial activ-
ity, little effect was seen on an in vitro model of polarized
human airway epithelia. However, further studies in animal
models are needed to understand whether these in vitro results
will translate into favorable in vivo efficacy and safety profiles.
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