
Antimicrobial and Biophysical Properties of Surfactant Supplemented
with an Antimicrobial Peptide for Treatment of Bacterial Pneumonia

Brandon J. H. Banaschewski,a Edwin J. A. Veldhuizen,d Eleonora Keating,c Henk P. Haagsman,d Yi Y. Zuo,e Cory M. Yamashita,a,b,c

Ruud A. W. Veldhuizena,b,c

Department of Physiology and Pharmacology, The University of Western Ontario, London, Ontario, Canadaa; Department of Medicine, The University of Western Ontario,
London, Ontario, Canadab; Lawson Health Research Institute, London, Ontario, Canadac; Department of Infectious Diseases and Immunology, Division of Molecular Host
Defence, Faculty of Veterinary Medicine, Utrecht University, Utrecht, The Netherlandsd; Department of Mechanical Engineering, University of Hawaii at Manoa, Honolulu,
Hawaii, USAe

Antibiotic-resistant bacterial infections represent an emerging health concern in clinical settings, and a lack of novel develop-
ments in the pharmaceutical pipeline is creating a “perfect storm” for multidrug-resistant bacterial infections. Antimicrobial
peptides (AMPs) have been suggested as future therapeutics for these drug-resistant bacteria, since they have potent broad-spec-
trum activity, with little development of resistance. Due to the unique structure of the lung, bacterial pneumonia has the addi-
tional problem of delivering antimicrobials to the site of infection. One potential solution is coadministration of AMPs with ex-
ogenous surfactant, allowing for distribution of the peptides to distal airways and opening of collapsed lung regions. The
objective of this study was to test various surfactant-AMP mixtures with regard to maintaining pulmonary surfactant biophysi-
cal properties and bactericidal functions. We compared the properties of four AMPs (CATH-1, CATH-2, CRAMP, and LL-37)
suspended in bovine lipid-extract surfactant (BLES) by assessing surfactant-AMP mixture biophysical and antimicrobial func-
tions. Antimicrobial activity was tested against methillicin-resistant Staphylococcus aureus and Pseudomonas aeruginosa. All
AMP/surfactant mixtures exhibited an increase of spreading compared to a BLES control. BLES�CATH-2 mixtures had no sig-
nificantly different minimum surface tension versus the BLES control. Compared to the other cathelicidins, CATH-2 retained
the most bactericidal activity in the presence of BLES. The BLES�CATH-2 mixture appears to be an optimal surfactant-AMP
mixture based on in vitro assays. Future directions involve investigating the potential of this mixture in animal models of bacte-
rial pneumonia.

The emergence of highly resistant strains of bacteria currently
represents a significant public health issue for patients due to

the pervasive use of antibiotics on a global scale. For patients with
acute or chronic pulmonary infections where antibiotic use is
widespread, such as in cases with cystic fibrosis and ventilator-
associated pneumonia, antimicrobial resistance is particularly
problematic and is a strong predictor of poor outcomes (1). Fur-
thermore, the distinct structure of the lung, combined with the
potential of inaccessible areas due to collapse and edema arising
from infections, significantly impairs effective antimicrobial drug
delivery in this organ. New, innovative therapeutic approaches to
combat lung infections are desperately needed.

Antimicrobial peptides (AMPs) form part of the innate im-
mune system and are evolutionarily conserved across a wide
variety of organisms, including humans (2). One class of antimi-
crobial peptides, cathelicidins, possess antimicrobial function
through a variety of mechanisms, including direct interaction
with bacterial cell membranes and interference of intracellular
bacterial targets (2). The net positive charge of these peptides en-
sures that they are more likely to interact with the negative cell
walls of bacteria than the neutral cellular membranes of eukary-
otic cells. Importantly, it has been demonstrated that they remain
functional against microbes with antibiotic resistance and, con-
sidering their mechanism of action, it is less likely that resistance
will develop due to the changes in membrane structure that would
be required for effective resistance (2). It has been shown in vitro
that AMPs can induce transient resistance, but there is no evi-
dence that this occurs in vivo (3). Based on these properties, anti-
microbial peptides have received a lot of attention as alternatives

to antibiotics, particularly for topical therapies (4). Utilization for
pulmonary infections has been investigated but is complicated by
delivery issues and to date has not been successful in clinical trials
(5–7).

To address the pulmonary delivery issue, exogenous surfactant
has been proposed as carrier for a variety of biological agents (8).
Exogenous surfactant is derived from endogenous pulmonary
surfactant, a lipoprotein complex naturally produced by type II
alveolar cells that is made up of ca. 80 to 85% phospholipids, 5 to
10% neutral lipids (including cholesterol), and 10% proteins (9).
The main function of surfactant is to reduce surface tension at the
air-liquid interface of the alveoli. To accomplish this goal, surfac-
tant adsorbs and spreads rapidly to form a surface film consisting
of lipid-condensed and lipid-expanded regions at the air-liquid
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interface, which upon lateral compression forms a stable multi-
layer structure capable of reducing surface tension values to near 0
mN/m (10). Through its ability to spread throughout the lung and
open up collapsed lung areas, exogenous surfactant therapy has
been shown to reduce mortality of premature infants afflicted
with neonatal respiratory distress syndrome (10, 11).

The general characteristics of surfactant and positive findings
of exogenous surfactant therapy led to a number of laboratory
studies to investigate the possibility of exogenous surfactant as a
pulmonary delivery vehicle for other drugs (12–16). The rationale
for this approach is that the spreading properties of surfactant
would improve therapeutic distribution throughout the lung,
while opening collapsed lung regions to improve drug availability
directly at the site of an infection (8). Imperative for this approach
is that the drug of choice does not impact surfactant’s ability to
spread throughout the lung and reduce surface tension and, vice
versa, that surfactant does not interfere with the therapeutic effi-
cacy of the drug.

Based on this information our objective was to evaluate the
spreading, biophysical capabilities, and bactericidal function of
four cathelicidin peptides—CATH-1, CATH-2, CRAMP, and LL-
37— combined with a clinical exogenous surfactant, bovine lipid-
extract surfactant (BLES). Maintenance of surfactant and catheli-
cidin function when the two compounds are combined would
provide a first proof of principle toward the hypothesis that a
combination treatment of cathelicidins with an exogenous surfac-
tant vehicle would be effective in treating antibiotic-resistant lung
infections.

MATERIALS AND METHODS
Surfactant/peptide compounds. BLES (BLES Biochemicals, London,
Ontario, Canada) is a commercially available clinical preparation that is
stored in 100 mM sodium chloride and 1.5 mM calcium chloride with a
phospholipid concentration of 27 mg/ml. BLES contains all natural phos-
pholipids found in bovine surfactant, along with surfactant-specific pro-
teins SP-B and SP-C and a small percentage of cholesterol.

Antimicrobial peptides were synthesized using Fmoc (9-fluorenylme-
thoxy carbonyl) solid-phase synthesis as described previously (17). All
peptides were purified to a minimum purity of 95% by reversed-phase
high-performance liquid chromatography prior to biological testing. The
sequences of the peptides used in the present study are shown in Table S1
in the supplemental material. Four AMPs were tested in this experiment:
chicken cathelicidins 1 and 2 (CATH-1 and CATH-2), mouse cathelicidin
CRAMP, and human cathelicidin LL-37. All peptides were suspended in
nonbuffered sterile saline. BLES (suspended in phosphate-buffered saline
[PBS]) and peptides were mixed to concentrations of 10 mg/ml from
BLES and 10, 40, 100, and 200 �M for the peptides.

Spreading. Adsorption of BLES and the various peptides were mea-
sured using the Wilhelmy probe and FilmWare 2.51 software of the Lang-
muir balance. A petri dish with a diameter of 100 mm, and surface area of
78.54 cm2 was used. It was filled with 25 ml of 10% sucrose, with a 15-ml
layer of double-distilled H2O (ddH2O) layered on top. The probe of the
Langmuir balance was placed on the surface of the ddH2O subphase, and
50 �l of each the various peptide surfactant samples was pipetted into the
water phase. The surface tension was recorded over the subsequent 600 s.

Minimal surface tension over multiple compression-expansion cy-
cles. To investigate the minimum achievable surface tension over 10 com-
pression-expansion cycles, a constrained sessile drop surfactometer
(CDS; BioSurface Instruments, HI) was used (18–20). A 10-�l drop of
sample was placed upon the drop pedestal and, using an external stepper
motor, the drop was cyclically compressed and expanded for 10 cycles at a
rate of 5 s/cycle and a compression ratio of ca. 27%. Images of the droplet
were recorded at a rate of one image per second and analyzed. The image

with the lowest surface tension throughout each cycle was determined to
be the minimum surface tension (MST) for that cycle. Minimum surface
tensions for all 10 cycles were measured.

AFM imaging of surface films. In order to examine the effect of pep-
tides on the surfactant surface films, Langmuir-Blodgett films were pre-
pared using a Kibron Trough SE (Helsinki, Finland). Briefly, films were
spread by depositing droplets of surfactant samples uniformly throughout
the air-water interface. Deposits were taken at surface pressure of 30
mN/m on freshly cleaved mica. Topographical atomic force microscope
(AFM) images were obtained using a Nanoscope III scanning force mul-
timode microscope (Digital Instruments, Santa Barbara, CA). Samples
were scanned with a J-type scanner using contact mode in air. A silicon
nitride cantilever with a spring constant of 0.12 N/m was used. Image
analysis was performed using the Nanoscope III software (version 5.12r3).
All AFM images were subjected to quantitative analysis by using ImageJ
software (National Institutes of Health) to determine the surface area of
condensed domains. At least nine AFM images were used for each sample,
and the results are shown as averages and standard errors.

Antimicrobial assays. An overnight culture of either methillicin-re-
sistant Staphylococcus aureus WKZ-2 or Pseudomonas aeruginosa VW178
(isolated from a cystic fibrosis patient) was diluted 1/1,000 in tryptone soy
broth and incubated for 3 h at 37°C in order to reach exponential growth
phase. The optical density was measured, and bacteria were further di-
luted in PBS to reach an initial concentration of approximately 2 � 106

CFU/ml. From there, 25 �l of peptides at various concentrations, with or
without BLES, were added to polypropylene coated round-bottom 96-
well plates, along with 25 �l of bacteria, followed by incubation at 37°C for
3 h with no shaking. Subsequently, 200 �l of minimal medium was added,
and the colonies were serially diluted 10- to 1,000-fold. After the serial
dilution, 100 �l of each dilution was plated on tryptone soy agar plates and
left to incubate overnight at 37°C. After overnight incubation, the colonies
on the plates were counted. MICs were defined for these experiments as
the concentration of surfactant/peptide compound at which fewer than 10
colonies were counted at the highest dilution, corresponding to fewer
than 100 CFU/ml.

In vivo analysis of safety and tolerability of BLES�CATH-2 treat-
ment. Male C57BL/6 mice (Charles River, Sherbrooke, Quebec, Canada),
weighing 22 to 30 g, were used for this experiment. All animal procedures
were approved by the Animal Use Subcommittee at the University of
Western Ontario and followed the approved guidelines described by the
Canadian Council of Animal Care. Mice were anesthetized by intraperi-
toneal injection of a ketamine (130 mg/kg of body weight [BW]) and
dexmedetomidine (0.5 mg/kg BW) and then intubated using an 20 G
catheter, with the aid of a fiber-optic stylet (BioLite intubation system for
small rodents, BioTex, Inc., Houston, TX). Once intubated, the mice were
instilled with 50 �l of one of five treatments: (i) air bolus, (ii) sterile saline,
(iii) BLES (10 mg of phospholipid/ml), (iv) CATH-2 (100 �M, suspended
in sterile saline), or (v) BLES�CATH-2 (10 mg of phospholipid/ml, 100
�M peptide). Mice were extubated after successful instillation and were
subsequently injected with the reversal agent for dexmedetomidine, Anti-
sedan, and allowed to breathe spontaneously for the following 4 h. After 4
h, the mice were euthanized by intraperitoneal injection of sodium pen-
tobarbital and dissection of the descending aorta. The animals were placed
on a FlexiVent (SCIREQ, Montreal, Quebec, Canada) in order to measure
physiologic parameters, such as lung capacity, compliance, and airway
resistance. Following these measurements, whole-lung lavage was col-
lected in three 1-ml aliquots of sterile saline. The whole-lung lavage was
immediately centrifuged at 150 � g at 4°C, and the pellet was collected for
cell analysis, while the supernatant was used to measure protein and in-
terleukin-6 (IL-6) content. Differential cell analysis of the cells obtained in
the lavage was performed as previously described (21). The protein con-
tent within the lavage fluid was measured by using a Micro-BCA protein
assay kit (Pierce, Rockford, IL), according to the manufacturer’s instruc-
tions. IL-6 levels were measured using an enzyme-linked immunosorbent
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assay (ELISA) kit (BD Biosciences, San Diego, CA), according to the man-
ufacturer’s instructions.

Statistical analysis. The effect of various cathelicidin peptides on
the surface tension-reducing capabilities of BLES, as well as its adsorp-
tive properties, were calculated by one-way measure analysis of vari-
ance (ANOVA), followed by a Dunnett post hoc test using BLES as the
control group. Analysis of CFU assays was performed by paired Stu-
dent t test at each peptide concentration. Analyses of in vivo assays
were performed using one-way ANOVA, followed by Tukey post hoc
test. Means are reported � the standard errors of the mean (SEM), and
values were considered significantly different at a probability value (P)
of �0.05.

RESULTS
Surface tension after 600 s. Initial assessment involved an analysis
of the ability of the surfactant plus peptides to form a surface film
on a clean air-water interface. These data reflect the spreadability
of the surfactant which, extrapolating to a clinical scenario, is an
important indicator of the ability of this material to distribute
throughout the lung and reach the distal airways and alveoli. Each
sample was allowed to form a film for 600 s, and the surface ten-
sion reached was recorded. As shown in Fig. 1, there were no
significant differences in the end surface tensions between any of
the surfactant-cathelicidin mixtures at 10 �M concentrations and
BLES (control). However, at a cathelicidin concentration of 40
�M, a significant decrease in the surface tension at the end of 600 s
of spreading was observed for BLES�CATH-1 (P � 0.01) and
BLES�CATH-2 (P � 0.05) mixtures compared to BLES (con-
trol), indicating improved spreading characteristics. All four sur-
factant-cathelicidin mixtures tested resulted in significantly lower

surface tension at the end of 600 s spreading at 100 �M concen-
trations compared to BLES controls.

Minimum surface tension over multiple compression cycles.
In order to examine the surface tension reducing function of the
peptide-surfactant mixtures, the samples underwent 10 cyclic
compressions at a rate of 5 s/cycle via the CDS, as a physiologically
relevant model of multiple expansion-contraction cycles during
respiration. Minimum achievable surface tension (MST) values
were recorded for 10 cycles, as a marker of surfactant activity which,
in the in vivo situation, would reflect the ability of this material to
stabilize the alveoli and allow for ease of inflation. BLES alone was
able to reach MST values of �2.5 mN/m consistently over all 10
cycles. It was observed that all concentrations of BLES�CATH-2 had
a robust surface tension reducing activity, consistently reaching MST
values below 4 mN/m. BLES�CATH-2 only showed significantly
higher MST values at cycles 8, 9, and 10 at a concentration of 10 �M
compared to BLES (control). BLES�CATH-1 mixtures at 40 and 100
�M concentrations showed significantly higher MST values com-
pared to BLES (control) at cycles 2 through 10 (Fig. 2a), increasing
slightly from 4 mN/m to an MST of roughly 5 mN/m at the end of the
10 compressions. BLES�CRAMP mixtures had consistently higher
MSTs of �4.5 mN/m over all cycles at 40 and 100 �M compared to
BLES alone (Fig. 2c). BLES�LL-37 mixtures had significantly in-
creased MSTs between 4.5 and 5.5 mN/m over all cycles versus BLES
(control), but the values were only significantly different at concen-
trations of 10 and 40 �M (Fig. 2d). Minimum surface tensions of
BLES�LL-37 mixtures at 100�M were not statistically different from
the BLES (control). Mixtures of BLES�CATH-2 were the only sur-

FIG 1 Adsorption assay of exogenous surfactant BLES in mixture with cathelicidin peptides. CATH-1, CATH-2, CRAMP, and LL-37 were evaluated at
concentrations of 0, 10, 40, and 100 �M. Values represent the mean surface tensions � the SEM after 600 s. *, P � 0.05 versus BLES (control); **, P � 0.01 versus
BLES (control).
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factant-cathelicidin mixture to show no significant difference versus
BLES (control) at 40 and 100 �M concentrations.

Atomic force microscopy images. To assess the influence of
peptides on surfactant film structure, AFM images were analyzed
focusing specifically on the formation of liquid condensed do-
mains, since these domains have been suggested to be important
in surfactant function (22). Characteristic AFM topographic im-
ages of BLES films in the absence or presence of 100 �M peptides
(CATH-2, CATH-1, LL-37, and CRAMP) are shown in Fig. 3. The
brightness in these images is proportional to the height. Phase
separation, as indicated by the presence of lighter, condensed do-
mains, is evident in all samples at a surface pressure of 30 mN/m
(Fig. 3). Quantitative analysis of these images shows that addition
of CATH-1 and CATH-2 to BLES leads to a change in its lateral
organization. More specifically, the addition of CATH-1 and
CATH-2 to BLES leads to an increase in the number of condensed
domains and a decrease in the average surface area of the individ-
ual domains (Fig. 4). The addition of LL37 and CRAMP to BLES
has no significant effect on average surface area of condensed do-
mains at surface pressure 30 mN/m (Fig. 4).

Antimicrobial assays. In order to determine the bactericidal
properties of the surfactant-cathelicidin mixtures, bactericidal as-
says of each peptide were performed in both the presence and the
absence of BLES. CATH-1, CATH-2, and LL-37 in PBS were
found to have MIC values of 5 �M, reducing the CFU/ml values of
methicillin-resistant Staphylococcus aureus by �4 log units (Fig.
5a, b, and d), while CRAMP reduced levels by three log units at 40
�M concentrations (Fig. 5c). In the presence of BLES (Fig. 5),

CATH-2 had an MIC of 200 �M but had considerable antimicro-
bial activity, resulting in a 2-log reduction in viability counts at 50
�M. CATH-1 reduced CFU/ml levels by 2 log units at 200 �M,
while CRAMP and LL-37 mixtures resulted in either a 1-log re-
duction or no reduction at 200 �M concentrations in the presence
of BLES.

Similar results were seen against P. aeruginosa, where CATH-1,
CATH-2, and LL-37 peptides (in the absence of BLES) had MIC
values from 5 to 10 �M (Fig. 6), while CRAMP reduced bacterial
viability by 3 log units at 40 �M (Fig. 6c). In the presence of BLES,
CATH-2 again had an MIC of 200 �M, and a 3-log reduction at 50
�M. CATH-1 reduced P. aeruginosa viability by 3 log units at 200
�M. CRAMP and LL-37 showed negligible bactericidal activity in
BLES up to 200 �M concentrations.

In vivo analysis of BLES�CATH-2 treatment. The results of
the experiment testing safety and tolerability are shown in Fig. 7.
The experiment focused on CATH-2 and included two control
groups (air- and saline-instilled groups) and three experimental
groups (CATH-2-, BLES�CATH-2-, and BLES-instilled groups).
Analysis of lung physiology included lung compliance and airway
resistance (Fig. 7a and b), which showed no significant difference
among the groups. Mice that were instilled with CATH-2 alone
had a significantly higher protein content within the BAL fluid
versus animals in other treatment groups and had significantly
increased IL-6 levels versus animals treated with BLES alone (Fig.
7c and d). BLES�CATH-2-treated animals showed no significant
difference in protein or IL-6 levels compared to air, saline, or BLES
controls. Cell count analyses found no significant difference in

FIG 2 Measurement of minimum surface tension during cyclic compressions of exogenous surfactant BLES in mixture with cathelicidin peptides. CATH-1 (a),
CATH-2 (b), CRAMP (c), and LL-37 (d) were evaluated at concentrations of 0 (Œ), 10 (Œ), 40 (}), and 100 �M (�). Values are mean minimal achievable surface
tensions � the SEM. 	, 10 �M � 0.05 versus BLES (control); 
, 40 �M � 0.05 versus BLES (control); �, 100 �M � 0.05 versus BLES (control).
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total cell counts (Fig. 7e) or neutrophil recruitment (Fig. 7f) for
any treatment group.

DISCUSSION

The goal of the present study was to investigate the biophysical
and antimicrobial properties of four novel surfactant/cathelicidin
mixtures and to determine whether combining such elements to-
gether impacts native function. Four cathelicidin peptides were
tested in combination with an exogenous surfactant, BLES. The
presence of all cathelicidin peptides accelerated surface film for-

mation of BLES as indicated by the spreading capabilities of BLES
plus peptides over 600 s. Although all other cathelicidin peptides
decreased the ability of BLES to achieve low surface tensions dur-
ing cyclic compressions on the CDS, the addition of CATH-2 to
BLES had a minimal effect on the biophysical function of the
exogenous surfactant even at high concentrations. AFM images
suggested that the peptides did incorporate into the film and were
capable of altering the film structure. Although there was mitiga-
tion of the bactericidal capabilities of BLES�CATH-2 compared
to CATH-2 activity alone, the BLES�CATH-2 compound could
consistently reduce bacterial CFU to below detectable levels, un-
like all other surfactant-cathelicidin mixtures, which showed ei-
ther a large decrease or complete loss of bactericidal function in
the presence of BLES. Lastly, when intratracheally instilled into
naive mice, BLES�CATH-2 showed no effect on animal physiol-
ogy, lung edema (as measured by protein leak), or IL-6 inflamma-
tory response. Taken together, we conclude that it would be fea-
sible to develop a surfactant-cathelicidin compound that is
capable of maintaining surfactant and AMP properties and that,
among the current peptides tested, BLES�CATH-2 appears to be
the most promising candidate for future studies to investigate the
efficacy of this therapy as an antimicrobial treatment in vivo.

The overall rationale for our study was that surfactant can as-
sist in the delivery of an antimicrobial peptide into the lung,
thereby overcoming some of the limitations of local delivery of
drugs in pulmonary bacterial infections. For such compounds to
be effective, a direct interaction between the surfactant and the
peptide would be essential to facilitate codistribution of the two
compounds when delivered to the lung. Our data, including the
AFM images of surfactant films and experiments related to the
spreading of the surfactant, indicate that such direct interaction

FIG 3 Characteristic AFM topographic images showing the effect of peptide addition on the lateral organization of BLES monolayers. The scan area is 20 by 20
�m2. All films were deposited at a surface pressure of 30 mN/m. (a) BLES; (b) BLES � 100 �M CATH-1; (c) BLES � 100 �M CATH-2; (d) BLES � 100 �M
CRAMP; (e) BLES � 100 �M LL-37.

FIG 4 Quantification results showing the effect of peptide addition (CATH-1,
CATH-2, CRAMP, and LL-37) on the size (i.e., surface area) of the condensed
domains in BLES monolayers at a surface pressure of 30 mN/m. These results
were obtained from four unique AFM topographic images of different sam-
ples.
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occurs, as observed by the definitive changes in microdomain size
and formation, particularly for CATH-1 and CATH-2 addition.
The peptide-surfactant interaction is likely related to the amphi-
pathic, cationic nature of cathelicidins, and their ability to interact

with negatively charged phospholipids. Pulmonary surfactant
contains ca. 10 to 15% acidic phospholipids, mainly phosphati-
dylglycerol (PG), with which the cathelicidins could electrostati-
cally interact (23). Although surfactant composition is more com-

FIG 5 Antimicrobial activities of cathelicidins. CATH-1 (a), CATH-2 (b), CRAMP (c), and LL-37 (d) were evaluated in the absence (square, solid line) or
presence (triangle, dotted line) of BLES at 10 mg/ml against methicillin-resistant S. aureus WKZ-2 in PBS after 3 h at 37°C.

FIG 6 Antimicrobial assay of cathelicidin peptides. CATH-1 (a), CATH-2 (b), CRAMP (c), and LL-37 (d) were evaluated in the absence (square, solid line) or
presence (triangle, dotted line) of BLES at 10 mg/ml against P. aeruginosa VW178 in PBS after 3 h at 37°C.
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plex than simple lipid mixtures, the idea of the interaction with PG
is supported by studies by Sevcsik et al. (24). This group utilized
binary lipid mixtures to investigate interactions between lipid
mixtures and LL-37 and found that even in binary mixtures the
interaction between the cathelicidin and lipid mixture is dictated
by one of the lipids present. Although the lipid ratios in their
experimental model and those found within pulmonary surfac-
tant are different, it is still reasonable to conclude that the inter-
action observed is between the cathelicidin peptides and PG since
it appears this interaction with negatively charged phospholipids

contributes to its basic mechanism of antimicrobial activity (2).
We suggest that the interaction occurring between the surfactant
phospholipids and cathelicidin peptides are affecting the individ-
ual properties of each component, such as the surface tension-
reducing functions of BLES, and bactericidal capabilities of the
cathelicidin peptides.

While the general mechanism of interaction between catheli-
cidins and surfactant is discussed above, we observed substantial
variations among the peptides in terms of their behavior when
mixed with surfactant. Specifically, marked differences were ob-

FIG 7 In vivo tolerance model. (a and b) Compliance of the respiratory system (a) and airway resistance (b), as measured by using a FlexiVent. The protein
content (c), IL-6 content (d), total immune cell numbers (e), and total number of recruited neutrophils (f) were also determined in animal BAL fluid. *, P � 0.05.
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tained when analyzing the antimicrobial activity when peptides
were combined with BLES, with only CATH-2 maintaining a rel-
atively robust activity. Differences were also observed in the mi-
crodomain shape and size via AFM when CATH-1 or CATH-2
were added to BLES, but this was not observed for CRAMP or
LL-37. Although these differences did not correlate with surfac-
tant activity, the changes do provide evidence of direct interaction,
and possibly incorporation, of the peptides in the surfactant film.
Other studies have also found different lipid interactions among
various AMPs. Studies by Neville et al. (25) demonstrated that the
addition of LL-37 to a monolayer of DPPG caused monolayer
collapse at high surface pressures, but that the addition of SMAP-
29, a sheep cathelicidin, actually improved DPPG stability upon
compression. This group suggested that this was due to the differ-
ences in peptide structures and hydrophobicity and that SMAP-29
was more likely to interact with the head groups of the phospho-
lipids, whereas LL-37 was more likely to insert into the fatty acid
groups of the lipid monolayers. This may help explain the differ-
ences observed within our study, since the peptides tested here
have different structures. It is possible that CATH-2 interacts with
PG similar to SMAP-29, allowing CATH-2 to maintain its activity
as more cationic residues are exposed to the external environment
and able to interact with bacterial membranes. Other peptides,
where the residues may be shielded by the interaction with the
monolayer, would be less readily available to interact with the
targeted bacteria, and therefore have reduced bactericidal capabil-
ities. One interesting feature of CATH-2 that could be related to
this difference in activity is the presence of a proline residue at
amino acid position 14 that forms a kink region between the two
alpha-helical segments of the CATH-2 peptide. This kink is not
present in the other tested AMPs. It was shown previously that this
hinge region is essential for antibacterial activity, since substitu-
tion of the proline residue, straightening the peptide, resulted in
highly reduced activity (26, 27). Whether this structural difference
between CATH-2 and the other AMPs is the basis of the observed
differences in activity would be an interesting future investigation
and could potentially lead to the development of improved de-
signer peptides for use in surfactant mixtures.

It has been repeatedly shown that intratracheal surfactant ad-
ministration results in better pulmonary distribution than aerosol
and saline administration (28, 29). Exogenous surfactant has been
shown to enhance the pulmonary delivery and bioavailability of
other potential therapeutic agents such as antioxidants, antibiot-
ics, corticosteroids, and adenoviral vectors (8, 30). Similar to the
current experiments, several studies have investigated the bacteri-
cidal and biophysical functions of antibiotics in the presence of
exogenous surfactant. In general, it was found using in vitro tech-
niques that some, but not all, of the antibiotics tested were inhib-
ited in the presence of surfactant (31). A subsequent in vivo study
in Klebsiella pneumoniae-infected mice demonstrated that surfac-
tant with the antibiotic tobramycin had significantly reduced
mortality compared to surfactant or tobramycin by alone (32).
These studies provide support for the concept of surfactant as a
vehicle for drug delivery, including in the setting of bacterial in-
fection. Our concept of utilizing AMP-based surfactant expands
on these studies, since cathelicidin peptides have the added advan-
tage of lacking microbial resistance toward them, while maintain-
ing broad-spectrum bactericidal functions against drug-resistant
bacteria (2).

Whereas the main focus of our in vitro experiments was the

maintenance of surfactant and antimicrobial activities of potential
AMP-based surfactant preparations, it should be noted that it has
also been reported that AMP can have cytotoxic effects toward
mammalian cells (10, 26, 33). Such effects could potentially limit
the therapeutic applicability of this approach. Our in vivo experi-
ment tested this issue for the most promising AMP-surfactant
preparation, BLES�CATH-2, by instilling a therapeutic dose in
healthy mice and assessing lung physiology and inflammation.
Consistent with the reported effects for AMP, instillation of
CATH-2 by itself did result in slightly elevated lavage protein lev-
els and IL-6 concentrations, results indicative of mild pulmonary
edema and inflammation. Importantly, no such deleterious effects
were observed by administration of BLES�CATH-2. These data
suggest that BLES�CATH-2 is well tolerated and safe when in-
stilled in a healthy lung and that mild negative side effects of the
instillation of a high dose of CATH-2 by itself are mitigated by
coadministration with surfactant.

Although our main interpretation of our spreading data is that
peptides did not inhibit this property of surfactant, it was inter-
esting that the addition of all cathelicidin peptides actually im-
proved the adsorptive function of surfactant, as seen by a reduced
surface tension after 600 s, representing more surface-active ma-
terial available at the air-liquid interface. The addition of all four
peptides to exogenous surfactant led to significantly lower surface
tension values reached after 600 s. It is possible that these findings
are related to the ability of cathelicidin peptides to penetrate bac-
terial membranes. In the context of surfactant, this would imply
that the peptides act as “bilayer breakers,” thereby enhancing the
ability of surfactant lipids to adsorb to the interface. This is similar
to the proposed mechanisms by which the two hydrophobic sur-
factant proteins, SP-B and SP-C, are thought to enhance surfac-
tant adsorption (34, 35). Interestingly, isolated SP-B has been re-
ported to have antimicrobial activity as well (36). Although this
activity was completely mitigated by the interaction with surfac-
tant lipids, the finding does support the concept that there may be
shared biophysical properties between AMPs and surfactant prop-
erties in terms of lipid interaction (37).

In conclusion, our results support the proof of concept that
AMP-based surfactant can be utilized for the therapy of bacterial
infections. It appears that the interaction between cathelicidins
and surfactant varies and, among the four peptides tested,
CATH-2 would be optimal for further testing. The current obser-
vations have been limited to in vitro studies and in vivo safety
studies. Future studies are required to test the efficacy of this com-
pound, by itself as well as in combination with other drugs, in an
animal model of bacterial pneumonia.
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