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Cationic amphipathic peptides have been extensively investigated as a potential source of new antimicrobials
that can complement current antibiotic regimens in the face of emerging drug-resistant bacteria. However, the
suppression of antimicrobial activity under certain biologically relevant conditions (e.g., serum and physio-
logical salt concentrations) has hampered efforts to develop safe and effective antimicrobial peptides for
clinical use. We have analyzed the activity and selectivity of the human peptide LL37 and the de novo
engineered antimicrobial peptide WLBU2 in several biologically relevant conditions. The host-derived syn-
thetic peptide LL37 displayed high activity against Pseudomonas aeruginosa but demonstrated staphylococcus-
specific sensitivity to NaCl concentrations varying from 50 to 300 mM. Moreover, LL37 potency was variably
suppressed in the presence of 1 to 6 mM Mg>* and Ca>" ions. In contrast, WLBU2 maintained its activity in
NaCl and physiologic serum concentrations of Mg?>* and Ca**. WLBU?2 is able to kill P. aeruginosa (10°
CFU/ml) in human serum, with a minimum bactericidal concentration of <9 pM. Conversely, LL37 is inactive
in the presence of human serum. Bacterial killing kinetic assays in serum revealed that WLBU2 achieved
complete bacterial killing in 20 min. Consistent with these results was the ability of WLBU2 (15 to 20 uM) to
eradicate bacteria from ex vivo samples of whole blood. The selectivity of WLBU2 was further demonstrated by
its ability to specifically eliminate P. aeruginosa in coculture with human monocytes or skin fibroblasts without
detectable adverse effects to the host cells. Finally, WLBU2 displayed potent efficacy against P. aeruginosa in
an intraperitoneal infection model using female Swiss Webster mice. These results establish a potential

application of WLBU?2 in the treatment of bacterial sepsis.

The emergence of multiple drug resistance among bacterial
pathogens has stimulated the search for new anti-infective
agents that can complement current antibiotic regimens (17,
27,41, 44, 50, 53). Cationic amphipathic peptides (CAPs) have
been extensively investigated as a potential source of these
agents (22, 26, 37, 44) and are a major class of antimicrobial
peptides with different secondary structures («-helix, B-sheets,
loops, etc.) that provide neutrophils and epithelial surfaces of
multicellular organisms with a rapid and efficient means of
inactivating invading pathogens (3, 28, 29, 39, 49, 58, 59, 62).
These ubiquitous peptides typically consist of 20 to 40 amino
acid residues and are highly cationic. Most host-derived CAPs
display broad activity against both gram-positive and gram-
negative bacteria (3, 4, 6, 8, 13).

The mechanisms of action of antimicrobial peptides, al-
though not completely elucidated, have been widely studied.
The interactions of CAPs with their microbial targets are
thought to occur electrostatically, mediated by lipid molecules
on bacterial surfaces (3, 23, 34, 35). Numerous studies of CAP
interactions with variably charged liposomes suggest that anti-
microbial peptides selectively bind bacterial over eukaryotic
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cell membranes because of the negatively charged lipids found
on the outer leaflets of the former (10, 20). The mechanisms of
the antitumor and antiviral properties of CAPs are thought to
be related to the presence of negatively charged phosphatidyl-
serine on the surfaces of tumor cells (15, 60) and sialic acid and
heparan sulfate associated with viruses (2, 15, 18, 38). CAP
antifungal (7, 16) and immunomodulatory (1, 5, 24, 40, 52)
properties have also been reported.

These peptides offer an appealing alternative as antimicro-
bial agents that can be used to combat multidrug resistance.
Some bacteria display decreased susceptibility to several anti-
microbial peptides by modifying their lipopolysaccharide or
lipoteichoic acid molecules, leading to a decrease in net neg-
ative charge on the bacterial surface (12, 14). However, unlike
the selection of resistance observed with current antibiotic
treatments (48), the emergence of CAP-resistant phenotypes
via multiple passages of bacterial strains is uncommon. In
comparison to current antibacterial drugs, CAPs have the abil-
ity to kill bacteria very quickly (within 30 to 180 s) (57). Rapid
killing allows little time for a particular genetic mutation in a
bacterial cell to result in successful changes in the lipid bilayer
(even in the presence of prolonged CAP exposure) because
this process requires gross modification of enzymatic pathways.

Nevertheless, there are multiple obstacles to developing
peptides that are of therapeutic consideration. Despite the
broad activity of host-derived peptides, their potency is often
optimal only under specific conditions. For instance, several
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CAPs, although highly active in phosphate buffer, display a
significant decrease in antibacterial potency in the presence of
physiological concentrations of NaCl and divalent cations (11,
42, 51, 56, 58, 62). In some cases (e.g., cystic fibrosis airway
fluids), hypo-osmolar NaCl may be sufficient to significantly
suppress antimicrobial function (25). Thus, the development of
CAPs has been directed toward overcoming some of these
challenges by either modifying host-derived peptides (23) or
selecting specific amino acids for de novo design (38, 46, 47).
Although several newly engineered CAPs demonstrate a sig-
nificant degree of salt resistance (22, 47), current studies have
not indicated that these peptides can overcome the obstacles
encountered in physiological fluids and more complex cellular
systems. Such limitations have shifted the focus to developing
CAPs as topical agents (19).

We previously reported the de novo design of modular
CAPs comprised of multimers of 12-residue lytic base unit
(LBU) sequences of Val and Arg and sequences with Trp
substitutions (the LBU and WLBU series, respectively). In
these peptides, the cationic (Arg) and hydrophobic (Val and
Trp) domains were maximally segregated when optimized as
idealized amphipathic helical structures. The characterization
of the activities of the LBU and WLBU peptide series against
Pseudomonas aeruginosa and Staphylococcus aureus led to the
selection of WLBU2 (a 24-mer) as the shortest peptide with
the highest antimicrobial potential, maximal helical propensity,
and minimal toxicity to mammalian cells (21).

The engineered peptide derivative WLBU2 (RRWVRRVR
RWVRRVVRVVRRWVRR) is composed predominantly of
Arg (13 residues) and Val (8 residues), with 3 Trp residues in
the hydrophobic face separated from each other by at least 7
amino acids. The residues in WLBU2 were arranged to form
an idealized helical and amphipathic structure, with optimal
charge and hydrophobic densities (21). By comparison, LL37
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) is
an a-helical peptide with mainly Lys and Arg in the hydrophilic
face and several different hydrophobic amino acid residues
(Phe, Val, Ile, etc.) in the hydrophobic domain. LL37 has
distinct cationic and hydrophobic domains, with an amphi-
pathic structure that is not as ideally optimized as that of
WLBU?2.

Based on these subtle but important structural differences,
we compared the potency of WLBU2 to that of LL37 under
rigorous test conditions to demonstrate how certain limitations
of host antimicrobial agents can be overcome using newly
designed peptides with optimized amphipathic structures. To
conclude these studies, the in vivo efficacy of WLBU2 was
examined in a mouse model of P. aeruginosa bacteremia. The
results of our investigations suggest that WLBU2 is an antimi-
crobial agent that may have applications to systemic infections.

MATERIALS AND METHODS

Peptide synthesis. The peptides WLBU2 and LL37 were synthesized using
standard FMOC synthesis protocols as previously described (57). Synthetic pep-
tides were characterized and purified by HPLC on Vydac C;g or C, columns
(The Separations Group, Hesperia, CA), and the identity of each was established
by mass spectrometry (Electrospray Quatro II triple quadruple mass spectrom-
eter; Micromass Inc., Manchester, United Kingdom). Peptide concentrations
were determined using a quantitative ninhydrin assay as previously described
(57). A peptide sample of known concentration was used to evaluate WLBU2 by
spectrophotometric analysis, based on Trp absorbance at 280 nm. By plotting
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absorbances at 280 nm against peptide concentrations, a standard curve was
generated from which concentrations of WLBU2 were deduced.

Bacterial killing assays. Bacterial killing assays were conducted as previously
described (21, 57) using the P. aeruginosa strain PAO1 (Amp") provided by
Barbara Iglewski (University of Rochester, Rochester, NY). In selected studies,
a methicillin-resistant strain of S. aureus (MRSA) (obtained from Children’s
Hospital of Pittsburgh Microbiology Laboratory) was used as a target bacterial
strain. The susceptibility of these index bacteria to the peptides described was
performed using the standard NCCLS broth microdilution assay modified to
compare the influences of NaCl, Mg“, Ca?*, serum, and whole blood on the
activity of WLBU2 and LL37. The medium used was 10 mM phosphate buffer
(PB), pH 7.2, to which the aforementioned substances were added as described
for each experiment. In all except the kinetic experiment, exposure time was held
at 30 min. Bacterial suspensions (ca. 10° CFU/ml) in PB (10 mM, pH 7.0)
containing NaCl, Mg>*, Ca®>", serum, or whole blood as described below were
incubated with twofold dilutions of peptides for 30 min at 37°C. Following
treatment, the bacterial samples were plated on tryptic soy agar (TSA) (Difco,
Detroit, MI) to assay viable bacteria. Surviving colonies were counted the fol-
lowing day to determine the minimum bactericidal concentration (MBC), de-
fined as the molar concentration of peptide reducing the viable bacteria within a
suspension by three orders of magnitude. Results were expressed on a molar
basis as an average of MBCs obtained from two to five independent experiments.
This assay was also performed in the presence of heat-inactivated human serum
(44) or plasma, ACES [N-(2-acetamido)-2-aminoethanesulfonic acid] buffer
(0.05 mM ACES, 0.12 mM NaCl, pH 7.34), or ACES-based CaCl, or MgCl,
(Sigma, St. Louis, MO), as indicated. As a substitute for PB, ACES buffer was
used to avoid the precipitation of calcium or magnesium phosphates.

Kinetics of bacterial killing. The procedure of bacterial killing assays was
modified to determine the rate of bacterial killing by WLBU2 and LL37. P.
aeruginosa strain PAO1 (ca. 10° CFU/ml) was treated with 15 uM peptide in
human serum (isolated from blood samples taken from healthy donors) and 1
M peptide in phosphate-buffered saline (PBS). Aliquots of 20 pl of the peptide-
treated suspension were withdrawn at different times from 0 to 30 min at room
temperature, serially diluted, and plated on TSA to determine bacterial counts.
Average values of triplicates were expressed as log CFU/ml plotted against time
(min).

Selective toxicity in coculture systems. (i) Selective toxicity in human whole
blood. Heparinized human blood from healthy donors (with the approval of the
University of Pittsburgh Institutional Review Board) was inoculated with mid-
log-phase P. aeruginosa PAO1 cells (ca. 10° CFU/ml) and then treated with
variable concentrations of peptide ranging from 0 to 50 uM to a total volume of
550 wl. The reaction mixture was incubated at 37°C for 60 min with gentle
shaking. To determine viable bacterial count, each sample was serially diluted
using 20 pl as described above. For parallel analysis of red blood cell (RBC) lysis,
the remaining suspension was spun at 14,000 rpm (20,000 X g) in an Eppendorf
centrifuge model 5417C (Brinkmann Instruments, Westbury, NY) for 4 min, and
50 pl of the supernatant was diluted in 450 pl of distilled water. Similarly, 0 to
50 wl untreated blood was diluted with water to a final volume of 500 wl, and the
supernatant (hemoglobin suspension) was used to produce a standard curve of
RBC lysis. The average absorbance values of the supernatants of all samples (200
wl) were measured in duplicate in a plate reader at 570 nm as a measure of
hemoglobin released from lysed cells. Red blood cell lysis buffer (8.3 g/liter
ammonium chloride in 0.01 M Tris-HCI, pH 7.5 [Sigma]) was also used as a
control (50 wl whole blood and 450 pl buffer). The percent RBC lysis and
bacterial survival were compared to determine the selective potential of the
peptides. These experiments were verified by four independent trials.

(ii) Coculture of human cells with P. aeruginosa. To determine the selectivity
of WLBU2 between bacteria and human cells, the activities of WLBU2 and LL37
were assayed in coculture of human monocytes or primary human skin fibroblasts
(HSF) with P. aeruginosa. Peripheral blood monocytes were isolated from buffy
coats obtained from sterile and heparinized human blood samples. Using his-
topaque gradient centrifugation (Sigma), peripheral blood mononuclear cells
(PBMC) were isolated and monocytes subsequently removed by adherence on
2% gelatin (Sigma) plates. After isolation, the monocytes in RPMI were trans-
ferred to a 96-well plate (10° cells/well in RPMI or Iscove’s modified Dulbecco’s
medium [IMDM]) and incubated at 37°C and 6% CO, until a monolayer was
formed. The medium was aspirated, and a 100-pl suspension of P. aeruginosa
PAO1 (2 X 10° cells/ml in 99% human serum) was added to each well. The
bacterial suspensions over the eukaryotic cell monolayer were further diluted to
10° cells/ml with equal volumes of peptide at various concentrations (0 to 100
M) in 99% human serum. The coculture was then incubated at 37°C for 30 min.
To determine bacterial survival, the coculture medium was serially diluted (after
gentle pipetting) up to 1:1,000 by transferring 20-pl aliquots to another 96-well
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plate containing 180 wl PBS per well. Each dilution was plated (100 wl) on TSA
and incubated overnight at 37°C. Bacterial counts were then determined and
expressed as logarithm of CFU per ml (log CFU/ml).

To further characterize the selectivity of WLBU2 between P. aeruginosa and
human cells, this coculture assay was also performed using HSF (passage 20) in
IMDM (Invitrogen, Grand Island, NY).

Measurement of host cell viability after peptide treatment was accomplished
using a tetrazolium-based colorimetric assay (34, 63). After two consecutive
gentle washes with PBS, the cells were incubated in 100 ul IMDM (HSF) or
RPMI (monocytes) containing 10% fetal bovine serum (vol/vol) and 0.5 mg/ml
MTT Formazan (MTT) (Sigma). The reaction mixtures were incubated at 37°C
in 5% CO, for 4 to 6 h, after which equal volumes of 0.1 N HCl-isopropanol were
added to dissolve the resulting blue crystals. The percent viability was assessed by
taking absorbance measurements at 570 nm using the Dynatech MR5000 96-well
plate reader (Germantown, MD). As controls, cells were first treated with 100%
serum (the test medium) in the presence or absence of bacteria or with 100%
lysis buffer (8.76 g NaCl, 10 g DOC, 1 M Tris-HCI [pH 8.0], and 10 g Triton
X-100 per liter of distilled H,O) in the absence of bacteria. The experiments
were performed in triplicate, and viability data were averaged. The final toxicity
values were expressed as the mean percent toxicity for each test condition minus
any observed toxicity to the human cells by bacterial treatment alone.

(iii) Host toxicity and proliferation assays in the absence of bacteria. To
investigate the influence of WLBU2 on human cells in the absence of bacteria,
we sought to determine whether long-term peptide treatment of human cells
would adversely affect cell viability or functionality. Thus, freshly isolated human
blood monocytes were treated with 15 uM WLBU?2 or LL37 for 48 h at 37°C and
6% CO, in human serum. Cell viability in the presence or absence of peptide was
evaluated by MTT staining as described above. To characterize the influence of
the peptides on lymphocytic proliferation, PBMC were isolated and treated with
15 pM peptide in RPMI-based 70% fetal bovine serum for 30 min at 37°C and
6% CO,. Subsequently, equal volumes of the mitogens, phorbol myristate ace-
tate (50 ng/ml), and ionomycin (250 ng/ml) in RPMI were added to each well.
After 3 days, [°H]thymidine (1 wCi/well in 50 pl RPMI) was added to the test and
control (no peptide and/or unstimulated) wells. Following incubation for 16 to
18 h, the cells were harvested onto a filtermat using a Tomtec cell harvester
(Hamden, CT), and the incorporation of [*H]thymidine was detected in a Wallac
Microbeta liquid scintillation counter (Turku, Finland). To calculate stimulation
indices, radioactive counts per minute for mitogen-treated (stimulated) samples
were divided by counts per minute for untreated samples (unstimulated).

In vivo toxicity. Before evaluating the antibacterial efficacy of WLBU2 in vivo,
it was essential to examine its toxic potential, which was performed via intrave-
nous (i.v.) administration. Female Swiss Webster mice (Taconic, Germantown,
NY) were injected i.v. with 0.1 ml PBS and 3, 6, 12, or 16 mg WLBU?2 per kg of
body weight. Each dose was administered twice within 24 h, and all mice (10/
group) were monitored for signs of toxicity, such as weight loss, piloerection,
motility, histopathology, and survival.

Intraperitoneal bacterial inoculation followed by intravenous antibacterial
therapy. Mid-log-phase bacteria (P. aeruginosa PAO1, Amp") were prepared in
sterile PBS to achieve the desired bacterial suspensions for intraperitoneal (i.p.)
injections. Prior to examining the efficacy of WLBU2 in vivo, the minimum
Pseudomonas lethal dose (PLD), the minimum dose causing 100% mortality, was
determined (107 CFU) and used in a 0.5-ml volume to inject bacteria i.p. The
animals were then randomized to receive i.v. isotonic sodium chloride solution
(control group) or 3 mg/kg WLBU?2 30 to 45 min after bacterial challenge. The
animals in each group, which included 14 mice (7/group for each of two inde-
pendent trials), were returned to individual cages and subsequently monitored
for 7 to 10 days. The end points of the study were indicated either by 7 to 10 days
of survival or by complete absence of motility and hypothermia (Thermistor
thermometer; Kent Scientific, Torrington, Connecticut) as signs of terminal
illness or lethality.

Evaluation of treatment. Quantitative blood cultures on carbenicillin TSA
plates (200 pg/ml) were performed to determine bacterial loads over the course
of the infection. Blood samples were obtained from the tail vein by aseptic
percutaneous puncture 0.5 h to 36 h after bacterial challenge and serially diluted.
Then, a 0.1-ml volume of each dilution was spread on carbenicillin TSA plates
and incubated at 37°C overnight for enumeration of developed colonies. At the
disease end point, animals were euthanized, and tissues were weighed and ho-
mogenized using 70-pwm cell strainers (Becton Dickinson, Franklin Lakes, NJ) to
determine the bacterial CFU/g of tissue. To compare fatality rates between
different groups (treated and mock treated), the log rank test was performed
using GraphPad Prism version 3.00 for Windows (GraphPad Software, San
Diego, California). Significance was accepted when P values were less than 0.05.
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TABLE 1. Influence of sodium, magnesium, and calcium chloride
on antibacterial activity”

MBC (pM)
Salt and concn (mM)
LL37 WLBU2
NaCl
0 0.5 0.5
50 0.5 0.5
150 0.5 0.25
300 1.2 0.5
MgCl,
0 0.5 <0.5
1 <25 <0.5
3 >5 <0.5
6 >5 <1
CaCl,
0 0.5 0.5
1 >5 0.5
3 >5 <1
6 >5 <2

“ P. aeruginosa PAO1 was incubated with twofold serially diluted peptides at
37°C for 30 min. Bacterial survival at corresponding peptide concentrations was
evaluated by broth dilution assays as described in Materials and Methods. So-
dium chloride, even above physiological concentration, had negligible effects on
the activities of LL.37 and WLBU?2 against P. aeruginosa. However, LL37 showed
an Mg?*- and Ca®*-dependent decrease in potency, while the activity of WLBU2
was slightly inhibited at 6 mM divalent cations. The MBCs were derived from
representative values of two to three independent experimental trials.

RESULTS

Influence of physiological salt concentrations on antipseu-
domonal activity. As previously mentioned, the activity of host-
derived antimicrobial peptides can be inhibited in the presence
of physiological serum concentrations of sodium chloride and
divalent cations (43, 58). For instance, we initially demon-
strated that LL37 was inactive against S. aureus in PBS (21).
However, the activity of the de novo engineered peptide
WLBU?2 was not altered under such conditions. To further
examine the influence of salt on antibacterial activity, we
treated P. aeruginosa with different peptide concentrations in
various NaCl conditions up to 300 mM. As indicated in Table
1, the peptides were highly toxic to P. aeruginosa in NaCl (at all
tested concentrations), with MBCs ranging from 0.5 to 1 uM
(2.3 to 4.5 pg/ml) for LL37 and =<0.5 pM (1.7 pg/ml) for
WLBU?2. However, LL37 displayed a significant salt-depen-
dent decrease in activity against MRSA, with an MBC greater
than 2 uM in as little as 50 mM NaCl (data not shown). In
contrast, the activity of WLBU2 against MRSA remained un-
changed under various NaCl conditions, with MBCs of <0.5
uM (data not shown). These results provide evidence that,
unlike LI.37, WLBU?2 has the ability to resist broad changes in
NaCl concentrations regardless of the test organisms (gram-
negative P. aeruginosa or gram-positive MRSA strains).

Divalent cations bridge lipopolysaccharides on bacterial sur-
faces, suggesting that they may serve as competitive inhibitors
to CAPs. To investigate whether divalent cations can inhibit
peptide activity, we determined the dose-dependent effects of
Mg?" and Ca®" on peptide activity using 1, 3, and 6 mM
MgCl, and CaCl, in ACES buffer (normal physiological serum
concentrations of Mg*>* and Ca** are in the range of 2 * 0.5
mM). The activity of LL37 was significantly inhibited in a
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dose-dependent manner, as MBCs were greater than 5 pM at
3 mM Mg>* (Table 1). In contrast, WLBU2 activity was un-
affected at concentrations as high as 3 mM Mg>" (MBC < 0.5).
However, there was a small increase in MBC (<1 pM) at 6
mM. The effects of Ca®™ on the activities of both peptides were
slightly more apparent, with LL37 not reaching an MBC within
0to 5 uM even in as low as 1 mM CaCl,. In addition, WLBU2
was fourfold less active in calcium concentrations from 1 mM
(MBC = 0.5 pM) to 6 mM (MBC < 2 uM) (Table 1). Notably,
calcium ions had only a minor inhibitory effect on WLBU2
within its physiological concentration range (MBC < 1 pM).
These results suggest that WLBU2 has been successfully engi-
neered to relatively resist broad variations in NaCl and diva-
lent cation concentrations that may be challenging to host-
derived peptides.

Antibacterial activity and selectivity in human serum. The
inactivation of CAPs in human serum has hindered efforts to
develop antimicrobial peptides for systemic use (19, 37). As a
consequence, less challenging conditions (e.g., phosphate
buffer) are commonly used to examine antibacterial activity
and host toxicity. Moreover, the characterization of antimicro-
bial selectivity has been based on the exposure of mammalian
cells to peptides in the absence of microbial pathogens (e.g.,
red blood cell lysis assay in PBS) (57). To evaluate antibacterial
selectivity more appropriately, we have developed a compre-
hensive series of experiments in which both bacteria and host
cells are mixed prior to the addition of peptide. This assay was
previously described by a study in which HSF and P. aeruginosa
PA1244 were combined and then treated with peptide in PBS-
based IMDM (21). Although this assay provides important
information about the selective target of a peptide, it remains
unclear whether similar results would be expected in biological
conditions.

To investigate the potential of WLBU2 for systemic appli-
cations, we initially examined the influence of human serum on
its antibacterial activity and compared it with that of LL37.
Thus, P. aeruginosa suspensions were treated with increasing
peptide concentrations in the presence of human serum (98%).
As indicated in Fig. 1, LL37 displayed no significant activity,
even at concentrations up to 100 puM (data not shown). By
contrast, WLBU2 was highly active against P. aeruginosa, with
no bacterial survival observed at 12.5 uM (MBC < 9 pM).
Because peptide clearance may have a profound impact on
activity in vivo, we compared the rates of bacterial killing in
human serum and PBS (Fig. 2). The results of this experiment
indicate that the peptide WLBU?2 requires at most 20 min to
kill about 10° CFU/ml of P. aeruginosa at 15 pM in approxi-
mately 98% human serum. As expected, LL37 did not show
significant activity over time in human serum. Not surprisingly,
both peptides sterilized a similar bacterial suspension of P.
aeruginosa PAO1 (10° CFU/ml) in PBS at a concentration of 1
pM in less than 5 min. These data provide evidence that
WLBU?2 should be further investigated for systemic use.

The higher MBC of WLBU2 in human serum raised a con-
cern for potential toxic effects on mammalian cells. Moreover,
it remained unclear whether the complete cellular composition
of whole blood would affect antibacterial potency. To address
these two issues, we examined the antibacterial selectivity of
WLBU?2 in human whole blood. In this system, a bacteremic
condition was established ex vivo with P. aeruginosa PAO1 (10°
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FIG. 1. Activity of WLBU2 in human plasma. To determine activ-
ity in human plasma, bacterial isolates of P. aeruginosa PAO1 (~10°
cells/ml) were incubated with twofold serially diluted peptides at 37°C
for 30 min either in heat-inactivated human plasma or in serum.
Bacterial survival at corresponding peptide concentrations was evalu-
ated by broth dilution assays as previously described. WLBU2 was able
to sterilize the bacterial suspension at 12.5 wM, while LL37 demon-
strated no significant activity even at 100 wM (not shown). Results of
activity in serum and plasma were identical. The graphs were derived
from average values of four independently generated and almost iden-
tical triplicate sets of data.

CFU/ml) prior to addition of peptide. Bacterial survival was
determined by serial dilution assay, and red blood cell lysis was
deduced from a standard curve generated by spectrophotomet-
ric analysis of water-treated blood. As predicted, LL37 did not
show any antibacterial activity against P. aeruginosa (data not
shown). Conversely, WLBU2 demonstrated the ability to “ster-
ilize” the Pseudomonas-inoculated blood at 15 to 20 M pep-
tide (Fig. 3), consistent with its activity in human serum. In
addition, there was no detectable toxicity to the erythrocytes at
all test concentrations (up to 50 wM). These results further
support the superior potency of WLBU?2 over the host peptide
LL37 and may serve as a preliminary indicator of the antibac-
terial potential of WLBU?2 in vivo.

Because the blood cell lysis assay did not reveal any specific
information about the fate of the leukocytes in the ex vivo
bacteremic model, the cytotoxic effect of the peptide on human
blood monocytes was investigated. To accomplish this, cultures
of freshly isolated peripheral blood monocytes were inoculated
with P. aeruginosa in heat-inactivated human plasma or serum
(44). Subsequently, the coculture was treated with peptides as
described in the legend to Fig. 4. Using a tetrazolium-based
staining method (MTT), the level of toxicity to the monocytes
was determined. WLBU2 did not affect the viability of the
monocytes (0% cytotoxicity). As expected, bacterial killing was
optimal at 15 M peptide for both peripheral blood monocytes
(Fig. 4A) and primary HSF (Fig. 4B). Again, LL37 was inactive
under these conditions (data not shown). Taken together,
these results support the high antibacterial selectivity of
WLBU?2 as a potentially effective and safe antimicrobial agent.

Effects of WLBU2 on host cells in the absence of bacteria.
The results of the previous experiments demonstrate the ef-



3212 DESLOUCHES ET AL.

A
—
£
B=1
[
on
Q
—
T T T L g L Y
0 5 10 15 20 25 30
Time (min)
.
B
[
54
E 4]
= . - WLBU2
(3t
S 1137
an
o 3
-
5
14
L » * | |
0 5 10 15 20 25 30

Time (min)

FIG. 2. Kinetics of bacterial killing. P. aeruginosa PAO1 was
treated with 15 wM peptide in human serum (A) and 1 pM peptide in
PBS (B). Bacterial survival was monitored over time (up to 30 min)
and determined as described in Materials and Methods. The results
reveal that a minimum period of 20 min is required for complete
bacterial killing in about 98% human serum. The peptide LL37 was
inactive under this condition, as expected. However, both LL37 and
WLBU?2 achieved complete killing within the first 5 min of treatment
in PBS. Data plotted are representative average values of one triplicate
set of three independent experimental trials.

fects of WLBU?2 on human cells only after a short-term treat-
ment. Furthermore, the influence of WLBU?2 on the function-
ality of these cells remained unclear. To address these issues,
the influence of WLBU?2 on the viability of human PBMC after
treatment for 48 h in human serum using MTT staining was
determined. PBMC remained 100% viable in the MTT assay
(data not shown). Despite the evidence shown here in support
of the safety of WLBU2 in a host environment, it could still be
argued that, although nontoxic to mammalian cells in serum,
WLBU2 could affect their functionality. To address this issue,
we examined the influence of WLBU2 on lymphocytic prolif-
eration. Thus, human blood lymphocytes were treated with 15
pnM peptide for 30 min prior to the addition of phorbol my-
ristate acetate and ionomycin to determine the proliferation
level by [H?|thymidine incorporation within 4 days of stimula-

ANTIMICROB. AGENTS CHEMOTHER.

7 - T 100

T 80
<
o
— —— Bact. Survival &
g . T60 o
3 =&=Blood cell lysis >

o=

o 3
on o
3 40 &
<
w
z.

20

& 0
20 30 40 50

[Peptide] (uM)

FIG. 3. Peptide efficacy in an ex vivo bacteremic model. Human
whole blood was inoculated with P. aeruginosa PAO1 (~10° cells/ml)
and treated with peptide at various concentrations for 45 min at 37°C.
Bacterial count was determined by standard bacterial dilution assay
and blood cell lysis by spectrophotometric analysis of hemoglobin
release. The erythrolytic effect of red blood cell lysis buffer was com-
parable to that of water, which was used to generate the standard curve
(not shown) in this assay, as described in Materials and Methods. The
peptide WLBU2 was remarkably selective against the bacterial cells,
with no detectable lytic effects on the blood cells. The graph was
derived from average values of four independently generated and
almost identical triplicate sets of data.

tion (data not shown). The results show that lymphocyte pro-
liferation either remained unchanged or increased by up to
15% for both LL37- and WLBU2-treated samples compared
with untreated samples. This study demonstrates that it is
possible to design antimicrobial peptides with optimized am-
phipathic helical structures to overcome the challenges of
physiological salt concentrations and biological fluids.

In vivo toxicity and antipseudomonal efficacy in an i.p. in-
fection model. The in vitro and ex vivo observations suggest the
possible application of WLBU?2 in the treatment of bactere-
mia. Thus, a logical extension was to examine the potential
therapeutic application of WLBU2 in a septicemic animal
model of P. aeruginosa infection. Initially, we characterized the
lethal potential of the peptide within a range of concentrations
to determine the maximum tolerated dose (MTD). For these
experiments, groups of 10 mice (25 g each) were given i.v. two
equal doses of WLBU2 varying from 3 to 16 mg/kg body weight
within 24 h (Fig. 5A). WLBU?2 induced no lethality and no
apparent toxic effect at up to 12 mg per kg of body weight in
comparison with PBS-injected mice (not shown), but the mice
receiving the highest peptide dose (16 mg/kg) died within 30
min postinjection. Thus, the MTD i.v. was 12 mg/kg, the high-
est i.v. dose of WLBU?2 that led to no obvious toxicity to the
mice. We are currently in the process of identifying the phys-
iological basis for this toxicity.

Based on the toxicity profile of WLBU2, a bacteremic mouse
model was developed to test the therapeutic potential of the
peptide using female Swiss Webster mice. Initially, the mini-
mum PLD was determined by i.p. injections of various bacte-
rial doses. It was determined that mice (~25 g each) subjected
to i.p. administration of 107 CFU became terminally ill and
required euthanasia within 36 h (data not shown). Mice in-
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FIG. 4. WLBU2 selectively targeted P. aeruginosa in a coculture
model in human plasma. Approximately 10° human monocytes (A) or
primary human skin fibroblasts (HSFCCD-986sk) at passage 20
(B) were inoculated with P. aeruginosa in 98% heat-inactivated human
serum. The coculture was then incubated for 60 min with twofold
dilutions of peptides as described in Materials and Methods. Bacterial
survival was determined as in the standard broth dilution assay, and the
percent viability of the human PBMC or HSF was evaluated by MTT
staining. The peptide WLBU?2 displayed high antibacterial selectivity
in comparison to host-derived peptide LL37 (not shown). Data plotted
are representative averages of triplicate sets of three independent
experimental trials.

jected i.p. with P. aeruginosa (107 CFU) and treated i.v. with
isotonic NaCl (PBS) became bacteremic after 2 h postinjection
(approximately 1,000 CFU/ml of blood). Bacterial loads in-
creased to 1 to 10 billion CFU/ml of blood at the disease end
point (data not shown). Consistent with this observation was
the dissemination of bacteria to the internal organs (liver,
lungs, kidney, and spleen), with bacterial loads varying from
10® to 10° CFU per gram of tissue during terminal illness
(absence of motility and hypothermia). Identically inoculated
mice injected i.v. with 3 mg WLBU?2 per kg 30 to 45 min after
bacterial injections showed no signs of disease (normal motil-
ity, no piloerection, etc.). Moreover, no bacteria were recov-
ered from the blood or the internal organs (liver, kidney, lungs,
and spleen) after 7 to 10 days posttreatment (data not shown).
Figure 5B illustrates a Kaplan-Meier survival analysis of the
difference between mice treated with i.v. PBS and mice treated
i.v. with WLBU?2 30 to 45 min after i.p. injection of bacteria.
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FIG. 5. WLBU?2 in vivo efficacy against P. aeruginosa. To charac-
terize the in vivo efficacy of WLBU?2, we first determined the maximum
tolerated dose (MTD) i.v. by injecting female Swiss Webster mice with
PBS (10 mice) or 3 to 16 mg WLBU2 (10 mice) per kg of body weight
i.v. The animals were then followed up for a minimum of 7 days for
survival. Mice treated iv. with 16 mg WLBU2/kg body weight died
within 30 min posttreatment. As shown in the Kaplan-Meier survival
curve, the i.v. MTD is 12 mg WLBU2/kg body weight (A). Therefore,
the 50% lethal dose is between 12 and 16 mg/kg. (B) The therapeutic
potential of WLBU?2 was determined by injecting mice i.p. with PAO1
(1.0 X 107 to 1.5 X 107 CFU). The animals were treated 30 to 45 min
postinjection with PBS, and bacterial load was determined over time
by blood culture on carbenicillin (200 pg/ml) tryptic soy agar plates.
The establishment of bacteremia began in about 2 to 3 h (data not
shown) and progressed to septicemia and fatality within 36 h (seven
mice). In contrast, when Pseudomonas-infected mice were treated i.v.
with 3 mg of WLBU2 per kg of body weight 30 to 45 min after the
administration of the minimum PLD, not a single case of bacteremia
and fatality was observed (seven mice). A log rank test reveals a P
value of less than 0.0001.

No lethality was observed in WLBU2-treated mice. Not deter-
mined in this study was the minimum effective dose required to
prevent infection. These data are currently under investigation.
It is concluded from this model that WLBU2 demonstrated
high efficacy against P. aeruginosa PAO1 in vivo when system-
ically administered.

DISCUSSION

In this study, the activity of a reference natural antimicrobial
peptide (LL37) was compared with that of a de novo engi-
neered peptide (WLBU2) under biologically relevant condi-
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tions proven to be challenging to many of the most commonly
studied antimicrobial peptides (19, 26). As shown in this study,
LL37 displayed no saline sensitivity against P. aeruginosa, but
its activity was variably suppressed in the presence of Mg”™,
Ca?*, and human serum. In contrast, WLBU2 was resistant to
physiological concentrations of NaCl, MgCl,, and CaCl,. An
important observation was the complete killing of P. aeruginosa
by WLBU?2 in human serum and whole blood, without detect-
able adverse effects to human leukocytes, erythrocytes, and
primary skin fibroblasts at concentrations fivefold above the
MBC. However, the most critical finding was the antipseudo-
monal efficacy of WLBU?2 in i.p. infected mice.

Studies of natural peptides indicate that NaCl and divalent
cations (even at subphysiologic levels) may affect CAP activity
(25). In this study, LL37 sensitivity to NaCl for MRSA indi-
cates that salt resistance is sometimes dependent on the test
organism. Conversely, the highly cationic peptide WLBU?2, a
derivative of the de novo engineered 24-mer sequence
(LBU2), was shown to be highly potent against both P. aerugi-
nosa and MRSA in similar NaCl conditions. Based on the fact
that this staphylococcus-specific salt sensitivity (displayed by
LBU2 or LL37) was previously observed for parent peptide
LBU2 (21), it is evident that the strategic substitution of three
Trp residues in the peptide hydrophobic face is responsible for
the observed salt resistance against S. aureus. In support of this
observation, several studies indicate that Trp may be an im-
portant determinant of antimicrobial activity (30, 32). For in-
stance, a single substitution of Phe for Trp in lactoferricin
considerably decreases its antimicrobial potency (61). To ex-
amine the underlying mechanism of salt resistance, Park et al.
demonstrated that salt resistance can be enhanced by increas-
ing helical stability (45). As helical conformation is normally
induced by peptide interaction with the bacterial surface, in-
creasing the affinity of a peptide for the lipid bilayer should
enhance its propensity to form an a-helix. In a salt environ-
ment, the hydrophobic and bulky rings of the Trp residues (by
virtue of their membrane-seeking property) are likely to en-
hance the affinity of WLBU2 for the bacterial membrane,
thereby leading to a greater stability of the helical structure.
However, raising the concentrations of Mg?" and Ca®" beyond
serum physiologic levels had a minor inhibitory effect on the
activity of WLBU2. This finding suggests that there is an op-
timal salt concentration (in this case, twice the physiologic
concentrations) beyond which the helical stability may be af-
fected. One explanation could be that the divalent cations (at
high concentrations) may more effectively compete with the
peptide for the negatively charged bacterial surface. Neverthe-
less, an important lesson is that CAPs can be designed to
overcome salt sensitivity using Trp substitutions. Further, the
property of salt resistance displayed by WLBU?2 may be par-
ticularly critical to treatment of infections in diseases that may
disturb the normal salt homeostasis in certain human tissues
(e.g., cystic fibrosis airway) (25).

The recognition that CAP activity is usually suppressed in
serum has restricted the development of antimicrobial pep-
tides mainly to topical or local applications (e.g., skin and
respiratory tract infections) (36, 37, 46, 54). As described in
this report, standard bacterial killing assays revealed that LL37
was totally inactivated in human serum, suggesting that, like
most widely studied host-derived peptides, LL37 may not have
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evolved to fight systemic infections. In contrast, WLBU?2 was
not only highly potent against P. aeruginosa in human serum
but also achieved complete killing within 20 min, a potential
advantage against rapid peptide clearance in a complete host
environment. This phenomenon could be explained by the
existence of an equilibrium between free and protein-bound
peptide molecules. As more free molecules become associated
with their bacterial target, the equilibrium would shift toward
the progressive release of more peptide molecules, thus lead-
ing to effective but slower bacterial killing in human serum.

Once WLBU2 was proven effective in serum, a logical ex-
tension was to investigate whether it would be as potent in
human blood (in the context of biological plus host cell envi-
ronments). The efficacy of WLBU?2 in the bacteremic model
implies that it overcame the potential inhibitory effects of phys-
iological serum salt concentrations, including divalent cations.
In fact, it is more likely that serum proteins, such as albumin or
apolipoproteins (54), are responsible for the lower activity (in
comparison with PBS) in human serum and whole blood. No-
tably, the antibacterial activity of WLBU2 was unaltered when
blood samples derived from donors with hyperlipidemic disor-
ders (milky blood or serum) were used (data not shown).
Another important finding was the slightly lower (20 to 30%)
antibacterial activity in coculture assays in comparison to bac-
terial killing alone in human serum. This minor difference in
activity might be due to interactions of the host cells (erythro-
cytes and leukocytes) with the peptide. Similar to the immu-
nomodulatory properties of some host-derived CAPs (52),
WLBU?2 may have other effects on host cells, particularly on
leukocytes, which are worthy of further investigation. These
results provide new information that is critical to the charac-
terization of the therapeutic potential of WLBU2 for systemic
applications.

In light of all of this evidence for the antibacterial efficacy of
WLBU2 in vitro, it was important to know whether this pep-
tide could display any toxicity to mammalian cells after a short-
or long-term exposure. Consistent with the bacteremic model,
the MTT staining assays in human serum demonstrated that,
given both bacterial and host cell targets, the peptide could
discriminate against the bacterial cells while sparing the leu-
kocytes and HSF cells. Likewise, a long-term treatment of
these cells in the absence of bacteria had no effects on their
viability. Moreover, the lymphocyte proliferation assay ruled
out the concern that the peptide might specifically and ad-
versely affect host cell functionality.

One of the greatest obstacles in the field of antimicrobial
peptides is the transition from test tube to animal models
because of the sensitivity of CAPs to biological environments.
Due to these limitations, antimicrobial properties of CAPs fall
short of supporting their clinical use, with a few exceptions
(e.g., the polymyxins) (9, 49).

The in vivo toxicity and in vivo efficacy of WLBU?2 were also
characterized using an i.p. model of P. aeruginosa bacteremia.
The results indicated that WLBU2 was nontoxic at up to four-
fold the effective therapeutic dose when administered system-
ically. Initially, WLBU?2 was able to rescue a group of 14 mice
from the progression of the P. aeruginosa infection. The repro-
ducibility of these results provides convincing evidence for the
systemic efficacy of WLBU?2 against P. aeruginosa. Of note, an
interesting feature of this i.p. infection model is the successful
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induction of Pseudomonas bacteremia without the need for an
immunosuppressive drug (33, 45). This important aspect of the
mouse model will render possible the characterization of the
immune modulatory properties of WLBU?2 in vivo alone or in
the context of a P. aeruginosa infection associated with a fully
immunocompetent host.

In conclusion, we have demonstrated that a de novo engi-
neered antimicrobial peptide was able to overcome the chal-
lenges of physiological serum concentrations of NaCl, Mg?*,
and Ca*", while the synthetic form of the human peptide LL37
displayed a high sensitivity to NaCl and divalent cations. In
addition, LL37 activity was completely suppressed in human
serum. In contrast, WLBU2 displayed high efficacy in human
serum and the ability to eradicate a bacteremic condition ex
vivo. Furthermore, there were no observed adverse effects on
mammalian cells in terms of both cytotoxicity and functionality
of blood lymphocytes. Finally, the in vivo efficacy of WLBU2
was demonstrated in an i.p. model of P. aeruginosa infection.
These results, while promising, underscore the need for com-
parative studies of WLBU2 and standard antipseudomonal
therapeutics (e.g., colistin and tobramycin) prior to further
consideration for clinical trials. Such studies should include,
but must not be limited to, dose-dependent response to bac-
teremia treatments in an i.v. infection model, peptide pharma-
cokinetics, immunogenicity, and influence on cytokine levels
with or without the setting of an infection.
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