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Abstract

Cathelicidins are a family of cationic peptides expressed in mammals that possess numerous
bactericidal and immunomodulatory properties. In vitro analyses showed that human, mouse, and
pig cathelicidins inhibited Bacillus anthracis bacterial growth at micromolar concentrations in the
presence or absence of capsule. Combined in vitro analyses of the effects of each peptide on spore
germination and vegetative outgrowth by time lapse phase contrast microscopy, transmission
electron microscopy, and flow cytometric analysis showed that only the pig cathelicidin was
capable of directly arresting vegetative outgrowth and killing the developing bacilli within the
confines of the exosporium. C57BL/6 mice were protected from spore-induced death by each
cathelicidin in a time- and dose-dependent manner. Protection afforded by the porcine cathelicidin
was due to its bactericidal effects, whereas the human and mouse cathelicidins appeared to
mediate protection through increased recruitment of neutrophils to the site of infection. These
findings suggest that cathelicidins might be utilized to augment the initial innate immune response
to B. anthracis spore exposure and prevent the development of anthrax.

Cationic peptides are short (<100 aa), positively charged, amphiphilic peptides that exert
antimicrobial activity at physiological concentrations in their tissues of origin and are
involved in host defense (1). In mammals, cationic peptides are categorized into two
families: defensins and cathelicidins (2). Defensins are characterized by six highly
conserved cysteine residues and are divided into subfamilies based on the arrangement of
their disulfide bonds (2). In contrast, cathelicidins are characterized by their N-terminal
signal sequence, a conserved cathelin-like domain, and a highly variable antimicrobial C-
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terminal domain (2). In addition to their direct microbicidal activity against bacteria, viruses,
and fungi (3), cationic peptides also induce the expression of chemokines that act as
chemoattractants for neutrophils, monocytes, and T cells (4, 5). Although the administration
of defensins (6), cathelicidins (7, 8), and engineered cationic peptides (9) have been shown
to protect mice in numerous bacterial infection models, through either direct bacterial Killing
(7, 8) or immunomodulation (6, 9), the therapeutic potential of cationic peptides against
spore-forming organisms such as Bacillus anthracis has not been examined.

B. anthracis, the causative agent of anthrax, is a Gram-positive spore-forming soil bacterium
classified by the National Institute of Allergy and Infectious Diseases as a category A
priority pathogen due to its lethality and potential for misuse (10). Unlike other bacterial
pathogens, the endospore is the infectious particle of B. anthracis and is capable of causing
infection through three routes: cutaneous, gastrointestinal, and pulmonary (10-12).
Regardless of the infectious route, anthrax pathogenesis is thought to occur through the
uptake of B. anthracis endospores by resident macrophages and/or dendritic cells, which
then transit to the regional lymph nodes (10, 11, 13). While the phagocytes are en route, it is
thought that some of the spores not degraded within the phagolysosome germinate, develop
into bacilli, escape into the cytoplasm, and kill the cells (12). The subsequent combined
expression of lethal toxin (LeTx),4 edema toxin, and an anionic poly-y3-glutamyl capsule
are thought to allow the nascent bacilli to spread rapidly in the host during the early stages
of infection without eliciting a detectable immune response (14-16), facilitating the
establishment of bacteremia and toxemia (12).

However, recent studies have revealed that intracellular outgrowth is a low-probability event
(17, 18). Macrophages (19), neutrophils (20), and dendritic cells (21) have been shown to
internalize and kill spores. Time lapse confocal analysis suggested that the ability of
macrophages to control intracellular vegetative outgrowth was associated with the number
of spores within each cell: macrophages containing <4 spores were capable of inhibiting
outgrowth, whereas cells that internalized >6 spores were not (18). These in vitro
observations were supported by studies that demonstrated that augmenting macrophage
numbers at the site of infection increased mouse survival after spore challenge (22). In
contrast, systemic and localized depletion of macrophages with chlodronate-loaded
liposomes increased the susceptibility of mice to B. anthracis infection (23). These findings
suggest that the multiplicity of infection is important for the intracellular survival of spores
and the subsequent establishment of infection. As such, we hypothesized that the exogenous
administration of cathelicidins would increase the survival rate of mice challenged with B.
anthracis endospores by reducing the spore burden on resident phagocytes due to the
antimicrobial and chemotactic activities of the peptides.

We chose to concentrate our studies on three peptides: LL-37, the only cathelicidin
expressed in humans (4); cathelin-related antimicrobial peptide (CRAMP), the mouse
homolog to LL-37 and the only cathelicidin expressed in mice (24); and protegrin-1 (PG-1),

4Abbreviations used in this paper: LeTx, lethal toxin; CRAMP, cathelin-related antimicrobial peptide; PG-1, protegrin-1; UAB,
University of Alabama at Birmingham; DI, distilled; RDA, radial diffusion assay; MHB, Mueller-Hinton broth; MBDA, microbroth
dilution assay; i.t., intratracheal; PEC, peritoneal cell; MEC, minimum effective concentration; FPRL-1, formyl peptide receptor-like
1; HNP-1, human neutrophil protein-1.
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a porcine cathelicidin shown to be protective in numerous bacterial infection models (7, 8).
Here, we demonstrate in vitro that the vegetative form of B. anthracis is sensitive to the
bactericidal activity of each peptide, that this bactericidal activity is not impeded by the
presence of capsule, and that PG-1 can Kill the developing bacilli within the confines of the
exosporium. We further show that the administration of each peptide in vivo causes
significant recruitment of neutrophils and protects C57BL/6 mice from s.c. spore challenge.
Unique among existing or previously proposed potential therapeutic strategies against B.
anthracis infection (11, 25-33), we found that CRAMP- and LL-37-mediated protection
occurred independent of direct bacterial killing or toxin neutralization. Instead, our data
suggest that the administration of mouse (CRAMP) and human (LL-37) cathelicidins might
be utilized to augment the initial innate immune response to B. anthracis spore exposure and
prevent the development of anthrax.

Materials and Methods

Mice

Female 7- or 8 wk-old C57BL/6 and A/J mice were purchased from The Jackson
Laboratory. Mice were housed under specific pathogen-free conditions and used according
to protocols approved by the University of Alabama at Birmingham (UAB). All mice were
rested for 1 wk in UAB animal facilities before use, and all experiments were conducted
when the mice were between 8 and 10 wk old.

cap-null B. anthracis strain construction

To create the Ames-derived cap-null strain, capBCAD coding sequences were replaced with
an Q-spectinomycin cassette. Briefly, a previously described cap-null mutation was
transduced from a UM23C1-1td10 background (34) into the Ames strain using phage CP51
(35). The capsule-negative phenotype of the transductant was evident following growth on
nutrient broth yeast agar-CO3 medium in 5% CO, at 37°C. The mutation was confirmed
with a PCR using primers specific for the regions flanking the capBCAD locus. The strain
was named UTAS.

Spore preparation and storage

Ames strain—Fully virulent B. anthracis Ames strains were cultured in phage assay
medium at 30°C for ~3 days until ~90% of cells appeared phase bright under light
microscopy. Cultures were centrifuged at 1780 x g for 20 min. Pellets were resuspended in
10 ml of sterile water, heated for 30 min at 65°C, washed twice in sterile water, and finally
resuspended in 3 ml of sterile water. The suspension was filtered through a 3.1 uM GL
microfiber syringe filter (National Scientific F2500-20) to remove vegetative cells and cell
debris, and the remaining spores were stored at 4°C.

Sterne strain—Attenuated B. anthracis (pX01*pX02~) Sterne 34F2 spores were obtained
from Dr. Charles L. Turnbough, Jr. (UAB) and prepared as previously described (36).
Briefly, sporulation was induced in bacterial cultures with Difco sporulation medium, and
harvested spores were purified from vegetative remnants using a series of thorough washes
utilizing distilled (DI) water and a 50% Renografin (Bracco Diagnostics) gradient. Purified
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spores were suspended in DI water and stored at 4°C, protected from light. Spores and
bacilli were quantitated microscopically with a Petroff-Hausser bacterial counting chamber
for all experiments unless otherwise noted. All experiments were conducted with the
attenuated Sterne strain unless indicated otherwise.

Peptide preparation and storage

Human neutrophil protein-1 (HNP-1) was purchased from Bachem, and CRAMP (37),
LL-37 (38), and PG-1 (39) were generated according to their published mature sequences
using standard solid-phase synthesis, purified to >95% purity by reversed phase-HPLC, and
confirmed by mass spec-troscopic analysis (Alpha Diagnostic Int.). Lyophilized peptides
were resuspended in 0.1% BSA in 0.01% acetic acid (peptide diluent; Ref. 40) or PBS (for
in vitro and in vivo experiments, respectively) to generate 100 uM working stocks, which
were stored at —70°C until time of use.

Radial diffusion assays (RDA)

RDAs were conducted as previously described (40) with minor revisions. Briefly, Sterne
strain spore cultures were germinated and grown at 37°C for 3 h in undiluted (21 g/L DI
H,0) Mueller-Hinton broth (MHB; BD Bio-sciences) and 2 x 108 CFU were dispersed into
10 ml of a nutrient-deficient underlay composed of 0.3 mg/ml trypticase soy broth (BD Bio-
sciences), 10 mM sodium phosphate buffer, and 1% (w/v) Low EEO agarose (Research
Products International Corp.). A series of 3.5 mm holes were punched into the solidified
agarose and 5 pl of serially diluted peptide was dispensed into each well. Following a 3 h
incubation at 37°C, a nutrient-rich overlay (60 mg/ml trypticase soy broth with 1% agarose)
was poured over the underlay, and plates were incubated overnight at 37°C to allow for
visible growth. Clearance zones were measured under x5—7 magnification and linear
regression analyses were performed to calculate the minimum peptide concentration capable
of preventing bacterial growth (minimum effective concentration; MEC).

Microbroth dilution assays (MBDA)

MBDAs were conducted as previously described (40), with minor modifications. Peptides
were added to flat-bottom 96-well cell culture plates (Corning) containing 5 x 10* mid-log
phase Sterne strain bacilli in MHB (cultured and quantitated as described in Radial Diffusion
Assays), so that peptide working stocks (100 uM) were diluted 1/10 (v/v) and incubated 4 h
at 37°C. Due to the ability of B. anthracis to form chains, bacterial growth was determined
by measuring the ODgqo with a VERSAmax tunable microplate reader (Molecular Devices)
and SOFTmax Proplate reader software.

In vitro bactericidal activity against Ames strains

RDAs and MBDAs were conducted with the Ames strains as described for the Sterne strain
with minor modifications. All media used in experiments conducted with the Ames strains
contained 0.7% (w/v) NaHCOj3, and incubations were done in the presence of 5% CO5 to
induce capsule production (35). For both assays, spore cultures were grown for 4 h to allow
time for capsule synthesis and were enumerated spectrophotometrically (ODgqg) using a
ThermoSpectronic Genesis 10UV. Capsule synthesis was verified before each experiment
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with an India ink exclusion assay on a Nikon Eclipse TE2000-U microscope equipped with
Metamorph (Imaging Series 6.1) software. For RDAs, 2-mm holes were punched into the
underlay with sterile, disposable serological pipets (Falcon 5-ml pipets), whereas the final
ODgqg values for the MBDAs were determined with a Thermo Electron MultiSkan
Spectrum equipped with Skanlt 2.2 (Research Ed.) software.

Time lapse microscopy

Glass coverslips were coated for 30 min with poly-L-lysine (50 pg/ml in DI water), and 1 x
10% spores in DI water were air dried to the coverslips overnight. Coverslips were placed in
a Bioptechs Focht Chamber System (FCS2) and incubated with 10 uM peptides in MHB at
37°C and monitored at 10-s intervals for 90 min by phase contrast microscopy using a Leica
DM IRBE microscope with a Hamamatsu ORCA-ER digital camera, as previously
described (41). Scale bars were generated using a PYSER-Sgi diamond ruled stage
micrometer.

Transmission electron microscopy

Cytotoxicity

Thin-section electron microscopy was performed as previously described (36). Briefly, 2 x
107 spores were aliquoted into a 96-well plate (1 x 10° spores/ well) and incubated for 1 h at
37°C in 100 pl of MHB containing peptide diluent, 5 pg/ml gentamicin, or 10 yM PG-1.
Samples were then pooled and fixed in a solution of 1.25% formaldehyde, 4%
paraformaldehyde, and 2% (v/v) DMSO in PBS, stained with 1% osmium tetroxide and 1%
tannic acid, dehydrated in a graded ethanol series and embedded in Spurr’s low-viscosity
resin (Electron Microscopy Sciences). Polymerized resin sections (100 nm) were placed on
copper grids, poststained with uranyl acetate and lead citrate, and examined with a Hitachi
7000 electron microscope.

The effects of peptide administration on macrophage survival during anthrax LeTx
challenge were analyzed as previously described (26), with minor modifications. RAW
264.7 cells (RAW cells; American Type Culture Collection) were dispersed into 96-well,
flat-bottom tissue culture plates (3 x 104 cells/well) and incubated overnight at 37°C with
10% CO5 in RPMI 1640 plus 10% FCS. The medium was removed, and 200 pl of fresh
RPMI containing PBS or peptide (diluted 1/10, v/v) and recombinant LeTx (List Biological
Laboratories) or PBS were added to each well and samples were incubated for 5 h at 37°C.
Cell viability was determined by adding 10 pl of alamarBlue (BioSource) to each well. The
remaining cells were incubated for an additional 4 h to reduce the alamarBlue reagent,
which was quantified by measuring the ODsg7g and ODgqg of each sample. The percentage of
surviving cells was calculated according to the manufacturer’s instructions.

Mouse protection experiments

s.c. challenge—Groups of C57BL/6 and A/J mice were briefly anesthetized with
Isoflurane (Nova Plus) and injected s.c. with 5 LDsq of Sterne spores (BL/6, 5.0 x 10°; A/J,
2.5 x 103; Ref. 42) suspended in 200 pul of PBS or peptides diluted in PBS. To ensure that

J Immunol. Author manuscript; available in PMC 2014 November 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lisanby et al.

Page 6

spores remained dormant, syringes were maintained on ice until injection. Mice were
monitored for signs of infection and survival for 10 days after infection.

Cellular depletion—C57BL/6 mice were depleted of Gr-1-binding cells by injecting 50
ug of purified rat anti-mouse Gr-1 Ab (RB6-8C5; BD Bio-sciences) i.p. A purified rat
1gG2bk isotype control Ab (BD Biosciences) was administered to control animals. After 24
h, C57BL/6 mice were challenged s.c. as described above.

Intratracheal (i.t.) challenge—Groups of A/J mice were anesthetized with Isoflurane,
intubated with SURFLO i.v. 22-gauge x 1-inch catheter tubes (Terumo Medical Corp.), and
infected with 5 x 10° spores in 30 pl of PBS or peptides. Mice were monitored for signs of
infection and survival for 10 days after infection. The lungs of surviving and uninfected
mice were harvested, homogenized, and plated (with and without a 30-min incubation at
65°C) to verify pulmonary spore administration and sterile technique, respectively. Colonies
from overnight cultures were confirmed as B. anthracis by staining randomly selected
colonies with an Alexa Fluor-488 labeled mAb (EAII) that recognizes the cell wall
galactose-N-acetylglucosamine polysac-charide of the bacilli (43) and screening them by
flow cytometry (data not shown).

Cellular recruitment

C57BL/6 mice were injected i.p. with 200 ul of PBS or LPS (20 pg; Sigma-Aldrich; L2630)
or peptide (50 pM) diluted in PBS. After 4 h, peritoneal cells (PEC) were isolated by lavage
with 10 ml of PBS + 2% FCS (FACS buffer). Cells were washed, counted with trypan blue,
and stained with Mac-1-PE, CD11c-biotin, Gr-1-biotin, B220-allophycocyanin, CD5-PE, or
streptavidin-allophycocyanin (BD Biosciences) and analyzed by flow cytometry with a
FACSCalibur. FlowJo software (Treestar) was used to calculate population percentages.

Cytospins and spore clearance

C57BL/6 mice were injected i.p. with 200 pl of PBS or peptides (50 pM) diluted in PBS and
infected 4 h later i.p. with 1 x 107 Alexa Fluor 555-labeled spores in 200 pl of PBS. One
hour after the infection, PECs were harvested, washed, and enumerated as described in
Cellular Recruitment. For cytospin analysis, 4 x 10° cells were removed from each sample,
incubated with mAb-93 (44) to block Fc receptors, and subsequently stained with Mac-1-
Alexa Fluor 647 (BD Biosciences) and the anti-B¢clA mAb, EF12 (41) directly conjugated to
Alexa Fluor 488. All staining and wash steps were performed on ice in PBS plus 1% BSA
(w/v). Cytospins were prepared with a Shandon Elliot Cytospin, fixed, and permeabilized
overnight in ethanol at —20°C, and coverslips were mounted with Fluoro-mount G (Southern
Biotechnology Associates). Cells were imaged with a Leica DMRB microscope,

Hamamatsu digital camera, and Openlab software. Spore clearance was determined by
removing 1 x 10° cells from each peritoneal lavage, resuspending the cells in 1 ml of PBS,
and lysing them by the addition of 100 ul of 2.5% (v/v) Tween 20. One half of the volume of
each sample was directly serially diluted and plated on LB plates, whereas the other half was
heat treated at 65°C for 30 min before dilution and plating for colony enumeration.
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Statistical analysis

Results

Samples in experiments conducted to determine cellular recruitment, spore burden in
Mac-1* cells, and verification of spore viability during coad-ministration were compared
with their respective controls with one-way ANOVAs and Dunnett’s posttests. Two-tailed
Student t tests were utilized for comparisons between two groups, whereas one-sample t
tests were used to compare groups normalized to their respective controls (which were set to
100). Log rank tests were used to determine statistical significance in mouse survival
experiments. For all experiments, statistical significance was defined as p < 0.05, and all
graphs and statistical tests were generated/ performed with the Prism software package
(version 4.0c; Graphpad software).

Cathelicidins kill B. anthracis in vitro

To determine the MEC of peptides capable of inhibiting bacterial growth of the Sterne strain
of B. anthracis, each cathelicidin was serially diluted (2-fold) and used in RDAs (Fig. 1A).
Consistent with studies conducted with other bacterial species (45, 46), we determined that
the MECs of CRAMP (mean + SEM, 3.2 + 0.5 uM) and LL-37 (3.4 £ 0.4 uM) were similar,
whereas PG-1 (0.8 + 0.15 uM) was more potent than either of the other two. We also
conducted MBDAs (Fig. 1B) to ensure that the MECs calculated in Fig. 1A were not
influenced by the ability of the peptides to diffuse through the agarose matrix in the RDAs.
In agreement with the MECs determined in Fig. 1A, we observed that CRAMP and LL-37
lost their ability to significantly inhibit bacterial growth between 2.5 and 5 UM, whereas
PG-1 remained potent at <1.5 pM. Because capsule synthesis plays a pivotal role in anthrax
pathogenesis (47, 48), we compared the ability of each cathelicidin to inhibit the growth of
an Ames strain of B. anthracis deleted for capsule-biosynthetic genes (UTAS8) and its fully
virulent isogenic parent strain (Ames) with radial diffusion (Fig. 2) and MBDAs (data not
shown). Although the MEC of each peptide was <5 uM for both the UTA8 and Ames
strains, the presence of capsule reduced the MECs of LL-37 (p < 0.01)- and PG-1 (p <
0.01)-, but not CRAMP-, treated samples (Fig. 2B). These findings show that the in vitro
bactericidal activity of these peptides is unaffected by the presence of capsule.

Because the endospore is the infectious form of B. anthracis and is therefore likely to be
exposed to cathelicidins in the pleural cavities and the phagolysosomal compartments of
professional phagocytic cells, we also examined the sporicidal potential of these
cathelicidins. We began by determining the MEC of each peptide against Sterne strain
spores by conducting radial diffusion assays in which mid-log phase bacilli were replaced
with dormant spores and determined that the MECs of the cathelicidins against spores were
similar to those against vegetative bacilli (Fig. 1A), as previously described (33). However,
the RDAs did not permit us to distinguish whether the antimicrobial activity observed in Fig.
1A was exerted on the dormant spores, metabolically active germinating spores, or the
nascent bacilli. To address this concern, we used a modified MBDA coupled with flow
cytometric analysis to observe the germination and outgrowth of spores at hourly intervals in
the presence of peptide diluent (negative control), 5 ug/ml gen-tamicin (positive control), or
10 uM concentrations of each peptide. In contrast to our RDA findings, flow cytometric
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analysis revealed that only gentamicin and PG-1 treatment prevented vegetative outgrowth
(Fig. 3A). The inability to detect events representing the exosporium remnants (purple gate)
suggested that the growth inhibition of the gentamicin- and PG-1-treated samples occurred
at the spore stage. To confirm this observation, germination and outgrowth of individual
dormant spores were monitored by time lapse phase contrast microscopy. This analysis
revealed that spores treated with gentamicin and PG-1 germinated (as indicated by the phase
bright to phase dark transition; Fig. 3B) at the same rate and frequency as PBS-treated
spores, but never developed into vegetative bacilli. Because cathelicidins can kill bacteria
through membrane disruption or metabolic inhibition (49, 50), we conducted transmission
electron microscopy on spores germinated for 1 h in the presence of PG-1 or gentamicin to
delineate the effects of compounds on the developing bacilli. We observed that PG-1
treatment caused >99% (357 of 360) of the developing bacilli to display a deflated
morphology within the confines of the exospor-ium that did not occur in the gentamicin-
treated samples (Fig. 3C). The small number of PG-1-treated spores that did not possess
deflated bacilli displayed a phase bright/ungerminated morphology which was also present
in the PBS- and gentamicin-treated samples at similar frequencies. Taken together, these in
vitro assays indicate that PG-1 is capable of killing metabolically active spores before
vegetative outgrowth but that none of the peptides tested was capable of inhibiting the
germination process.

administration protects C57BL/6 mice from spore challenge

Although the exogenous administration of cathelicidins, defensins, and engineered cationic
peptides have been shown to reduce bacterial burden (6, 8) and protect mice (7, 9) from
Gram-negative and Gram-positive bacterial pathogens, we are unaware of studies that
examined the protective potential of cationic peptide administration against spore-forming
bacterial species in vivo. To determine the protective potential of cathelicidins against B.
anthracis spore challenge, C57BL/6 mice were injected s.c. with 5 LDgq of Sterne strain
spores in 1) PBS alone (PBS), 2) PBS followed by the delayed administration of 50 pM
peptide 4 or 24 h postinfection, or 3) spores coadministered with peptides (0 h). The mice
were then monitored for the onset of disease symptoms (i.e., edema) and survival for 10
days after infection. Only 33% of PBS-treated mice survived the challenge (Fig. 4, A-C). In
contrast, we observed that a single administration of each peptide (up to 4 h postinfection)
significantly improved the survival rate (80-100% survival) of infected mice. Although
PG-1 (p =0.0950) and LL-37 ( p = 0.0822) treatment 24 h after infection increased mouse
survival rates to 70%, these differences did not achieve statistical significance.

Because mouse survival was similar between mice that received the cathelicidins 0 or 4 h
postinfection, we chose to further characterize the nature of this peptide-mediated protection
utilizing peptide coadministration (0 h) to minimize experimental variables. Because the
ability of cationic peptides to disrupt bacterial membranes is thought to be threshold
dependent (49, 50), we next determined whether the peptide-mediated increase in mouse
survival was dose dependent by challenging C57BL/6 mice s.c. with 5LDsq of Sterne strain
spores suspended in PBS or peptides (10 or 50 pM). Consistent with our previous findings
(Fig. 4, A-C), only 35% of PBS-treated mice survived the challenge (Fig. 4, D-F), whereas
80-100% of the mice that received the 50 UM dose of each cathelicidin survived.
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Statistically significant improvements in mouse survival rates also occurred in mice that
were treated with the 10 uM dose of CRAMP and PG-1 (Fig. 4, D-E). Although no peptide
possessed antimicrobial activity against dormant spores in vitro (Fig. 3), we ensured that we
were administering viable spores by dilution-plating extra inocula of spores suspended in
PBS or peptides (10 or 50 pM). We observed no reduction in viable CFUs derived from
peptide-treated spores compared with PBS-treated controls (data not shown), indicating that
the spores in the challenge experiment were viable at the time of infection. Taken together,
these findings provide the first in vivo evidence that cationic peptide administration protects
against spore challenge and that this protection is both time and dose dependent.

To determine the protective potential of cathelicidin administration against inhalational
anthrax, we utilized an i.t. infection model in A/J mice (51, 52), because C57BL/6 mice are
highly resistant to pulmonary spore challenge with the Sterne strain (51). We coadministered
5 LDsgq of spores with PBS or peptides (50 uM) i.t. to A/J mice, which were subsequently
monitored for 10 days after infection for morbidity and survival. Unlike the C57BL/6 s.c.
infection model, statistically significant protection was not observed between mice that
received spores suspended in PBS or peptides (Fig. 5A), suggesting that peptide-mediated
protection does not occur in a pulmonary model of infection. However, the necessity to
change mouse strains to determine the protective potential of peptide administration against
inhalational anthrax could have influenced this result. Unlike C57BL/6 mice, mouse strains
that are susceptible to pulmonary infection from Sterne strain spores (i.e., A/J and DBA2/J)
are all C5 deficient and are immunocompromised as a result (53).

To determine whether the disparity of protection observed in our A/J i.t. and C57BL/6 s.c.
infection models was due to differences in the administrative routes or mouse strains, we re-
examined the protective potential of peptide administration in A/J mice which were
challenged s.c. with 5 LDgq of spores suspended in PBS or peptides (50 uM). All of the
PG-1-treated A/J mice survived the s.c. spore challenge, whereas the CRAMP, LL-37, and
PBS control groups rapidly succumbed to the infection (Fig. 5B). These results suggested
that the inability of CRAMP and LL-37 to protect A/J mice from inhalation anthrax was
mouse strain specific, whereas the lack of PG-1-mediated protection was infectious route
specific. It also suggested that the CRAMP- and LL-37-mediated protection in the C57BL/6
model was not due to the direct antimicrobial activities of these peptides (which are thought
(49, 50) to be threshold dependent), given that the infectious dose for the C57BL/6 mice (5
x 105 spores) was 200-fold greater than that of the A/J mice (2.5 x 108 spores), whereas the
amount of peptide administered was the same in both infection models.

Cathelicidins protect mice through direct and indirect mechanisms

We next examined the mechanism of protection provided by each peptide. Because cellular
recruitment has been implicated as an important mechanism of cationic peptide-mediated
protection in multiple bacterial infection models (6, 9, 54) and C5-deficient mice suffer from
delayed neutrophil and reduced macrophage recruitment following i.p. spore administration
(55), we next determined whether any of the cathelicidins enhanced cellular recruitment in
vivo. PBS or peptides (50 uM) were injected into the peritoneal cavities of C57BL/6 mice,
and 4 h later the mice were euthanized, the peritoneal cavity was lavaged, and peritoneal
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cellular populations were differentiated by flow cytometric analysis. LPS (20 pg) was also
administered to a cohort of mice to ensure that any alterations in cellular recruitment were
not due to endotoxin contamination of our sample preparations. In contrast to LPS treatment,
which resulted in the migration of myeloid and lymphocyte populations out of the
peritoneum, we found that each peptide caused statistically significant ( p < 0.001)
recruitment of myeloid cells (CD5"B220~ population) into the peritoneal cavity (Fig. 6).
Further characterization of the peritoneal fluids for Mac-1, CD11c, and Gr-1 expression
revealed that each peptide significantly increased the proportion (Fig. 6A) and absolute cell
numbers (Fig. 6B) of immature (Mac-1nighGr-1intermediate) ang mature (Mac-1M9hGr-1high)
neutrophils. Identification of cellular subsets by cell surface marker expression was
augmented by forward-side scatter analysis, as well as differential cell counts in which cell
size, granularity, nuclear profile, and Mac-1 expression were determined. Although we are
not aware of previous studies that examined the ability of PG-1 treatment to influence
cellular recruitment in vivo, our findings that LL-37 and CRAMP increased neutrophil
recruitment is consistent with other in vivo models (56). Only CRAMP (1.9 x 10° cells/ml)
administration resulted in a significant ( p < 0.05) increase in the concentration of recovered
peritoneal cells compared with PBS (1.2 x 10° cells/ml) controls (data not shown).

To determine whether the recruited neutrophils affected spore clearance in vivo, 200 pl of
PBS or peptides (50 uM) were injected into the peritoneal cavities of C57BL/6 mice,
followed 4 h later by 1 x 107 directly Alexa Fluor 555-labeled spores. Mice were sacrificed,
and the peritoneal contents were lavaged 1 h after spore administration. Microscopic
analysis of the peritoneal exudates (representative field from PBS-treated mouse shown in
Fig. 7A) revealed that neutrophil recruitment induced by LL-37 administration was
associated with a significant decrease ( p < 0.05) in the spore burden of Mac-1" cells (Fig.
7B). Plating assays revealed that there was a direct correlation between Mac-1* cell spore
burden and the number of recovered CFU (Fig. 7C). These results suggest that cellular
recruitment following peptide administration can promote spore clearance by decreasing the
spore burden at the individual cell level, consistent with the mounting evidence that the
multiplicity of infection is important in the establishment of an anthrax infection (18, 22,
23).

Because it was previously reported that defensins are capable of protecting macrophages
(26, 33) and mice from anthrax LeTx challenge (26), we also tested the ability of each
cathelicidin to inhibit anthrax LeTx induced cytolysis of RAW 264.7 cells. In agreement
with previous studies using LL-37 (26, 33), none of the cathelicidins were capable of
protecting the RAW 264.7 cells from exposure to high or low concentrations of LeTx (Fig.
8), suggesting that the peptide-mediated protection of the C57BL/6 mice (Fig. 4) was not
associated with activity against toxin.

Given that the i.p. administration of LL-37 and CRAMP increased neutrophil recruitment
(Fig. 6), which was associated with a reduction in the spore burden of Mac-1* cells and
decreased spore survival in vivo (Fig. 7), we hypothesized that the protection C57BL/6 mice
received from these peptides during s.c. spore challenge was mediated by increased
neutrophil recruitment to the site of infection. To test this hypothesis, mice were injected i.p.
with 50 g of an anti-mouse Gr-1 mAb to deplete Gr-1* cells and subsequently challenged
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s.c. with 5 LDsgq of spores suspended in either PBS or peptides (50 uM) the following day
(Fig. 9). We observed 90% mouse survival in each peptide-treated group that received the
control mAb and 100% survival in the Gr-1-depleted, PG-1-treated mice, suggesting that
PG-1-mediated protection can occur independent of cellular recruitment. In contrast, only
10-20% of the Gr-1-depleted mice that received LL-37 or CRAMP survived. This finding
confirmed the importance of Gr-1* cells (i.e., neu-trophils) in mediating the protection
induced by these peptides against spores in the C57BL/6 s.c. infection model.

Discussion

Most of the previous work on the susceptibility of B. anthracis to cationic peptides and the
use of these peptides as potential anthrax therapeutics have centered on defensins (20, 26,
33, 57). The first study to examine the bactericidal activity of cationic peptides against B.
anthracis demonstrated that the peptides expressed by human pulmonary epithelial cells
(i.e., LL-37 and human B-defen-sin 3) are capable of killing vegetative bacilli in vitro (58).
Subsequent studies demonstrated that human neutrophil peptides (a-defensins) and
synthetically derived 0-defensins (retrocyclins) are capable of killing the vegetative form of
B. anthracis and neutralizing the cytotoxic effects of lethal toxin on RAW 264 macrophages
and protecting BALB/c mice from toxemia (26, 33). Some retrocyclins even appeared to
possess sporicidal abilities in vitro (33). In this paper, we characterized the sensitivity of B.
anthracis to three cathelicidins: LL-37 (human), CRAMP (mouse), and PG-1 (pig). We
determined that the vegetative form of B. anthracis was sensitive to the direct antimicrobial
activity of all three peptides at micromolar concentrations and that sensitivity was not
affected by the presence of capsule. We also examined the previously reported sporicidal
potential of these peptides (33, 59) and established that only PG-1 was capable of altering
the vegetative outgrowth process. Expanding on these in vitro findings, we ascertained that
cationic peptide administration protected mice from spore challenge and that each
cathelicidin protected C57BL/6 mice in a time-and dose-dependent manner. We determined
that this protection was mediated by the direct killing of germinated spores or bacilli
following inoculation (PG-1) or through enhanced cellular recruitment to the site of
infection (CRAMP and LL-37), but not by neutralizing the effects of lethal toxin.

Previous studies indicate that unencapsulated strains of B. anthracis are highly sensitive to
the bactericidal activities of LL-37 and PG-1 (33, 58). Although capsule synthesis is
important in anthrax pathogenesis, our studies using in vitro assays with fully virulent Ames
and an isogenic capsule-negative mutant showed that the presence of the B. anthracis poly-
D-glutamic acid capsule did not impede the bactericidal activity of these peptides. Although
the polysaccharide capsule of Kleb-siella pneumoniae contributes to antimicrobial resistance
(60), our findings are consistent with studies of group A Streptococcus (61) and
Streptococcus pneumoniae (62) which demonstrated that D-alanylation of lipotechoic acids
by DItA contributed more to antimicrobial peptide resistance than capsule expression. B.
anthracis was recently reported to possess a homologous dItABCD operon and that its
deletion increased the sensitivity of unencapulated bacilli to defensin-mediated killing 3- to
5-fold (57). However, because our study included only three cationic peptides and is the first
to examine the protective potential of capsule to peptides in B. anthracis, it remains to be
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seen whether capsule synthesis contributes to protection from less potent cationic peptides
(i.e., human B-defensins 1 and 2; see Ref. 58).

The sporicidal potential of cationic peptides was previously examined in vitro with RDASs
(33) and kinetic MBDAs that correlated colony counts with spore and bacterial levels spec-
trophotometrically (59). Both studies suggested that cationic peptides might possess
sporicidal activities, but neither assay was capable of distinguishing the stage during
germination and outgrowth or the mechanism involved in the killing. To better understand
the sporicidal properties of each peptide, we monitored the effects of the cathelicidins on
germination and outgrowth by direct single-spore observation using flow cytometric
analysis and time lapse phase contrast microscopy. Only PG-1 prevented vegetative
outgrowth, and transmission electron microscopy revealed ultra structural damage to the
plasma membranes of the developing bacilli within the exosporium. We are not aware of
previous studies that used transmission electron microscopy to examine the effects of
cationic peptides on Gram-positive bacilli. However, the membrane disruption and
cytoplasmic content release that we observed were similar to those shown following
SMAP29 and CAP18 treatment of Pseudomonas aeruginosa PAO1 (63) as well as LL-37
and cecropin B treatment of Escherichia coli D21 (64). In agreement with previous studies,
no peptide was observed to kill dormant spores (33).

Size, sequence, charge, hydrophobicity, amphipathicity, conformation, and structure are all
characteristics that affect the antimicrobial activity and specificity of cationic peptides (49).
As such, it is difficult to speculate what characteristic causes PG-1 to be more potent than
CRAMP or LL-37 against both the encapsulated and unencapsulated strains of B. anthracis
as well as germinated spores, but this finding is consistent with previous studies utilizing
multiple bacterial species (46). However, it is not surprising that our results with LL-37 and
CRAMP so closely parallel each other. Both peptides are similarly sized (3040 aa
depending on the extent of proteolytic cleavage), a-helical peptides with charges of ~6 at pH
7 (50, 65, 66). However, PG-1 is significantly different from either CRAMP or LL-37 in that
it is an 18-aa [3-sheet peptide containing 2 disulfide bonds and a charge of 7 at neutral pH
(50, 67). These structural and charge dissimilarities could account for the differences in the
intensity of cellular recruitment observed following i.p. administration of the peptides.
Although we are unaware of previous studies that examined the chemoattractant properties
of PG-1, both LL-37 and CRAMP were previously reported to attract leukocytes using
formyl peptide receptor-like (FPRL) 1 and mouse FPRL-2 (56). Considering the structural
dissimilarities between the a-helical (LL-37 and CRAMP) and p-sheet (PG-1) peptides, it is
unlikely that PG-1 binds FPRL-1 or mouse FPRL-2.

Based on numerous studies indicating that cationic peptide administration increases bacterial
clearance (6, 8, 9, 49, 68) and host survival (7, 9, 49, 68) following bacterial infections and
the growing demand for alternative therapeutic strategies against anthrax, we examined
whether cathelicidin administration would protect mice from spore challenge. Consistent
with the previous bacterial infection models (7, 9, 49, 68), our s.c. infection studies with
C57BL/6 mice revealed that the administration of each cathelicidin 4 h after spore
administration significantly improved mouse survival rates (and trended toward increased
survival 24 h postinfection) in a dose-dependent manner. Cellular recruitment and depletion
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studies suggested that this cathelicidin-mediated protection resulted not only from the direct
killing of germinated spores but also through the increased recruitment of neutrophils, which
reduced the spore burden on resident phagocytes and facilitated increased spore clearance.
These findings are in agreement with previous studies, in which: 1) the in vivo
administration of CRAMP and LL-37 resulted in a 6-fold increase in neutrophil recruitment
4 h after injection (56); 2) the enhanced bacterial clearance observed following cathelicidin
(LL-37; Ref. 54), defensin (HNP-1; Ref. 6), or engineered cationic peptide (innate defense
regulator-1; Ref. 9) administration in various infectious models was dependent on cellular
recruitment; 3) PG-1 administration protected mice from i.p., i.v., and intradermal bacterial
infections by bacterial killing (7, 8); and 4) the importance of spore burden on resident
macrophages for preventing intracellular vegetative outgrowth was demonstrated with time
lapse confocal microscopy (18), as well as in vivo macrophage depletion and augmentation
infection models (22, 23).

In contrast to the C57BL/6 s.c. infection models, we did not observe any peptide-mediated
protection in pulmonary spore challenge models conducted in A/J mice. To discern whether
this protection discrepancy was mouse strain or infectious route specific, we also conducted
a s.c. infection with the A/J mice and only observed increased rates of survival in mice
treated with PG-1. Since the Gr-1 depletion studies suggested that CRAMP and LL-37
protected C57BL/6 mice through cellular recruitment, it is not surprising that both peptides
failed to protect A/J mice from s.c. or i.t. spore challenge, given that A/J mice were
previously reported to have delayed neutrophil recruitment (55) and reduced accumulation
of macrophages following thioglycollate (69), Listeria monocytogenes (70), and B. anthracis
spore administration (55). Similarly, it is not startling that PG-1 failed to protect A/J mice
from pulmonary spore challenge, because it has been shown in multiple animal models that
spore germination does not occur in the lung (52, 71), thus negating the bactericidal
activities of PG-1. Because we could not demonstrate pulmonary protection in A/J mice
following peptide administration and the fact that C57BL/6 mice are highly resistant to
inhalation anthrax (51), the efficacy of cathelicidin administration against pulmonary
anthrax will need to be re-examined in follow-up studies with a fully virulent strain of B.
anthracis. The use of a fully virulent strain of B. anthracis would facilitate the use of s.c.
and i.t. studies within the same mouse strain (72). Regardless, the fact that only PG-1
protected A/J mice from s.c. spore challenge is in agreement with our findings that PG-1
was the only peptide capable of killing germinated spores in vitro and for which in vivo
killing activity did not require the presence of Gr-1* cells (i.e., neutrophils) to protect
C57BL/6 mice. This is especially notable given a recent report indicating that spores became
metabolically active within 2 h of s.c. injection (73).

The role of neutrophils in anthrax pathogenesis has only recently been examined.
Historically, the levels of resident and recruited macrophages were thought to dictate the
outcome of infection. We recently found that the C-terminal domain of BclA, a collagen-like
protein on the outermost surface of the exosporium, directs cellular uptake to Mac-1-
expressing cells (42), suggesting that neutrophils are also capable of binding and
internalizing spores. This was demonstrated by Mayer-Scholl et al. (20), who found that
human neutrophils were capable of internalizing and killing B. anthracis spores and bacilli.
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However, these in vitro findings were not supported by the only mouse infection study to
examine the role of neutrophils in anthrax pathogenesis (22). In that study, mice were
injected with the RB6-8C5 Ab to induce neutropenia 2 days before i.p. or aerosol spore
challenge. Statistically significant reductions in survival rates (compared with saline
controls) were observed only in mice that received a high dose of inhaled spores. Neutrophil
recruitment, induced by the injection of 1 ml of starch into the peritoneal cavity of mice 4 h
before i.p. spore challenge did not increase survival rates or mean times to death. Because
we used different mouse and spore strains, infectious routes, and elicitants, it is difficult to
directly compare these previous findings with our own.

The treatment strategy for an anthrax infection is the same now as it has been for decades:
vaccination with an attenuated spore strain or purified bacterial supernatant to generate
antitoxin Abs, and a timely and sustained antibiotic regiment (11). A common concern is
that an antibiotic-resistant strain of B. anthracis could be used in an attack to undermine
one-half of the current treatment protocol. As a result, following the anthrax attacks in 2001,
numerous attempts have been made to develop novel therapeutic agents that directly lyse
germinated spores or bacilli (i.e., human group Ila phospholipase A, (29), retrocyclins (33),
or recombinant y phage (30) lysin) or counter the antiphagocytic properties of capsule
synthesis through degradation (CapD; Ref. 31) or mAb binding (27). Major efforts have also
been made to develop reagents that abrogate the effects of toxin expression (i.e., small
peptides (32), defensins (26, 33), or mAbs (25) and Ab fragments (28) to LeTx
components). We chose to determine whether cathelicidin administration would protect
mice from B. anthracis infection because it allowed us to examine the protective potential of
a natively expressed peptide (CRAMP) and its human homolog (LL-37). We believed that
this was important considering previous concerns that the protective potential of exogenous
human neutrophil defensin mediated against bacterial infection in mice may be exaggerated
because mouse neutrophils do not express defensins (6). We found that CRAMP and LL-37
significantly improved mouse survival following spore challenge at previously used
infectious doses (29, 74) and that this protection was mediated through increased cellular
recruitment to the site of infection. Unlike previous therapeutic strategies, LL-37 and
CRAMP were not capable of directly killing germinated spores or bacteria or of negating the
effects of lethal toxin. Instead, our data suggest that these peptides exploited a naturally
occurring bottleneck in anthrax pathogenesis in which the spores must survive passage to the
regional lymph nodes within APCs to establish an infection. As such, these peptides could
potentially be the first preventative therapeutic agents against an anthrax infection. This is
significant because although the current treatment regimen of immunization and antibiotic
treatment is sufficient to prevent death from inhalational anthrax (74), the pathogen is still
capable of imparting on its hosts lasting and debilitating neurological disorders (75). The
development of therapeutic strategies that could prevent the establishment of infection, used
in conjunction with the current treatment regiment, might help to alleviate the downstream
effects of anthrax exposure.
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FIGURE 1.
Cathelicidins inhibit B. anthracis growth. A, RDAs were conducted by incubating 2 x 108

ungerminated Sterne strain spores or mid-log phase bacilli with serially diluted peptides
(100-0.1 pM). After an overnight incubation to allow for visible colony growth, zones of
growth clearance were measured, and the MEC was calculated using linear regression
analysis. Graph values represent the mean calculated MEC from at least eight plates + SEM.
Unpaired, two-tailed Student t tests were used to determine statistical significance. *, p <
0.05; ** p < 0.01; *** p < 0.001. B, MBDAs were performed in which 1 x 10° bacilli/ml
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were ali-quoted into wells containing serially diluted peptides. Percent growth was
calculated by measuring the ODggq of peptide-treated samples normalized to the peptide
diluent control samples, which were set to 100% for each experimental repetition. Values
represent the mean percentages pooled from three experiments conducted in quintuplicate 6
SEM. Statistical significance was determined by two-tailed, one-sample t tests in which each
sample was compared against the peptide diluent control. *, p < 0.05; **, p < 0.01; ***, p <
0.001.
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FIGURE 2.
Capsule expression does not prevent bactericidal activity of peptides. Spores were grown for

4 hin MHB at 37°C in 5% CO» and capsule expression was verified by India Ink exclusion
(A) before being utilized in RDAs (B) in which the MEC of each peptide was determined
against 2 x 108 Ames and UTAS8 bacilli. Graph values represent the mean MEC calculated
from four plates + SEM. Unpaired, two-tailed Student’s t tests were used to determine
statistical significance. **, p < 0.01.
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FIGURE 3.

PG-1 treatment prevents vegetative outgrowth by disrupting the plasma membrane of the
developing bacilli. In all experimental conditions, 1 x 10 spores were incubated in peptide
diluent control, genta-micin (5 pg/ml), or peptides (10 uM) diluted in MHB at 37°C for the
indicated lengths of time. A, Flow cytom-etry was used to monitor the effects of each
peptide on germination and outgrowth. Density plots depict the forward scatter (FSC-H) and
side scatter (SSC-H) profiles of germinating spores in which debris (red), exosporium
remnants (purple), spores (blue), and bacilli (green) can all be monitored as distinct
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populations. Scatter profiles are representative of three experiments conducted in duplicate.
B, Representative photomicrograph excerpts taken from time lapse phase contrast
microscopic analyses in which spores were incubated at 37°C and imaged every 10 s for 90
min. Photomicrographs are representative of three experiments. Bars = 10 um. C,
Representative transmission electron photomicrographs of spores treated with peptide
diluent, gentamicin, or PG-1 for 1 h at 37°C. The plasma membrane (PM) and cell wall
(CW) of the developing bacilli are shown in relation to the spore coat (SC) and basal layer
(BL) and hair-like nap (HLN) of the exosporium. Bars = 0.2 pm.
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Cathelicidin administration protects C57BL/6 mice from s.c. spore challenge. A-C, Survival
of mice inoculated s.c. with 5 LDsq (5 x 10°) of spores in 200 pl of PBS (n = 12 mice) or 50
UM solutions of PG-1 (A), CRAMP (B), or LL-37 (C) simultaneously (0 h) or 4 or 24 h after
infection (n = 10 mice per group). D-F, Survival of mice inoculated s.c. with 5 LDsgq (5
10°) of spores in 200 ul of PBS (n = 20 mice) or 50 UM or 10 uM solutions of PG-1 (D),
CRAMP (E), or LL-37 (F; =5 10 mice per group). In both experiments, mice were
monitored for 10 days, and log rank tests were utilized to determine whether differences in
survival were statistically significant.
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FIGURE 5.
PG-1 but not CRAMP or LL-37 protects A/J mice against s.c. spore challenge, whereas none

protect against i.t. administration. A, Survival of mice challenged i.t. with 5 LDsq (5 x 10°)
of spores suspended in 30 pl of PBS or 50 uM peptides (diluted in PBS) and monitored for
10 days. n = 8-9 mice per group. B, Survival of mice inoculated with 5 LDsq (2.5 x 103) of
spores suspended in 200ul of PBS or 50uM peptides (diluted in PBS) s.c. and monitored for
10 days. n = 7 mice per group. Log rank tests were utilized in both experiments to determine
whether differences in survival were statistically significant.
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FIGURE 6.

Administration of pep-tides i.p. to C57BL/6 mice causes recruitment of neutrophils. Mice
were injected i.p. with 200 pl of PBS, LPS (20 pug), or peptides (50 uM), and the peritoneal
cavity was lavaged 4 h later. A, Cell populations were determined based on the relative
expression levels of the cell surface markers B220, CD5, Mac-1, CD11c, and Gr-1. B, The
absolute numbers of myeloid cells (CD5-B2207) and immature (Mac-1M3hGr-1intermediate)
and mature (Mac-1M9hGr-1high) neutrophils were significantly larger in mice that received
peptides than those injected with PBS as determined by a one-way ANOVA with a Dunnett
posttest. *, p < 0.05; **, p <0.01; ***, p <0.001.
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FIGURE 7.
Recruitment of neutrophils i.p. following LL-37 administration reduces spore burden in

Mac-1* cells and increases spore clearance. Mice were injected i.p. with PBS or peptides as
described in Fig. 6 and after a 4-h incubation, 1 x 107 Alexa Fluor 555-labeled spores were
injected i.p. Peritoneal lavages were performed 1 h later, and cells were subsequently stained
for cytospin analysis or plated to determine spore survival. Graph values are pooled from
three experiments. A, Representative photomicrographs of cytospins prepared from the
PECs collected from PBS-treated mice illustrating differential staining that allows
intracellular spores (red only) to be distinguished from extracellular spores (green and red)
within Mac-1* cells (white) and the total cell population (phase and Hoechst). Bars, 20 um.
B, Intracellular spore burden was determined from 300 randomly selected cells from
cytospins shown in A by counting the number of Alexa Fluor 555-labeled spores (red) that
did not costain with the Alexa Fluor 488-labeled anti-BclA mAb (EF12; green). Values
represent the mean number of intracellular spores per Mac-1* peritoneal cell £ SEM.
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Statistical significance was determined with a one-way ANOVA and Dunnett posttest. n =5
mice per group. C, Aliquots of 1 x 10° cells from each mouse were lysed, serially diluted,
and plated overnight. The percent recovered was calculated by normalizing the number of
CFU quantitated from PBS-pretreated mice to 100% for each experimental repetition.
Values represent the mean percentages + SEM. n = 9 mice per group. *, p < 0.05; **, p <
0.01; *** p < 0.001.
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FIGURE 8.

Cathelicidins do not protect macrophages from anthrax LeTx-induced cytolysis. RAW 264.7
cells were incubated for 5 h with PBS or serially diluted HNP-1 (A), PG-1 (B), CRAMP (C),
or LL-37 (D) with low or high levels of LeTx (400 ng/ml lethal factor and 200 ng/ml or
1600 ng/ml protective Ag, respectively). Cell viability was determined by alamarBlue
reduction. Points represent the mean values pooled from three experiments conducted in

duplicate £ SEM.
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Gr-1 depletion abrogates CRAMP- and LL-37-, but not PG-1-, induced protection of
C57BL/6 mice challenged s.c. with spores. Survival curves of mice injected i.p. with 50 ug
of an anti-GR-1 mAD to deplete neutrophils or an isotype-matched control Ab. The
following day, 5 LDsq (5 % 10°) of spores were coadministered s.c. in 200 pl of PBS (A) or
50 pM solutions of PG-1 (B), CRAMP (C), or LL-37 (D), and survival was monitored for 10
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days. Log rank tests were conducted to determine whether differences in survival were
statistically relevant. n = 10 mice per group.
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