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Compounds with antiendotoxin properties have been extensively studied for their potential as therapeutic
agents for sepsis attributable to gram-negative bacteria. However, with the increasing incidence of gram-
positive sepsis, there is interest in identifying compounds with a broad spectrum of action against both
gram-positive and gram-negative bacteria. A series of synthetic a-helical cationic peptides related to bee
melittin and silk moth cecropin have previously been shown to bind lipopolysaccharide (LPS) with high affinity,
inhibit LPS-induced tumor necrosis factor alpha (TNF-a) production in vitro and in vivo, and kill gram-
negative bacteria. In this study, we analyzed whether these peptides were active against gram-positive bacteria;
whether they could bind to lipoteichoic acid (LTA), the major proinflammatory structure on gram-positive
bacteria; and whether they could block the ability of LTA to promote the release of cytokines by the RAW 264.7
murine macrophage cell line. We found that the cationic peptides demonstrated moderate growth-inhibitory
activity toward gram-positive bacteria. In addition, the peptides bound LTA with high affinity. This correlated
with the ability of the peptides to block LTA-induced production of TNF and interleukin-6 by RAW 264.7 cells
but did not correlate with their ability to kill the bacteria. The peptides also effectively inhibited LTA-induced
TNF production in a whole human blood assay. The peptides were also able to partly block the ability of
heat-killed Staphylococcus aureus, as well as soluble products of live S. aureus, to stimulate cytokine production
by macrophages. Our results indicate that these cationic peptides may be useful to prevent sepsis and
inflammation caused by both gram-negative and gram-positive bacteria.

Sepsis is associated with the presence of pathogenic micro-
organisms or their toxins in the blood. It can result from in-
fections with either gram-negative or gram-positive bacteria.
Sepsis due to a gram-negative bacterium (gram-negative sep-
sis) is usually caused by the release of a bacterial outer mem-
brane component, endotoxin (lipopolysaccharide [LPS]). The
systemic release of cytokines, in particular tumor necrosis fac-
tor alpha (TNF-a), can result in septic shock and death. Gram-
positive sepsis is also presumed to be due to the release of
bacterial cell wall components. A number of gram-positive cell
wall constituents, including lipoteichoic acid (LTA) (10), pep-
tidoglycan (PG) (16), Streptococcus rhamose-glucose polymers
(24), and Staphylococcus capsular polysaccharide (23), have
been shown to stimulate the production of inflammatory me-
diators in vitro. When injected into animals, these gram-posi-
tive cell wall components elicit many of the characteristic fea-
tures of septic shock, including cytokine production,
leukocytopenia, circulatory failure, multiple-organ dysfunction
syndrome, and mortality (3, 14, 15, 18, 31). PG has also been
shown to enhance the toxicity of endotoxin in animals (26).
The increasing incidence of gram-positive-microorganism-in-
duced septic shock (2) indicates that there is a need to develop
therapeutic strategies to prevent the activation of inflamma-
tory cells by components of gram-positive cell walls.

Two of the major gram-positive cell wall components that
are known to stimulate the production of inflammatory medi-
ators are PG and LTA. PG is an essential constituent of the
gram-positive cell wall, while LTAs are associated with the cell
walls of most, but not all, gram-positive bacteria (6, 7). PG is a

polymer of alternating GlcNAc and MurNAc residues with
tetrapeptide side chains, cross-linked in gram-positive bacteria
by short peptides. LTAs are amphipathic compounds which
typically consist of a repeating glycerol phosphate backbone
that is substituted with D-alanine, sugars such as glucose, and a
single lipid side chain that intercalates into the cytoplasmic
membrane (7). Both LTA and PG are released spontaneously
into the culture medium during growth of gram-positive bac-
teria (25). Moreover, b-lactam antibiotics such as penicillin
enhance the release of LTA and PG (12, 29). Thus, the release
of LTA and PG from gram-positive bacteria may promote
septic shock during bacterial infections and during subsequent
antibiotic treatment.

Despite their structural differences, LTA and PG both acti-
vate macrophages and polymorphonuclear leukocytes by bind-
ing to CD14 (4, 11, 32), a surface receptor that mediates
responses to LPS (27, 28). Thus, substances that bind to bac-
terial components and ablate their ability to bind to CD14
would be good candidates for use as anti-inflammatory agents.
Compounds with a broad spectrum of binding to both gram-
positive and gram-negative bacterial products would be ex-
tremely useful in this regard.

We and others have previously shown that cationic peptides
can bind to LPS and neutralize its ability to stimulate the
production of inflammatory cytokines (8, 22). In particular, we
have focused on derivatives of an a-helical peptide that is a
hybrid of silk moth cecropin and bee melittin (1). The parent
peptide, CEME, contains the N-terminal 8 amino acids of
cecropin followed by the first 18 amino acids of melittin.
CEME and its derivatives have strong antimicrobial activity
against gram-negative bacteria, bind LPS with a high affinity,
block LPS-induced macrophage activation in vitro, and block
LPS-induced toxicity in mice (8, 19, 22).

In this study, we have investigated whether these synthetic
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cationic peptides have antimicrobial activity toward gram-pos-
itive bacteria, whether they can bind LTA, and whether they
can block the ability of LTA, PG, or heat-killed Staphylococcus
aureus to induce the production of inflammatory mediators by
the RAW 264.7 murine macrophage cell line. We have also
tested the ability of the peptides to work in vivo, in a whole-
blood assay. Our results indicate that several of these cationic
peptides can kill gram-positive bacteria and prevent the pro-
duction of TNF-a and interleukin-6 (IL-6) in response to heat-
killed gram-positive bacteria or purified gram-positive bacte-
rial cell wall components. Thus, these cationic peptides may
have therapeutic potential for the treatment of gram-positive
sepsis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains were grown on
Meuller-Hinton medium supplemented with 1.5% (wt/vol) agar, with the excep-
tion of Streptococcus pyogenes, which was grown on Todd-Hewitt medium. The
strains used in this study were S. aureus RN4220, ATCC 25293, and SAP0017
(methicillin-resistant S. aureus), as well as clinical S. aureus isolates received from
A. Chow (Department of Medicine, University of British Columbia), Staphylo-
coccus epidermidis (a clinical isolate from A. Chow), Streptococcus pyogenes
ATCC 19615, Enterococcus faecalis ATCC 29212, Bacillus subtilis (lab strain),
Listeria monocytogenes NCTC 7973, Cornyebacterium xerosis (lab strain), and
Escherichia coli UB1005 (20).

Bacterial products. LTA from S. aureus, Streptococcus pyogenes, and B. subtilis,
as well as PG peptide from the cell wall of S. aureus (D-ala–isoglutaminyl–L-lys–
D-ala–D-ala), were purchased from Sigma Chemical Co (St. Louis, Mo.). PG
from Micrococcus luteus was purchased from Wako (Osaka, Japan). LTA and PG
were resuspended in endotoxin-free water (Sigma). The Limulus amoebocyte
lysate assay (Sigma) was performed on the LTA and PG preparations to confirm
that lots were not significantly contaminated by endotoxin. The level of endo-
toxin contamination was less than 1 ng/ml, a concentration that did not cause
significant cytokine production (,0.2 ng/ml) in the RAW cell assay. Heat-killed
S. aureus was prepared by boiling the bacterial cells for 10 min and then washing
them three times with phosphate-buffered saline. The efficacy of the heat treat-
ment was confirmed by culturing the bacteria overnight to ensure that there was
no growth.

Cationic peptides. The cationic peptides were synthesized at the University of
British Columbia service facility by Fmoc [N-(9-fluorenyl)methoxycarbonyl]
chemistry (22). The amino acid sequences of the peptides are found in Table 1
in the single-letter amino acid code.

Determination of MICs. The MICs of each peptide for a range of microor-
ganisms were determined by the modified broth dilution method (33). Experi-
ments were performed with Mueller-Hinton medium (with the exception of
those involving Streptococcus pyogenes, which required Todd-Hewitt medium) in
96-well polypropylene microtiter plates (Costar, Cambridge, Mass.). Wells were
inoculated with 10-ml volumes containing approximately 2 3 106 to 2 3 107 CFU
of the test organism/ml. Samples of the bacterial inoculum were plated to ensure
that they were within the proper range of concentrations. The MICs were
determined after 18 h of incubation of the plates at 37°C. The MIC was consid-
ered to be the lowest peptide concentration at which growth was inhibited.

Determination of LTA binding affinity. The relative binding affinity of each
peptide for LTA was determined by modifying the LPS binding assay described
previously by Moore et al. (17). Dansyl polymyxin B (DPX) was used at a
concentration of 2.5 mM to obtain 90 to 100% of the maximum fluorescence
when bound to LTA. The DPX and 5 mg of S. aureus LTA were mixed in 1 ml

of 5 mM HEPES (pH 7.2). Fluorescence was measured by the use of a fluores-
cence spectrophotometer. Sequential additions of synthetic peptide, in 5-ml vol-
umes, were made to the reactions mixtures, and the resulting decreases in DPX
fluorescence were determined.

Cell culture. The murine macrophage cell line RAW 264.7 was obtained from
the American Type Culture Collection (Manassas, Va.). The cells were main-
tained in Dulbecco’s modified Eagle medium supplemented with 10% fetal calf
serum and passaged as described previously (13). For stimulation with bacterial
products, the cells were plated at a density of 106/well in 24-well plates, incubated
overnight to permit adherence, and then washed with fresh medium before
stimulation. The cells were stimulated with LTA, PG peptide, or heat-killed S.
aureus. To stimulate the RAW 264.7 cells with soluble products of live S. aureus,
the bacteria were grown overnight in Mueller-Hinton medium, diluted in phos-
phate-buffered saline to a concentration of 107 to 108 per ml, and added to a
Transwell diffusion chamber (Costar) in which a 0.2-mm-pore-size membrane
separated the bacteria from the RAW 264.7 cells. In all cases, the supernatants
of the RAW 264.7 culture were collected and used for cytokine enzyme-linked
immunosorbent assays (ELISAs).

Whole-blood assay. Blood from three donors was collected by venipuncture
into tubes (Becton Dickinson, Franklin Lakes, N.J.) containing 14.3 USP units of
heparin/ml of blood. Whole blood was stimulated with a 1-mg/ml solution of S.
aureus LTA in the presence or absence of peptide (50 mg/ml) in polypropylene
tubes at 37°C for 6 h. The samples were centrifuged for 10 min at 2,000 3 g, and
the plasma was stored at 220°C until analyzed by ELISA.

Cytokine assays. The concentrations of TNF-a and IL-6 in the RAW 264.7
supernatants were determined by ELISA (Endogen, Hornby, Ontario, Canada)
in accordance with the manufacturer’s suggestions. The concentration of TNF in
serum was determined by ELISA (R&D Systems, Minneapolis, Minn.).

RESULTS

Antimicrobial activity of the peptides. CEME is an synthetic
a-helical cationic peptide which contains the N-terminal 8
amino acids of silk moth cecropin followed by the first 18
amino acids of bee melittin (Table 1). CEME and some of its
derivatives have previously been shown to have strong antimi-
crobial activity against a broad range of gram-negative bacteria
(22). In this study, we asked whether CEME and/or its deriv-
atives were capable of killing a variety of gram-positive bacte-
ria, including clinically relevant pathogens. The peptides tested
included CEME, a variant of CEME that is modified at the C
terminus (CEMA), and two amphipathic derivatives of CEME
(CP26 and CP29), as well as six other peptide variants with
sequences related to CEME (Table 1). We have previously
shown that all of these peptides, with the exception of CP208,
are potent inhibitors of gram-negative bacterial growth (22).
The MICs of these peptides for E. coli ranged from 0.5 to 2
mg/ml, with the exception of CP208, which had an MIC of 32
mg/ml. In contrast to their strong activity against E. coli, we
found that the antimicrobial activity of the peptides toward
gram-positive bacteria differed widely depending on the bac-
terium (Table 2). In general, most of the CEME-related cat-
ionic peptides, with the exception of CP208, had good activity
against C. xerosis and L. monocytogenes, while many of the
peptides had good activity against Streptococcus pyogenes, S.
epidermidis, and a variety of S. aureus lab strains and clinical
isolates. Note that the MICs of peptides that did have signifi-
cant antimicrobial activity were often in the range of 4 to 16
mg/ml, which is considerably higher than their MICs for E. coli,
which ranged from 0.5 to 2 mg/ml. Nevertheless, several of the
CEME-related peptides had significant antimicrobial activity
against multiple gram-positive bacteria.

Of the cationic peptides tested, CEME had the lowest MICs
for the gram-positive bacteria that were tested, while CEMA
and CP203 were only slightly less effective. CM7 also had
significant antimicrobial activity against gram-positive bacteria,
although it was less effective than CEME, CEMA, or CP203.
CM7 was also the only peptide that had significant activity
against E. faecalis. Despite being highly effective against gram-
negative bacteria, CP29, CP207, and CPa2 had only modest
antimicrobial activity against most of the gram-positive bacte-

TABLE 1. Peptide amino acid sequences

Peptide Amino acid sequencea Charge
%

Hydrophobic
amino acids

CP26 KWKSFIKKLTSAAKKVVTTAKPLISS 17 46
CEME KWKLFKKIGIGAVLKVLTTGLPALIS 15 69
CEMA KWKLFKKIGIGAVLKVLTTGLPALKLTK 17 64
CP29 KWKSFIKKLTTAVKKVLTTGLPALIS 16 50
CM5 KLFKKIGIGAVLKVLTTGLPALKLTK 16 65
CM7 KLWKLFKKIGIGAVLKVLTTGLPALKLTK 17 66
CP203 KWKSFIKKLTSAAKKVLTTGLPALIS 16 54
CP207 KWKSFIKKLTSVLKKVVTTAKPLISS 17 46
CP208 KKKSFIKLLTSAKVSVLTTAKPLISS 16 46
CPa2 KWKKFIKKIGIGAVLKVLTTGLPALKLTKK 19 60

a Single-letter amino acid code.
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ria, while CP26 and CP208 had little activity. Note that all of
the cationic peptides with the exception of CP208 were highly
active against C. xerosis. Thus, some of these CEME-related
cationic peptides have significant activity against a broad range
of gram-positive and gram-negative bacteria while others are
active only against gram-negative bacteria and C. xerosis.

In addition to testing CEME-like peptides, we also asked
whether the cationic lipopeptide polymyxin B displayed anti-
microbial activity toward gram-positive bacteria (Table 2).
Polymyxin B is generally considered to be a gram-negative-
selective drug which has very low MICs (0.1 to 2 mg/ml) for
gram-negative bacteria such as E. coli. We found that while
polymyxin B had good antimicrobial activity toward C. xerosis
and L. monocytogenes as well as modest activity toward Strep-
tococcus pyogenes, it had minimal antimicrobial activity against
other gram-positive bacteria. Thus, while polymyxin B has an-
timicrobial activity toward some species of gram-positive bac-
teria, it does not have as broad a range as CEME and some of
its derivatives, such as CEMA and CP203.

Binding of CEME-related peptides to S. aureus LTA.
CEME-related cationic peptides have been shown to bind to
purified E. coli LPS in vitro (22). The ability of the peptides to
bind LPS is likely to play a significant role in their ability to
neutralize LPS that is shed from bacteria and thereby prevent
inflammatory responses. Since LTA has some structural anal-
ogy (being anionic and acylated) to LPS, we asked whether the
CEME-related peptides could bind to purified LTA in vitro.
To do this, we modified the DPX fluorescence assay that we
had previously used to monitor the binding of these peptides to
LPS. When excited at 340 nm, DPX fluoresces at 485 nm. This
fluorescence is increased when DPX binds to LPS and is re-
duced when CEME-related peptides bind to LPS and displace
the DPX. Since we observed a similar increase in DPX fluo-
rescence when LTA was added, we were able to perform an
analogous displacement assay to determine whether the
CEME-related peptides could bind to purified LTA.

Figure 1 shows that the CEME-related peptides were able to
displace up to 90% of the bound DPX from purified LTA. In
previous studies, we found that these peptides displaced only
about 50% of the DPX from E. coli O111:B4 LPS (17, 22).
Most of the peptides had a higher affinity for LTA than poly-
myxin B, with CM5 and CEME being exceptions. The abilities

of the peptides to bind LTA did not correspond with their
MICs for gram-positive bacteria (Table 2), since CEME was
the most effective peptide of this series against gram-positive
bacteria but had a relatively low affinity for S. aureus LTA
compared to some of the other peptides. Conversely, CP207
had the highest affinity for purified LTA, but its MICs for
gram-positive bacteria were in general fourfold higher than
those of CEME. Furthermore, CP208 also exhibited good af-
finity for purified LTA, even though it was unable to kill gram-
positive bacteria. These results indicate that the ability to bind
LTA is probably not the major mechanism by which CEME-
related peptides kill gram-positive bacteria. The exact mecha-
nism by which cationic peptides kill bacteria is not known.
Nevertheless, the ability of these peptides to bind LTA could
prevent LTA that is shed by bacteria from inducing inflamma-
tory responses. To test this hypothesis, we asked whether the
CEME-related peptides could block the ability of soluble LTA
to induce the production of inflammatory cytokines by macro-
phages.

CEME-related peptides inhibit LTA-induced cytokine secre-
tion. Previous studies have demonstrated that LTA results in
many of the characteristics of septic shock when injected into
animals (3, 14, 15, 18, 31). Consistent with this observation,
LTA also induces the production of inflammatory cytokines by
macrophages in vitro (10). Therefore, we asked whether the
cationic peptides could block LTA-induced cytokine produc-
tion by the murine macrophage cell line RAW 264.7. Figure 2
shows that LTA stimulated the release of TNF-a and IL-6 by
RAW 264.7 cells. Maximal TNF-a and IL-6 production was
observed after 6 h, and 0.1 mg/ml was the minimal concentra-
tion of S. aureus LTA that induced significant cytokine pro-
duction. CEMA (20 mg/ml) significantly blocked cytokine pro-
duction elicited by LTA at 0.1 mg/ml (Table 3) or 1 mg/ml (Fig.
3). When the cells were stimulated with LTA at 10 mg/ml,
CEMA was not as effective, resulting in only approximately
50% inhibition. The production of TNF-a and IL-6 in response
to stimulation at 1 mg/ml (Fig. 3) was completely suppressed
over the entire 24-h observation period by 20-mg/ml CEMA
(data not shown). Figure 4 shows that a 10-mg/ml concentra-
tion of CEMA was sufficient to cause nearly complete inhibi-
tion of production of TNF-a and IL-6 by RAW 264.7 cells
stimulated with LTA at 1 mg/ml. The PG peptide and M. luteus

TABLE 2. Activity of cationic antimicrobial peptides against gram-positive bacteria and E. colia

Strain
MIC (mg/ml)b

CP26 CEME CEMA CP29 CP203 CP207 CP208 CM5 CM7 CPa2 PBc

S. aureus
RN4220 64 4 4 8 8 16 .64 64 4 16 32
25923 .64 8 8 16 16 32 .64 .64 16 16 32
SAP0017 (MRSAe) 64 4 4 16 8 16 .64 .64 8 16 32
Clinical isolate .64 8 16 16 8 16 .64 .64 16 16 16
Clinical isolate .64 4 16 16 8 16 .64 .64 16 32 16

S. epidermidis 16 4 4 8 4 8 .64 32 8 16 16
S. pyogenes 19615 16 8 8 8 4 8 .64 16 8 16 8
E. faecalis 29212 .64 32 32 64 32 64 .64 .64 16 64 .64
B. subtilis 32 8 8 8 16 16 .64 64 8 16 64
L. monocytogenes 32 4 4 4 4 8 64 64 4 8 4
C. xerosis 2 4 4 4 2 2 32 4 4 4 2
E. coli UB1005d 1 2 2 2 2 2 32 5 2 2 0.5

a Bacterial strains were cultured with serial twofold dilutions of the various peptides (0.5 to 64 mg/ml) for 18 h as described in Materials and Methods.
b The MIC represents the minimal concentration of peptide that completely inhibited growth. The values represent the averages of data from three experiments.
c PB, polymyxin B.
d MICs for this organism were taken from reference 22.
e MRSA, methicillin-resistant S. aureus.
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PG were also tested for their ability to induce the production
of TNF and IL-6 by RAW 264.7 cells. Addition of these sub-
stances at concentrations of 100 ng to 10 mg/ml did not result
in significant levels of TNF and IL-6 (data not shown), and so
peptide inhibition experiments were not performed. Neverthe-
less, our results show that CEMA is a potent inhibitor of
LTA-induced production of inflammatory cytokines.

Having shown that the CEMA peptide can block the ability
of S. aureus LTA to stimulate TNF-a and IL-6 production by
RAW 264.7 cells, we wished to extend these results and deter-
mine whether the other CEME-related peptides could block
LTA-stimulated cytokine production. In addition to testing
their ability to block cytokine production stimulated by S. au-
reus LTA at either 100 ng/ml or 1 mg/ml (Table 3), we also
tested the peptides for their ability to block cytokine produc-
tion induced by LTAs from B. subtilis and Streptococcus pyo-
genes (Table 3). In this way, we could determine whether some
or all of the peptides had the ability to neutralize LTAs from
a broad spectrum of gram-positive bacteria. As a control, we
used 10 to 100 mM phorbol 12-myristate 13-acetate (PMA;
Sigma) to stimulate the cells and found that the peptides did
not block cytokine production (;0.6 ng/ml) caused by PMA
(data not shown). We found that almost all of the CEME-
related peptides were very potent inhibitors of LTA-stimulated
TNF-a and IL-6 production. The exceptions were CP26 and
CP208, which caused only partial inhibition of cytokine pro-
duction. These two peptides also have little or no antimicrobial
activity toward gram-positive bacteria. Nevertheless, many of
the CEME-related peptides were potent antagonists of LTAs
from a broad spectrum of gram-positive bacteria. Thus, these

peptides not only have antimicrobial activity against both
gram-negative and gram-positive bacteria but also block the
ability of the major cell wall components released from these
bacteria (LPS and LTA) to stimulate inflammatory responses.

Effect of cationic peptides on RAW 264.7 cell production of
TNF and IL-6 in response to S. aureus. We next examined
whether the CEME-related peptides could block the induction
of TNF-a and IL-6 production by intact heat-killed S. aureus or
by soluble products of S. aureus. These stimuli may better
reflect a physiological encounter between macrophages and
bacteria than the addition of purified LTA to cultures. Incu-
bating RAW 264.7 cells with intact heat-killed S. aureus for 6 h
resulted in secretion of very high levels of TNF-a (approxi-
mately 20 ng/ml). When RAW 264.7 cells were exposed to
soluble products of live S. aureus by culturing the macrophages
and the bacteria in separate compartments of Transwell dishes,
the macrophages also produced significant amounts of TNF-a
(approximately 2.2 ng/ml). Neither the intact heat-killed S.
aureus nor the soluble products of S. aureus caused significant
(above that evident with medium alone) production of IL-6. At
a concentration of 50 mg/ml (found optimal from a dose-re-
sponse curve [data not shown]), a number of the CEME-
related peptides significantly decreased the ability of the intact
heat-killed S. aureus and the S. aureus soluble products to
stimulate TNF-a production (Fig. 5). The CEMA, CM7,
CPa2, CP29, and CP203 peptides were the most effective at
inhibiting S. aureus-stimulated TNF-a production, decreasing
the level of TNF-a secretion by more than 50%. Interestingly,
the CEME peptide itself was somewhat less effective at block-
ing S. aureus-stimulated TNF-a production, even though it had

FIG. 1. Binding affinities of the peptides for S. aureus LTA as measured by the DPX displacement assay. Purified soluble S. aureus LTA (5 mg/ml) was incubated
with 2.5 mM DPX, and the fluorescence at 485 nm was measured. Peptides were added in increments of 5 mg/ml, and the DPX fluorescence was measured after each
addition. Each data point represents the mean of values from three independent experiments. The standard errors of the means were all less than 10%. PB, polymyxin
B.
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the lowest MICs for S. aureus of all the peptides. Nevertheless,
many of the CEME-related peptides were able to reduce the
ability of S. aureus or its products to cause TNF-a release.

Effect of cationic peptides on whole-blood stimulation by
LTA. Although CEMA and CEME were shown to be effective
in a mouse model of endotoxic shock (22), it was of interest to
determine the effectiveness of the peptides against LTA in a

more realistic model. They were tested in an ex vivo assay in
which LTA and peptide were added to blood samples from
human volunteers and, after incubation of the blood specimens
for 6 h, the sera were separated and tested for TNF levels by
ELISA. It was found that the peptides effectively inhibited
LTA-induced TNF production (Fig. 6), although not quite as
well as in the RAW cell assay. CP29 was the most effective

FIG. 2. Production of TNF-a (F) and IL-6 (■) by RAW 264.7 cells incubated for 6 h with the indicated doses of S. aureus LTA in the absence (solid line) or presence
(broken line) of 20 mg of CEMA. TNF-a and IL-6 concentrations in the cell supernatant were determined by ELISA. The levels of TNF-a and IL-6 produced by
macrophages incubated in medium alone for 6 h were less than 0.3 ng/ml. The experiment was repeated three times with similar results, and the data from one
representative experiment are shown.

TABLE 3. CEME-related peptides inhibit LTA-stimulated production of TNF and IL-6 by RAW 264.7 cellsa

Peptide

% Inhibition of cytokine induction (6 SE) by:

E. coli LPS (100 ng/ml)b
S. aureus LTA

B. subtilis LTA (1 mg/ml) S. pyogenes LTA (1 mg/ml)
100 ng/ml 1 mg/ml

TNF IL-6 TNF IL-6 TNF IL-6 TNF IL-6 TNF IL-6

PB 98 98 99 6 1 98 6 1 96 6 1 93 6 4 93 6 2 91 6 1 97 6 1 99 6 1
CP26 90 90 48 6 19 76 6 1 52 6 12 50 6 15 23 6 17 42 6 11 68 6 3 78 6 6
CEME 94 76 99 6 1 92 6 2 86 6 10 92 6 6 90 6 2 94 6 2 96 6 1 98 6 1
CEMA 90 82 94 6 4 97 6 2 91 6 4 87 6 2 86 6 2 88 6 1 96 6 1 97 6 2
CP29 98 96 99 6 1 95 6 3 90 6 2 95 6 3 76 6 14 89 6 4 96 6 1 99 6 1
CM5 42 44 65 6 2 88 6 1 64 6 12 73 6 8 77 6 1 67 6 3 80 6 4 75 6 5
CM7 99 95 99 6 1 95 6 1 96 6 2 95 6 4 83 6 4 91 6 6 90 6 4 94 6 5
CP203 98 90 98 6 1 99 6 1 90 6 2 93 6 3 70 6 14 77 6 12 87 6 6 93 6 3
CP207 97 93 92 6 6 96 6 1 83 6 3 84 6 10 72 6 15 73 6 12 69 6 11 89 6 3
CP208 0 7 46 6 5 61 6 1 14 6 8 19 6 9 26 6 8 29 6 5 23 6 9 37 6 13
CPa2 93 94 97 6 1 89 6 6 89 6 5 85 6 3 83 6 5 88 6 6 93 6 1 95 6 2

a RAW 264.7 cells were cultured with the indicated concentrations of LTA from different bacteria in the presence or absence of the various CEME-related peptides
(20 mg/ml) or polymyxin B (PB; 20 mg/ml). After 6 h, cell supernatants were collected and analyzed for TNF-a and IL-6 content by ELISA. With the exception of those
for E. coli, the data are presented as mean percent inhibition of cytokine production 6 the standard error of the mean for triplicate samples. The 100% value ranged
from 16 to 20 ng/ml for LPS and from 9 to 12 ng/ml for LTA. Values for medium-only controls as well as medium plus peptide were always less than 0.3 ng/ml.

b Data taken from reference (22).
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peptide, inhibiting TNF production by 83%, whereas CP26,
CP208, and CPa2 were relatively ineffective. Therefore, the
peptides were effective at reducing LTA-induced stimulation
of TNF both in vitro and in human blood.

DISCUSSION

In this study, CEME-related cationic peptides were tested
for their ability to kill gram-positive bacteria, their ability to
bind LTA, and their ability to neutralize cytokine production
by macrophages stimulated with products of gram-positive bac-
teria. Many of the peptides had activity against gram-positive
bacteria, although a few peptides had no antimicrobial activity.
All of the peptides were able to bind LTA, and many were able
block the production of cytokines by macrophages stimulated
with different species of LTA. The CEME-related peptides
were also effective in blocking cytokine production by RAW
264.7 cells stimulated with heat-killed S. aureus.

It was of interest to determine if the peptides have potential
therapeutic value for the treatment of gram-positive sepsis as
they have shown for treatment of gram-negative sepsis. Al-
though the peptides had better antimicrobial activity against
gram-negative bacteria, some of the peptides were still active
against gram-positive bacteria. It is likely that structural dif-
ferences among these peptides determine whether they can
interact with surface structures of various gram-positive and
gram-negative bacteria. The different abilities of the various
CEME-related peptides to kill gram-positive bacteria may
point to structural features that are important for this process.
CP26 and CP29 were designed to be more amphipathic than
CEME, a property which might help them intercalate into
membranes. Although CP29 still had reasonable antimicrobial
activity toward gram-positive bacteria, it was less effective than

FIG. 3. Production of TNF-a ( ) and IL-6 (■) by RAW 264.7 cells stimulated with S. aureus LTA at 1 mg/ml or E. coli O111:B4 LPS at 100 ng/ml (Œ [TNF-a
production]) for 1 to 6 h in the absence (solid line) or presence (broken line) of 20 mg of CEMA. Supernatant was removed at each time point and assayed for cytokine
levels. The experiment was repeated three times with similar results, and the data from one representative experiment are shown.

FIG. 4. Production of TNF-a (solid lines) and IL-6 (dotted lines) by RAW
264.7 cells stimulated with S. aureus LTA at 1 mg/ml and with increasing doses of
CEMA. The experiment was repeated three times with similar results, and the
data from one representative experiment are shown.
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CEME. CP26, while being very effective against E. coli, had no
antimicrobial activity toward gram-positive bacteria. Thus, an
amphipathic nature, by itself, is not sufficient for these cationic
peptides to kill gram-positive bacteria. Except for three con-
servative amino acid changes, the major difference between
CP26 and CP29 is that the C terminus of CP29 is identical to
that of CEME (PALIS [single-letter code]) while the C termi-
nus of CP26 consists of PLISS. Consistent with the idea that
the C-terminal PALIS sequence confers greater activity toward
gram-positive bacteria, CP203, which also has a C-terminal
PALIS sequence, was somewhat more potent than CP207,
which has a C-terminal PLISS sequence. Despite having the
same C-terminal PLISS sequence as CP26, CP207 had modest
activity against gram-positive bacteria while CP26 did not.
These two peptides differ only at 2 amino acids, at positions 12
and 13, where CP207 has a valine and a leucine whereas CP26
has two alanine residues. The presence of the larger hydro-
phobic side chains at residues 12 and 13 in CP207 may there-
fore be important for activity against gram-positive bacteria.
Both CEME and CEMA have an alanine and a valine at
positions 12 and 13, suggesting that one larger side chain may
be sufficient. CP203, while having a PALIS sequence at the C
terminus, has alanine residues at positions 12 and 13. Thus, the
CEME-like peptides that have the highest antimicrobial activ-
ity against gram-positive bacteria have a C-terminal PALIS
sequence and valines or leucines instead of alanines at posi-
tions 12 and 13.

A hydrophobic residue at position 2 appears to be important
for a CEME-like peptide to have antimicrobial activity against
gram-positive and gram-negative bacteria. CP208, which has a
lysine at position 2, had no antimicrobial activity against either
gram-positive or gram-negative bacteria. A tryptophan at po-
sition 2 appears to be optimal for antimicrobial activity. CM5,
which has a leucine at this position, has little activity toward

FIG. 5. RAW 264.7 cells were incubated with boiled S. aureus (solid bars) or
live S. aureus separated from the RAW 264.7 cells by a filter (open bar) for 6 h.
The supernatant was collected and measured for TNF-a by ELISA. The data are
presented as percent inhibition of cytokine production 6 the standard error of
the mean for triplicate samples. PB, polymyxin B.

FIG. 6. Production of TNF-a by whole blood stimulated with E. coli O111:B4 LPS at 100 ng/ml or S. aureus LTA at 1 mg/ml and/or peptide at 50 mg/ml was measured
by ELISA after a 6-h incubation. The three different types of bar represent the three donors. The numbers above the bars represent the average amounts of TNF
inhibition by the peptides 6 standard errors. PB, polymyxin B.
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gram-positive bacteria and reduced activity toward E. coli.
CM7 also has a leucine at position 2, but changes elsewhere,
including a tryptophan at position 3, in the peptide may com-
pensate for this to some extent since CM7 has modest activity
against gram-positive bacteria and good activity toward gram-
negative bacteria.

Although the mechanism of action of these CEME-related
peptides against gram-positive bacteria is not clearly under-
stood, it does not appear to be related to their ability to bind
LTA, since the relative abilities of these peptides to bind LTA
did not correspond to their MICs. Even though many of the
peptides had a higher affinity for S. aureus LTA than did
CEME, it was the most effective of the peptides at killing S.
aureus and other gram-positive bacteria. While the ability of
the peptides to bind LTA may not be important for their
antimicrobial activity, it is likely to be important for reducing
the ability of shed LTA to stimulate inflammatory reactions.

LTA, at high doses, has been shown to stimulate the pro-
duction of cytokines by the murine macrophage cell line RAW
264.7 (9). In this report, we have shown that the CEME-related
peptides are able to significantly inhibit the production of
TNF-a and IL-6 by RAW 264.7 cells. Moreover, the peptides
were able to block cytokine production induced by LTAs from
different species of gram-positive bacteria. The abilities of the
peptides to reduce the production of TNF-a and IL-6 by LTA-
stimulated RAW 264.7 cells corresponded somewhat to their
MICs. For example, CP26, which has virtually no activity
against gram-positive bacteria, was relatively ineffective at re-
ducing macrophage activation by LTA. On the other hand,
CP26 has much lower MICs against gram-negative bacteria
and is also much more effective at inhibiting cytokine produc-
tion in response to LPS. Similarly, CP208 had no antimicrobial
activity against gram-positive bacteria and also did not block
LTA-induced cytokine production. Moreover, the peptides
that were more active against S. aureus than they were against
B. subtilis were slightly less effective at inhibiting cytokine pro-
duction by macrophages stimulated with B. subtilis LTA as
opposed to S. aureus LTA. The peptides were also effective at
reducing the production of TNF in human blood in response to
LTA. It was not surprising that the levels of inhibition were
lower than those evident in the RAW cell system, since blood
has many factors which might inhibit the peptides. Polymyxin B
was found to inhibit LTA-induced cytokine production, partly
in contrast to the findings of other researchers (5, 31). This
could be due to the concentrations of polymyxin B used in this
study (20 to 50 mg/ml), which were much higher than those
used previously (5 to 10 mg/ml). It is reasonable to assume that
LTA and polymyxin B could interact, as suggested by the DPX
assay, based on the negatively charged lipid structure of LTA
and the cationic structure of polymyxin B. Since LTA, like
LPS, has both a polyanionic and a lipidic nature, it seems
reasonable that it should be able to interact with polymyxin B
and DPX, although the kinetics of binding of DPX to LTA
suggested a lower affinity than that observed for DPX-LPS
binding. We have previously found that some antibiotics and
other peptides with no charge do not work in the DPX assay.
The PG preparations tested were not effective in stimulating
macrophages to produce TNF and IL-6; therefore, no conclu-
sions can be drawn with regard to the effectiveness of the
peptides in PG-induced cell stimulation. In other studies, PG
has been used in conjunction with LTA to cause sepsis-like
conditions in animals (3). This most likely mimics a physiolog-
ical situation in which PG attached to LTA is released from
gram-positive bacteria.

The results of this study demonstrate that the CEME-re-
lated a-helical peptides tested are not only effective against

gram-negative sepsis but also may have therapeutic value in
the treatment of gram-positive sepsis. These cecropin-melittin
hybrids have demonstrated a broad range of activities, includ-
ing antibacterial activity, antiendotoxin activity, the ability to
synergize with other antibiotics, and efficacy in animal models
of infection (22). Although there have been many new thera-
pies for gram-negative sepsis examined in recent years (21, 30),
very little progress has been achieved in finding new therapies
for gram-positive sepsis. In this report, we have shown that
CEME-related peptides can kill gram-positive bacteria, bind
LTA released from gram-positive bacteria, and block cytokine
release by macrophages stimulated with gram-positive bacteria
or their products. The effects of the peptides on soluble LTA
are significant, since LTA is released by bacteria during normal
growth and LTA release is enhanced by b-lactam antibiotics.
Although the CEME-related peptides lack the potency of
some antibiotics, they are able to bind bacterial products re-
leased by gram-positive bacteria and significantly reduce mac-
rophage activation. Thus, CEME-related peptides may be an
important tool for the prevention of gram-positive sepsis, by
themselves or in concert with other antibiotics.
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