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The ability of magainin 2 to augment antibiotic therapy was examined. Susceptibility to magainin 2 was

determined on Escherichia coli incubated in the presence and absence of sublethal concentrations of antibiotics
both in vitro and in vivo. Experiments in buffer and normal human serum revealed that E. coli exposed to
sublethal amounts of cefepime, a Il-lactam antibiotic, was significantly more susceptible to the antimicrobial
activity of magainin 2. Bacteria incubated with subinhibitory concentrations of other ,I-lactam type antibiotics,
but not amikacin (an aminoglycoside) or ciprofloxacin (a quinolone), were also more susceptible to magainin
2 in normal human serum. Bacteria were less susceptible to magainin 2 when they were examined in
heat-inactivated serum. Complement was shown to be required for magainin 2 activity in serum by using
C8-deficient sera. The combination of magainin 2 and cefepime was shown to be more antimicrobial in normal
human serum for a variety of bacterial strains. Magainin 2 was completely inactive as a therapeutic agent when
it was administered alone (2 mg per mouse) but significantly increased the survival of mice when it was

administered with a low level of cefepime.

The response to antibiotic treatment in neutropenic pa-
tients is poor (18). Efforts to improve the clinical response to
antibiotic treatment in these patients include therapies de-
signed to augment the host immune system (9, 20) as well as
the continuing search for more potent antibacterial agents
(15). The inability of an antibiotic to eradicate a bacterial
infection in the absence of an intact host defense system can
lead to bacterial persistence (1). This phenomenon, as re-

cently described by Bryan (1), may represent an unappreci-
ated cause of partial or complete therapeutic failure in these
patients. Bacteria that persist after antibiotic treatment
display relatively minor changes in antibiotic susceptibility
(1, 24), and one possible consequence of bacterial persis-
tence is that bacteria are injured but not killed by the
antibiotic. A consensus is developing in the literature that
antibiotic-injured bacteria are more susceptible to both poly-
morphonuclear cell-dependent (12, 28) and polymorphonu-
clear cell-independent (27, 32) killing mechanisms. It is
therefore tempting to speculate that antibiotic-injured bacte-
ria may be adequately handled by immunosufficient hosts
but not by immunocompromised patients (29). We are at-
tempting to improve the clinical response to antibiotic treat-
ment for neutropenic patients by investigating therapies that
would kill antibiotic-injured bacteria. Such approaches could
theoretically mimic the host role in antibiotic therapy of
immune deficient patients.

Subinhibitory levels of antibiotics are routinely used to
examine how antibiotics may injure bacteria in the absence
of bactericidal action (11, 29). One effect that we have
recently shown is that the serum susceptibility of Pseu-
domonas aeruginosa is significantly increased when cells
were incubated in serum with sublethal concentrations
of cefepime, a P-lactam-type antibiotic (5). The analysis
showed that the terminal complement complex was neces-
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sary for enhanced antibiotic killing and that the f-lactam-
altered bacterial cell surface allowed more terminal comple-
ment complex deposition (5). The increase in complement
deposition suggested to us, on the basis of the previous work
of Joiner (16) and others (38), that 3-lactam-altered bacteria
might be more susceptible to agents whose action is directed
at the bacterial inner membrane.
A group of novel oligopeptide antibiotics which act at the

inner bacterial membrane has been described recently (19,
37). These peptides are obtained from a wide variety of
different sources and include magainins (39), cecropins (30),
sarcotoxins (26), and other similar peptides (2, 10). Some of
these peptides have been shown to uncouple oxidative
phosphorylation from ATP synthesis (25, 36). Consistent
with this mechanism, other peptides have been shown to
form channels in artificial membrane systems (3, 4). In the
past, the therapeutic application of many peptide antibiotics
was severely limited by their lack of specificity (8). In
contrast, the cationic peptides mentioned above demon-
strate a selective toxicity for bacteria (3, 23). These peptides
represent novel agents for the treatment of systemic bacte-
rial infections. However, their in vitro activities are highly
susceptible to assay conditions (6), making it difficult to
determine whether their potencies are sufficient for in vivo
use.

In this study, the effects of one of these peptides, magainin
2 (39), was examined against Escherichia coli grown with
and without antibiotics. Bacteria grown with sublethal con-

centrations of cefepime, a P-lactam antibiotic, were more

susceptible to the antimicrobial activity of magainin 2 both in
buffer and in serum. Remarkably, the terminal complement
complex was required for magainin 2 activity in human
serum. In addition, in a mouse model of E. coli infection,
magainin 2 was completely inactive as a therapeutic agent
alone but significantly increased the survival of mice when it
was administered with cefepime for the treatment of this
systemic bacterial infection.
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MATERIALS AND METHODS

Reagents and buffers. The following buffers were used:
gelatin-Veronal buffer with the addition of 0.1% glucose
(GVB++ [17]) and phosphate-buffered saline (PBS). Cefe-
pime {7 - [(Z) - 2 - (2 - aminothiazol -4 - yl) -2 - methoxyiminoac-
etamido] - 3 -(1- methlypyrrolidinio)methyl - 3 -cephem-4 -car-

boxylate} and other antibiotics were obtained from Robert
Kessler, Bristol-Myers Squibb Co., Wallingford, Conn., as

standard laboratory powders. Magainin 2 (Gly-Ile-Gly-Lys-
Phe-Leu-His-Ser-Ala-Lys-Lys-Phe-Gly-Lys-Ala-Phe-Val-
Gly-Glu-Ile-Met-Asn-Ser) was synthesized by solid-phase
synthesis (22) on an Applied Biosystems model 430A peptide
synthesizer by using Boc/benzyl-based protection. The as-

sembled peptide resin was treated by the low/high hydrogen
fluoride procedure (31), and the cleaved deprotected peptide
was purified by high-performance liquid chromatography on

a Dynamax C-8 column (Rainin). Highly purified magainin 2
was characterized by analytical high-performance liquid
chromatography and amino acid analysis. Mueller-Hinton
base was obtained from BBL Microbiological Systems,
Cockeysville, Md.

Bacterial strains and culture conditions. E. coli ATCC
25922 was used for most of the experiments and was

obtained from the American Type Culture Collection. Other
E. coli strains were A011 obtained from Harborview Medical
Center, Seattle, Wash., and a Kl capsule isolate H16 from
the Walter Reed Army Institute of Research, Washington,
D.C. In addition, Klebsiella pneumoniae ATCC 13883 and
an Enterobacter cloacae strain (G444) obtained from the
Veterans Administration Hospital, Seattle, Wash., were
examined. Strains were examined for purity, were properly
identified, and were then stored at -70°C. Each week new

cultures were made from the frozen bacterial stocks to avoid
repetitive subculturing. All strains were grown in adjusted
Mueller-Hinton broth containing 50 mg of CaCl per liter and
25 mg of MgCl per liter (17).
Serum. Blood was aseptically collected from five healthy

volunteers and allowed to clot at room temperature for 1 h.
After 20 min of incubation at 4°C, the blood was centrifuged
for 15 min at 1,500 xg. Serum was removed, pooled, and
then stored at -70°C in small amounts. Shortly before use
the pooled normal human sera (NHS) was thawed and kept
on ice until it was mixed with bacteria for the serum
bactericidal assay. Where indicated, serum complement was
inactivated by heating it at 56°C for 30 min (H-NHS). Several
different pooled serum sources were used in the course of
these investigations, and essentially the same results were

obtained with each pool. However, since small differences in
the amount or rate of bacterial killing were noticed with
different serum pools, all comparisons of antibiotic activity
in serum were made with the same serum pool. Some
experiments used C8-depleted sera and purified C8, which
were both obtained from Cytotech, San Diego, Calif.

Determination of the MIC. MICs were determined by the
microdilution plate dilution method by using adjusted Muel-
ler-Hinton broth (17) with a final inoculum density of 7.5 x

105 CFU/ml obtained from mid-exponential-phase cells.
Plates were incubated for 18 h at 37°C. At least three
different determinations were performed with each antibiotic
for each strain.
Serum bactericidal assay. Bacteria inoculated from over-

night cultures were grown to the mid-exponential phase with
or without antibiotic (optical density at 660 nm, between 0.35
and 0.5; approximately 2 x 108 to 3 x 108 cells per ml for
cells grown with cefepime and 9 x 108 cells per ml for cells

grown without cefepime). Cells were diluted without wash-
ing to 5 x 104 cells per ml in GVB + +, and 0.05 ml of the cell
suspension was added to serum in a 1.5-ml Eppendorf vial.
For those cells pregrown in antibiotic, the same amount of
antibiotic that was present during growth was added for both
the preparation and examination of antimicrobial activity.
Appropriate dilutions of NHS or H-NHS were prepared
beforehand in GVB+ + to a volume of 0.2 ml. Antibiotics,
when present, were added to the serum mixture before the
addition of bacteria. The total reaction mixture was 0.25 ml.
The number of bacteria added to serum was determined by
adding 0.05 ml of the bacterial suspension to a tube contain-
ing only GVB+ + and plating at the beginning of the assay.
The reaction mixtures were then rotated at 37°C for 3 h. In
most experiments, 25-,ul samples were removed at intervals
for plate count analysis (in triplicate) by the pour plate
method by using Trypticase soy agar. By this method,
bacterial numbers between 4.3 and 3.08 log1o CFU/ml could
be accurately obtained (30 to 500 colonies per plate). The
number of CFU was determined after overnight incubation.
The potential for error caused by drug carry-over effects

was eliminated by inclusion of appropriate controls. Inclu-
sion of magainin 2 and cefepime in H-NHS and C8-deficient
sera eliminated the need for drug removal procedures, since
significant antimicrobial activity was detected only in NHS
and C8-replenished sera. In addition, possible drug carry-
over effects of magainin 2, cefepime, or the combination of
the two would not influence the interpretation of the cation
titration experiment (see Fig. 1), since each variable was
examined at all divalent cation concentrations (see legend to
Fig. 1).
Mouse protection experiments. All studies were performed

with male CrL:CF1 mice obtained from Harlen Sprague-
Dawley (Indianapolis, Ind.). Neutropenia was induced in
two separate groups of mice (weight, 16 to 18 or 18 to 20 g)
by subcutaneous injection of 250 mg of cyclophosphamide
(Mead Johnson) per kg of body weight. Examination of
blood revealed that the level of circulating leukocytes de-
clined to 10% of normal by day 4 after injection and
remained depressed for the following 2 days. Mice were
challenged intraperitoneally with a log-phase bacterial sus-
pension in PBS (0.2 ml) on day 4 after cyclophosphamide
administration. The survival of the mice was monitored for
10 days following bacterial challenge, and the 90% lethal
dose was determined by Probit analysis (7). Mice were given
2 x 104 (1x the 90% lethal dose) E. coli organisms.
To determine the protective efficacy of peptides, antibiot-

ics, or combinations, mice were divided into four different
groups and given injections of (i) PBS, (ii) magainin 2 (2 mg
per mouse), (iii) cefepime (0.2 mg/kg), or (iv) a combination
of cefepime and peptide (0.2 mg of cefepime per kg and 2 mg
of magainin 2 per mouse) that were combined prior to
injection. All injections were made in PBS (0.2 ml) and were
administered intramuscularly, with each injection given in
separate legs 1 and 3.5 h after bacterial challenge. The
survival of the mice was monitored for 10 days, and the
results were analyzed by the Fisher exact test for n < 20
mice and by chi-square analysis for n > 20 mice (21).

RESULTS

Activities of magainin 2 and cefepime in buffer. Magainin 2
was synthesized from the published sequence (39), and its
antibacterial activity against E. coli, grown with and without
cefepime, was examined in buffer (Fig. 1). A concentration
of cefepime was chosen that had no effect on cell viability in
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FIG. 1. Calcium and magnesium inhibition of magainin 2 antimi-
crobial activity with E. coli. E. coli ATCC 25922 was grown to the
mid-logarithmic phase without (untreated) or with (cefepime altered)
one-quarter the MIC (0.016 ,ug/ml) of cefepime. Bacteria (log10
CFU/ml of 3.93 0.045 for untreated and 3.73 0.15 for cefepime-
altered bacteria) were added to GVB+ + containing either no
magainin 2 or 200 jig of magainin 2 per ml. Various amounts of either
calcium chloride (A) or magnesium chloride (B) were added to tubes
containing magainin 2, and the log1o CFU per milliliter was deter-
mined after 180 min. Values greater than 4.3 or less than 3.08 log10
CFU/ml are plotted as their respective minimum or maximum
values. Greater than 4.3 log10 CFU/ml was observed for samples
(both with and without cefepime) which did not contain magainin 2
(data not shown). Each assay was performed in triplicate on three
separate occasions, and the means 1 standard deviation are shown
for those points which fell in the detectable range. 0, untreated E.
coli; 0, cefepime-altered E. coli.

the assay (see legend to Fig. 1). It was suspected that
divalent cations might play an important role in determining
the susceptibilities of the bacterial cells to magainin 2
because of the well-known antagonism between antimicro-
bial cationic agents and Mg or Ca ions (13). Magainin 2
activity was examined in buffer that contained either no
added divalent cations or various levels of exogenously
added CaC12 or MgCl2 increasing to levels slightly over those
normally found in human serum (35). When concentrations
of less than 0.25 mM CaC12 or 0.5 mM MgCl2 were exam-
ined, magainin 2 reduced the bacterial input by greater than
1 log unit for both untreated and cefepime-altered bacteria.
However, increasing concentrations of either calcium chlo-
ride or magnesium chloride resulted in a significant inhibition
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FIG. 2. Susceptibility of E. coli to magainin 2 killing in human
serum. E. coli ATCC 25922 was grown to the mid-logarithmic phase
without or with one-quarter the MIC (0.016 pLg/ml) of cefepime.
Bacteria were added to both H-NHS and NHS. The serum (40%)
contained no additions (NONE); 200 ,ug of magainin 2 (MGN) per
ml; one-quarter the MIC of cefepime (CEFE); or 200 jig of magainin
2 per ml and one-quarter the MIC of cefepime (MGN + CEFE).
Viable counts were determined at the time of bacterial addition to
serum (input without cefepime, 3.98 + 0.021 log10 CFU/ml; with
cefepime, 4.02 ± 0.02 log10 CFU/ml) and after 3 h for each sample.
Values greater than 4.3 or less than 3.08 log1o CFU/ml are plotted as
their respective minimum or maximum values. Each assay was
performed in triplicate on three separate occasions with same serum
source. The means ±1 standard deviation are shown.

of magainin 2 antibacterial activity when untreated bacteria
were examined (Fig. 1). In contrast, cefepime-altered bacte-
ria remained more susceptible to the antimicrobial activity of
magainin 2 throughout the divalent cation range used in the
experiment. Therefore, as the divalent cation concentration
was increased, magainin 2 demonstrated increased antimi-
crobial activity on cefepime-altered cells when compared
with that on untreated controls.

Activities of magainin 2 and cefepime in serum. The ability
of low levels of cefepime to augment the antimicrobial
activity of magainin 2 was next examined in pooled NHS.
The antimicrobial activity of magainin 2 was determined in
both NHS and H-NHS against untreated and cefepime-
altered bacteria (Fig. 2). When bacteria not exposed to low
levels of cefepime were examined, there was a slight in-
crease in survival in 40% NHS and H-NHS with or without
magainin 2 (200 ,ug/ml) treatment. In contrast, the survival of
cefepime-altered bacteria decreased slightly but significantly
in NHS when compared with that in H-NHS (log1o CFU/ml
of 3.5 ± 0.10 for NHS compared with 3.8 + 0.04 for H-NHS;
P < 0.01, two-sample t test). Remarkably, however, the
cefepime-altered cells were significantly more susceptible to
the antimicrobial activity of magainin 2 when examined in
NHS compared with that when they were examined in
H-NHS (log1o CFU/ml of 2.8 + 0.08 for NHS compared with
3.7 ± 0.11 for H-NHS; P < 0.001, two-sample t test).
Magainin 2 had no significant effect on the survival of
cefepime-altered bacteria in H-NHS. The data showed that
bacteria incubated with low levels of cefepime are more
susceptible to the antimicrobial activity of magainin 2 in
serum; however, a heat-sensitive serum component was
required.

Studies with C8-deficient sera showed that the terminal
complement complex significantly enhanced the antimicro-
bial activity of magainin 2 in NHS (Fig. 3). In the absence of
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FIG. 3. Complement requirement for the antimicrobial activity
of magainin 2 in serum. E. coli was prepared as described in the text
and the legend to Fig. 1. Bacteria were added to a set of tubes that
contained either 40% human serum specifically depleted of human
complement protein C8 (no C8) or 40% human serum depleted of C8
to which purified C8 was added back to 50 ,ug/ml. Cefepime, when
present, was added to 0.016 ,ig/ml. Each set of tubes also contained
0, 6.25, 12.5, 25, or 50 jig of magainin 2 per ml. Viable counts were
determined at the time of bacterial addition to serum (3.97 ± 0.037
log1o CFU/ml for untreated bacteria and 3.99 ± 0.02 log1o CFU/ml
for cefepime-altered bacteria) and after 3 h (as shown). Values
greater than 4.3 or less than 3.08 loglo CFU/ml are plotted as their
respective minimum or maximum values. The assay was performed
in triplicate; the means ± 1 intraassay standard deviation are shown.
0, no C8 or cefepime; 0, cefepime but no C8; 0, C8 but no

cefepime; U, C8 and cefepime.

a complete terminal complement complex (no C8), there was
no reduction in the bacterial input when untreated or
cefepime-altered bacteria were examined (a bacteriostatic
effect was observed with cefepime-altered cells at 50 ,ug of
magainin 2 per ml). When sera was reconstituted with
physiological levels of purified C8, a significant reduction in
the log10 CFU per milliliter was observed for both untreated
and cefepime-altered bacteria (P < 0.001, two-sample t test).
Consistent with our earlier observations, cefepime-altered
bacteria were more susceptible to the antimicrobial activity
of magainin 2 than untreated bacteria in human sera were.
However, in contrast to our previous data (Fig. 2), untreated
bacteria were also susceptible to magainin killing in serum.
Further investigation revealed that this difference is most
likely due to the serum source and may reflect different
cation contents in NHS and the C8-absorbed sera. These
data demonstrated that the antimicrobial activity of magainin
2 is greatly potentiated by both serum complement and low
levels of cefepime.
Combinations of magainin 2 and other antibiotics in serum.

The ability of other antibiotics to potentiate the antimicrobial
activity of magainin 2 in both H-NHS and NHS was deter-
mined. E. coli ATCC 25922 was grown to the mid-logarith-
mic phase and was examined with and without various
concentrations of amikacin, ciprofloxacin, cefaloridine, or
imipenem. For each antibiotic a range of concentrations was
examined that allowed detection of any potential increase in
magainin 2 antimicrobial activity. The antibiotic concentra-
tions examined ranged from amounts at which no reduction
in the log10 CFU per milliliter was observed after 3 h
(compared with that of a non-antibiotic-treated control) to
increasing amounts at which greater than 1-log-unit kill in
both H-NHS and NHS serum was obtained. Cells were

added to 40% NHS and 40% H-NHS, and after 180 min the
log1o CFU per milliliter was determined for samples with and
without magainin 2 (200 p,g/ml) at each antibiotic concentra-
tion. There was no significant difference in the log1o CFU per
milliliter with or without magainin 2 in either H-NHS or
NHS when amikacin or ciprofloxacin was examined. In
contrast, cells grown and assayed with 2 jig of cephaloridine
per ml (one-half the MIC) (bacterial input was 3.84 + 0.02
log1o CFU/ml) showed a significant difference in the log1o
CFU per milliliter with or without magainin 2 in both H-NHS
and NHS (log1o CFU/ml of 3.3 + 0.04 with magainin 2 for
H-NHS compared with 3.9 + 0.034 without magainin 2; log1o
CFU/ml of <3.0 with magainin 2 for NHS compared with
4.0 ± 0.04 without magainin 2; P < 0.001, two-sample t test).
The increase in killing observed in NHS compared with that
observed in H-NHS was also significant (P < 0.01, two-
sample t test) and was similar to that previously observed
with cefepime (Fig. 2). Cells grown with subinhibitory con-
centrations of imipenem also displayed optimal magainin
killing in NHS when compared with that in H-NHS. Cells
grown with 0.125 jig of imipenem per ml (1/16th the MIC)
and assayed in H-NHS (bacterial input, 4.13 ± 0.03 log1o
CFU/ml) increased in number (log1o CFU/ml of >4.3 with or
without magainin 2). In contrast, when assayed in NHS,
these cells were significantly more susceptible to magainin 2
(log1o CFU/ml of 3.0 ± 0.01 with magainin 2 for NHS
compared with 4.0 + 0.01 without magainin 2; P < 0.001,
two-sample t test). The data showed that bacteria incubated
with low levels of the 3-lactam antibiotics (cephaloridine and
imipenem) but not an aminoglycoside (amikacin) or a quin-
olone (ciprofloxacin) were more susceptible to the antimi-
crobial activity of magainin 2 in serum. In addition, similar to
what was observed with cefepime (Fig. 2), the antimicrobial
activity of magainin 2 was potentiated by NHS.
Magainin 2 and cefepime activity against other bacteria. A

variety of different bacterial strains exposed to low levels of
cefepime were more susceptible to the antimicrobial activity
of magainin 2 in NHS. Strains were first examined for their
susceptibilities to NHS. A concentration of serum (up to
40%) which did not significantly reduce the bacterial input
was chosen. Magainin 2 was added to NHS, and antimicro-
bial activity was determined with untreated and cefepime-
altered bacteria. In addition, the antimicrobial activity of
magainin 2 was examined in H-NHS with cefepime-altered
bacteria (Table 1). In the absence of cefepime, magainin 2
(200 ,ug/ml) had little or no effect on the log1o CFU per
milliliter with three of the four strains examined. This was
similar to what was observed with E. coli ATCC 25922 (Fig.
2). It was not determined whether the lower serum concen-
tration used for K. pneumoniae influenced its susceptibility
to magainin 2. In contrast to the data obtained in serum
without antibiotic, the antimicrobial activity of magainin 2
was significantly enhanced (P < 0.001, two-sample-t test) in
NHS with each bacterial strain when cefepime was present
(Table 1). It should be noted that 400 ,ug of magainin 2 per ml
was used for E. cloacae with cefepime. Therefore, a direct
comparison with the data obtained without cefepime cannot
be made with this strain. These studies showed that with
three of the four strains examined, the antimicrobial activity
of magainin 2 was potentiated by NHS.
Mouse protection experiments. In vivo protection experi-

ments showed that magainin 2, when administered with a
low level of cefepime, significantly increased the survival of
mice given a lethal infection of E. coli H16. Neutropenic
mice were challenged with 2 x 104 E. coli H16 organisms by
intraperitoneal injection and were divided into four separate
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TABLE 1. Susceptibilities of a variety of bacteria to magainin 2 killing in human serum'

Loglo CFU/ml
Serum content

E. coli A011 E. coli H16 E. cloacae K. pneumoniae

No cefepime
Input 4.03 ± 0.03 4.03 ± 0.04 4.07 ± 0.02 3.98 ± 0.01
No MGN 5.40 ± 0.06 5.37 ± 0.02 5.82 ± 0.02 4.30 ± 0.01
With MGN 5.47 ± 0.01 5.31 ± 0.03 5.78 ± 0.01 3.42 ± 0.02

Plus cefepimeb
Input 4.18 ± 0.01 4.07 ± 0.02 4.07 ± 0.01C 4.02 ± 0.03
No MGN 4.59 ± 0.03 4.14 ± 0.01 >4.3 4.03 ± 0.01
With MGN 2.74 ± 0.09 3.49 ± 0.01 3.31 ± 0.02c <3.08

H-NHS with MGNd >4.3 >4.3 3.7 ± 0.03c <3.08

a Bacterial cells were added to NHS (input) with and without 200 ,i.g of magainin 2 (MGN) per ml. After 180 min, dilutions were performed and the log10 CFU
per milliliter was determined. Values represent the mean and one intraassay standard deviation. The following NHS concentrations were used: E. coli A011, 20%;
E. coli H16 and E. cloacae, 40%; K. pneumonia, 5%.

b Cefepime concentration for E. coli A011; 0.016 ,ug/ml; E. coli H16, 0.008 p.g/ml; E. cloacae, 0.008 ,ug/ml; and K. pneumonia, 0.016 ,ug/ml.
c A total of 400 ,ug of magainin 2 per ml was used for E. cloacae plus cefepime.
d These samples contained magainin 2 and cefepime and were examined in H-NHS.

treatment groups, and their survivals were monitored for 10
days (Fig. 4). The majority of mice that were administered
PBS (29 dead of 32 total) or magainin 2 (31 dead of 34 total)
died within 3 days after the bacterial challenge. Although
higher doses of magainin 2 might be protective, they were
not examined in this study. Another group was given a
suboptimal dose of cefepime and had slightly better survival
(18.5% survival; 7 alive of 39 total), although this did not
represent a significant increase (P < 0.5, chi-square test)
when compared with the control mice that were adminis-
tered PBS. However, when magainin 2 and cefepime were
coadministered, there was a significant increase (P < 0.001,
chi-square test) in the survival of the mice (62.5% survival;
24 alive of 39 total). The combination of magainin 2 and
low-level cefepime treatment resulted in a significant in-

100 1.052.0 3.0 4.0 5.0 6.07.0no treatment
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systemic E. coli infection. Mice were challenged with 2 x 10 E. co/i
H16 organisms and divided into the four treatment groups described
in the text and indicated in the figure. The number of mice in each
group was as follows: no treatment, n = 32; magainin 2, n = 34;
cefepime, n = 39; and cefepime plus magainin 2, n = 39. The results
represent the sums of four separate experiments. In each experi-
ment, statistically significant protection (P < 0.05, Fisher exact test)
was obtained with the combination of magainin 2 and cefepime.

crease in the survival of the mice when compared with the
survival after either treatment alone.

In similar experiments, combinations of amikacin (an
aminogycoside) and magainin 2 were examined in vivo.
After determining a suboptimal dose of amikacin and divid-
ing the mice into four groups, the following results were
obtained: PBS alone, 0 alive of 8 total; magainin 2 (two
injections of 1 mg per mouse), 0 alive of 9 total; amikacin
(two injections of 3 mg/kg), 3 alive of 10 total; a combination
of magainin 2 and amikacin (at the doses given above), 1
alive of 10 total. No increase in the survival of the mice was
observed when a suboptimal dose of amikacin was combined
with magainin 2. This was consistent with the in vitro data
(see above) and supports the hypothesis that P-lactam anti-
biotics may be unique in their interactions with magainin 2
and serum.

DISCUSSION

Therapies designed to augment an antibiotic's action by
killing antibiotic-altered bacteria might be useful clinically. It
is possible that a number of therapeutic failures in neutro-
penic patients are due to mninor changes in the antibiotic
susceptibilities of the bacteria which occur during treatment
(1). This suggested to us that at least transient forms of
antibio-tic-altered bacteria may be present in vivo. Presum-
ably, immunocompromised patients cannot eradicate these
bacteria.
Our previous observation (5) that bacterial susceptibility

to complement protein C9 deposition was altered by low
levels of cefepime prompted us to examine the combination
of cefepime and magainin 2. The antimicrobial peptide
magainin 2 was chosen since both magainin 2 and the
terminal complement complex are believed to act at the
bacterial inner membrane (37, 38), and this peptide is repre-
sentative of a new group of peptides that have potential for
the treatment of systemic infections (30, 39).

In vitro susceptibility assays in buffer revealed that both
magnesium chloride and calcium chloride completely inhib-
ited the antimicrobial activity of magainin 2 when untreated
bacteria were examined. Consistent with this observation is
the fact that the antimicrobial activity of another group of
similar peptides called cecropins has been shown to be
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significantly increased when EDTA is present in the test
medium (6). These studies are both consistent with other
studies that have shown that a variety of cationic compounds
and antibiotics are inhibited by divalent cations (13, 14). In
contrast, the'antagonistic effect of divalent cations on the
antimicrobial activity of magainin 2 was significantly less-
ened when cefepime-altered bacteria were examined. It has
been proposed that the site of divalent cation inhibition of
other cationic agents is at the outer membrane (13). If this is
correct, then it is possible that P-lactam antibiotics alter
existing or create new sites in the outer membrane for
peptide entry that are less susceptible to cation inhibition.
Complement significantly increased the potency of magai-

nin 2 in serum. Experiments with C8-deficient sera demon-
strated that magainin 2 and complement act together to kill
bacteria. The results obtained with the bactericidal combi-
nation of complement and magainin 2 are similar to previous
observations made by Vaara and Vaara (33), in which a

synergistic bactericidal combination of polymyxin B non-

apeptide and human complement was demonstrated. In a

separate study (34), a variety of different peptides have been
shown to have a disorganizing effect on the outer membrane
which increased the bacteria's susceptibility to complement.
In this study, it was found that cefepime further enhanced
bacterial susceptibility to complement and magainin 2. In

C8-deficient sera replenished with C8, magainin 2 was more

potent against cefepime-altered cells, and furthermore, 'in
NHS cefepime was required for magainin 2 activity. We
suspect that the difference in potency observed in replen-
ished sera, NHS, and buffer reflect the susceptibility of
magainin 2 to experimental conditions.

Optimal antimicrobial activity in serum, then, requires
three components: complement, magainin 2, and cefepime.
No potentiation of the antimicrobial activity of magainin 2
was observed in serum with either ciprofloxacin (a quin-
olone) or amikacin (an aminoglycoside). The possibility that
serum components, divalent cations, or other factors may

have interfered with a potential interaction of ciprofloxacin
or amikacin and magainin 2 was not examined. However, the
increase in susceptibility to both magainin 2 and complement
by f-lactam-altered bacteria is consistent with the hypothe-
sis that P-lactam antibiotics create sites on the bacterial cell
surface that allow more complement deposition (5) and
facilitate access to the inner bacterial membrane. It is not
known whether these are the same or different sites, and
further experiments are necessary to more fully under-
stand the interaction among complement, magainin 2, and
cefepime.
The results from the mouse protection studies encourage

further evaluation of therapies directed at antibiotic-altered
bacteria. When administered alone, neither cefepime nor

magainin 2 protected mice from the lethal effects of the
bacterial infection. The combination of these agents, how-
ever, resulted in highly significant protection. The amount of
cefepime administered in the animal protection experiments
determined the survival rate for the mice. Administration of
low doses of cefepime was necessary to determine whether
the addition of magainin 2 would significantly improve
survival. Low doses of cefepime may mimic the clinical
situation in which insufficient concentrations of the ,-lactam
get to its bacterial target. The failure of high concentrations
of magainin 2 to protect mice is consistent with its lack of
antimicrobial activity in NHS when it was examined with
untreated bacteria.
The ability of magainin 2 and cefepime to increase the

survival of mice given a lethal infection of E. coli offers

promise for use of these types of peptides as adjuncts to
,B-lactam antibiotic therapy. Results of the experiments in
animals suggest that cefepime-altered forms of the bacteria
are killed by magainin 2 in vivo. Further support of this was
obtained when no increase in survival was observed in
mouse protection experiments with magainin 2 and amika-
cin.

Further work is necessary to determine whether magainin
2 or similar peptides will be useful adjuncts to antibiotic
therapy in neutropenic patients. Our in vivo work is consis-
tent with the in vitro data and supports the idea that
elimination of bacteria that are injured but not killed by
antibiotics may be beneficial. The utility of the approach is
dependent upon the presence of antibiotic-altered forms of
bacteria in vivo. Their presence or role in therapy is cur-
rently uncertain (1). We suspect that this therapy is not
appropriate for positive function resistance (1) (high level),
since the change in antibiotic susceptibility would be too
great to allow alteration of the bacteria in the absence of
killing.

ACKNOWLEDGMENTS

We thank Leah Lipsich and Perry Fell for critical reading of the
manuscript and helpful suggestions; Marvin Gorman for critical
reading, keen advice, and encouragement; and Ana Wieman for help
in manuscript preparation.

REFERENCES
1. Bryan, L. E. 1989. Two forms of antimicrobial resistance:

bacterial persistence and positive function resistance. J. Anti-
microb. Chemother. 23:817-823.

2. Casteels, P., C. Ampe, F. Jacobs, M. Vaeck, and P. Tempst.
1989. Apidaecins: antibacterial peptides from honeybees.
EMBO J. 8:2387-2391.

3. Christensen, B., J. Fink, R. B. Merrifield, and D. Mauzerall.
1988. Channel-forming properties of cecropins and related
model compounds incorporated into planar lipid membranes;
Proc. Natl. Acad. Sci. USA 85:5072-5076.

4. Cruciani, R. A., E. F. Stanley, M. Zasloff, D. L. Lewis, and J. L.
Barker. 1988. The antibiotic magainin 2 from the African clawed
frog forms an anion permeable ionophore in artificial mem-
branes. Biophys. J. 53:9a.

5. Darveau, R. P., and M. D. Cunningham. 1990. Influence of
subinhibitory concentrations of cephalosporins on the serum
sensitivity of Pseudomonas aeruginosa. J. Infect. Dis. 162:914-
921.

6. Fink, J., R. B. Merrifield, A. Boman, and H. G. Boman. 1989.
The chemical synthesis of ceropin D and an analog with
enhanced antibacterial activity. J. Biol. Chem. 264:6260-6267.

7. Finney, D. J. 1971. Probit analysis, P. 20-49. Cambridge Uni-
versity Press, London.

8. Franklin, T. J., and G. A. Snow (ed.) 1989. Biochemistry of
antimicrobial action. Chapman & Hall, Ltd., London.

9. Gabrilove, J. L., A. Jakubowski, H. Scher, C. Sternberg, G.
Wong, J. Grous, A. Yagoda, K. Fain, M. Moore, B. Clarkson, H.
Oettgen, K. Alton, K. Welte, and L. Souza. 1988. Effect of
granulocyte-stimulating factor on neutropenia and associated
morbidity due to chemotherapy for transitional-cell carcinoma
of the urothelium. N. Engl. J. Med. 318:1414-1422.

10. Gennaro, R., B. Skerlavaj, and D. Romeo. 1989. Purification,
composition, and activity of two bactenecins, antibacterial
peptides of bovine neutrophils. Infect. Immun. 57:3142-3146.

11. Grimwood K., M. To, H. R. Rabin, and D. E. Woods. 1989.
Inhibition of Pseudomonas aeruginosa exoenzyme expression
by subinhibitory antibiotic concentrations. Antimicrob. Agents
Chemother. 33:41-47.

12. Hammer M. C., A. L. Baltch, R. P. Smith, J. V. Conroy, M.
Bishop, P. Michelsen, and L. Hill. 1988. Human granulocyte
activity against moxalactam-induced filamentous forms of Pseu-
domonas aeruginosa. Antimicrob. Agents Chemother. 32:1565-

1158 DARVEAU ET AL.



MAGAININ 2 AND CEFEPIME COMBINATION THERAPY 1159

1570.
13. Hancock, R. E. W. 1984. Alterations in outer membrane perme-

ability. Annu. Rev. Micrbiol. 38:237-264.
14. Hancock, R. E. W., and P. G. W. Wong. 1984. Compounds

which increase the permeability of the Pseudomonas aerugi-
nosa outer membrane. Antimicrob. Agents Chemother. 26:48-
52.

15. Hawthorn, J. W., M. Rubin, and P. A. Pizzo. 1987. Empirical
antibiotic therapy in the febrile neutropenic patient: clinical
efficacy and impact of monotherapy. Antimicrob. Agents Che-
mother. 31:971-977.

16. Joiner, K. A. 1984. Studies on the mechanism of bacterial
resistance to complement-mediated killing and on the mecha-
nism of action of bactericidal antibody. Curr. Top. Microbiol.
Immunol. 121:99-133.

17. Jones, R. N., A. L. Barry, T. L. Gavan, and J. A. Washington II.
1985. Susceptibility tests: microdilution and macrodilution
broth procedures, p. 972-977. In E. H. Lennette, A. Balows, W.
J. Hausler, Jr., and H. J. Shadomy (ed.), Manual of clinical
microbiology, 4th ed. American Society for Microbiology,
Washington D.C.

18. Klastersky, J., S. H. Zinner, T. Calandra, H. Gaya, M. P.
Glauser, F. Meunier, M. Rossi, S. C. Schimpff, M. Tattersall, C.
Viscoli, and the EORTC (European Organization for Research
and Treatment of Cancer). 1988. Antimicrobial therapy for
febrile granulocytopenic cancer patients: lessons from four
EORTC trials. Eur. J. Cancer Clin. Oncol. 24:S35-S45.

19. Leher, R. I., A. Barton, K. A. Daher, S. S. L. Harwig, T. Ganz,
and M. E. Selsted. 1989. Interaction of human defensins** with
Escherichia coli. Mechanism of bactericidal activity. J. Clin.
Invest. 84:553-561.

20. Matsumoto, M., S. Matsubara, T. Matsuno, M. Tamura, K.
Hattori, H. Nomura, M. Ono, and T. Yokota. 1987. Protective
effect of human granulocyte colony-stimulating factor on micro-
bial infection in neutropenic mice. Infect. Immun. 55:2715-
2720.

21. Matthews, D. E., and V. T. Farewell. 1985. Using and under-
standing medical statistics, p. 20-38, 39-46. S. Karger, Basel.

22. Merrifield, R. B. 1963. Solid phase synthesis. I. The syntheses
of a tetrapeptide. J. Am. Chem. Soc. 85:2149-2154.

23. Nakajima, Y., X. Qu, and S. Natori. 1987. Interaction between
liposomes and sarcotoxin IA, a potent antibacterial protein of
Sarcophaga peregrina (flesh fly). J. Biol. Chem. 262:1665-1669.

24. Nikaido, H. 1989. Outer membrane barrier as a mechanism of
antimicrobial resistance. Antimicrob. Agents Chemother. 33:
1831-1836.

25. Okada, M., and S. Natori. 1985. lonophore activity of sarco-
toxin I, a bactericidal protein of Sarcophaga peregrina. Bio-
chem. J. 229:453-458.

26. Okada, M., and S. Natori. 1985. Primary structure of sarcotoxin
I, an antibacterial protein induced in the hemolymph of Sar-

cophaga peregrina (flesh fly) larvae. J. Biol. Chem. 260:7174-
7177.

27. Opferkuch W, K.-H. Buscher, H. Karch, H. Leying, M.
Pawelzik, U. Schumann, and C. Wiemer. 1985. The effect of
sublethal concentrations of antibiotics on the host parasite
relationship. Zentralbl. Bakteriol. Mikrobiol. Hyg. Abt. 1
Suppl. 31:165-177.

28. Pruul, H., G. Lewis, and P. J. McDonald. 1988. Enhanced
susceptibility of gram-negative bacteria to phagocytic killing by
human polymorphonuclear leucocytes after brief exposure to
aztreonam. J. Antimicrob. Chemother. 22:675-686.

29. Pruul, H., and P. J. McDonald. 1988. Damage to bacteria by
antibiotics in vitro and its relevance to antimicrobial chemother-
apy: a historical perspective. J. Antimicrob. Chemother. 21:
695-700.

30. Steiner, H., D. Hultmark, A. Engstrom, H. Bennich, and H. G.
Boman. 1981. Sequence and specificity of two antibacterial
proteins involved in insect immunity. Nature (London) 292:246-
248.

31. Tam, J. P., W. F. Heath, and R. B. Merrifield. 1983. SN 2
deprotection of synthetic peptides with a low concentration of
HF in dimethyl sulfide: evidence and application in peptides
synthesis. J. Am. Chem. Soc. 105:6442-6455.

32. Taylor, P. W., H. Gaunt, and F. M. Unger. 1981. Effect of
subinhibitory concentrations of mecillinam on the serum sus-
ceptibility of Escherichia coli strains. Antimicrob. Agents Che-
mother. 19:786-788.

33. Vaara, M., and T. Vaara. 1983. Sensitization of gram-negative
bacteria to antibiotics and complement by a nontoxic oligopep-
tide. Nature (London) 303:526-528.

34. Vaara, M., P. Viljanen, T. Vaara, and P. H. Makela. 1984. An
outer membrane-disorganizing peptide PMBN sensitizes E. coli
strains to serum bactericidal action. J. Immunol. 132:2582-2589.

35. Weisberg, H. F. 1974. Water, electrolytes, acid-base, and oxy-
gen, p. 772-803. In I. Davidsohn and J. B. Henry (ed.), Clinical
diagnosis by laboratory methods, 15th ed. The W. B. Saunders
Co., Philadelphia.

36. Westerhoff, H. V., R. W. Hendler, M. Zasloff, and D. Juretic.
1989. Interactions between a new class of eukaryotic antimicro-
bial agents and isolated rat liver mitochondria. Biochim.
Biophys. Acta 975:361-369.

37. Westerhoff, H. V., D. Juretic, R. W. Hendler, and M. Zasloff.
1989. Magainins and the disruption of membrane-linked free-
energy transduction. Proc. Natl. Acad. Sci. USA 86:6597-6601.

38. Wright, S. D., and R. P. Levine. 1981. How complement kills E.
coli. 1. Location of the lesion. J. Immunol. 127:1146-1151.

39. Zasloff, M. 1987. Magainins, a class of antimicrobial peptides
from Xenopus skin: isolation, characterization of two active
forms, and partial cDNA sequence of a precursor. Proc. Natl.
Acad. Sci. USA 84:5449-5453.

VOL. 35, 1991


