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Abstract

A peptide (C13) corresponding to the last 13 amino acids of the
carboxyl terminus of human platelet factor IV was found to be
antibacterial. Amino acid substitutions predicted to disrupt ei-
ther the amphipathic or a-helical nature of C13 rendered the
peptide inactive. Antibacterial activity was demonstrated in
normal human serum on bacteria which had been previously
exposed to low levels of cefepime, a S-lactam antibiotic. Pep-
tide analogues were examined for more potent antibacterial ac-
tivity in an antibacterial assay that employed normal human
serum and low levels of cefepime. A peptide analogue (C18G)
with 80-fold more antibacterial activity than C13 was identi-
fied. Studies in C8-deficient sera confirmed an essential role of
human serum complement for optimal antibacterial activity.
Additional studies showed low levels of cefepime, although not
essential, enhanced the antibacterial activity of C18G. Animal
protection experiments demonstrated that either peptide C18G
or an analogue with all D amino acids (C18X) significantly
increased the survival of neutropenic mice when coadminis-
tered with a low level of cefepime. This work has resulted in the
identification of a new group of antibacterial peptides. (J. Clin.
Invest. 1992. 90:447-455.) Key words: antibiotics  comple-
ment * peptides

Introduction

Bacterial infections in the neutropenic patient remain a major
cause of morbidity and mortality despite rigorous antibiotic
treatment ( 1). Efforts to improve the clinical response to antibi-
otic treatment in these patients include therapies intended to
augment the host immune system (2-4) as well as the search
for more efficacious antibacterial agents. In the past, new anti-
bacterial agents have either been more bactericidal (5) and less
likely to elicit bacterial resistance, or demonstrated more favor-
able pharmacokinetic properties (6). However, to our knowl-
edge, no new antibacterial agents have been specifically de-
signed to augment the host immune system in the eradication
of bacterial infections. It is becoming increasingly clear that the
host immune system plays an important role in the eradication
of bacterial infections during antibiotic therapy (5). Retrospec-
tive clinical analyses have clearly shown that antibiotics are
more successful when an intact host defense system is present
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(1). In addition, both in vitro (7, 8) and in vivo studies (9)
have confirmed that antibiotic-altered bacteria are significantly
more susceptible to polymorphonuclear cell-mediated phago-
cytosis, a major component of the host immune system in-
volved with bacterial removal. It has been proposed that antibi-
otic injured bacteria may be adequately handled by immuno-
sufficient hosts but not by immunocompromised patients (5).
This may account for some of the antibiotic treatment failures
in these patients. We are attempting to improve the clinical
response to antibiotic treatment for neutropenic patients by
investigating therapies that would kill antibiotic-injured bac-
teria.

Recently, it has been shown that low concentrations of §-
lactam antibiotics may render bacteria more susceptible to
serum-mediated killing (10, 11). This is a potentially useful
effect for the immunocompromised patient in that serum-me-
diated killing is the major host defense system for these pa-
tients. We have shown that the terminal complement complex
was necessary for enhanced antibiotic killing and the 8-lactam-
altered bacterial cell surface allowed more terminal comple-
ment complex deposition (12). The data suggested that 3-lac-
tam-altered bacteria might be more susceptible to other agents,
which in a mechanism similar to complement, need to gain
access to the bacterial inner membrane for bactericidal activity.
To test this hypothesis, the susceptibility of S-lactam-altered
Escherichia coli to a recently described ( 13 ) antimicrobial pep-
tide designated magainin 2 was examined ( 14). It was demon-
strated that g-lactam-altered bacteria were significantly more
susceptible to magainin 2 both in vitro and in vivo mouse
protection experiments. The data suggested that therapies de-
signed to kill antibiotic-injured bacteria might improve the
clinical response to antibiotic treatment for the neutropenic
patient. We proposed that peptide killing of antibiotic-injured
bacteria could theoretically mimic the host role in antibiotic
therapy of immune-deficient patients.

The possibility that antibacterial peptides could improve
standard antibiotic therapy for the neutropenic patient
prompted us to examine other potentially useful peptides. Ex-
amination of the literature revealed that a common theme for
several different antimicrobial peptides was a tendency to form
an amphipathic a-helical conformation in a hydrophobic envi-
ronment (15). This conformation may promote interaction of
the peptide with the bacterial membrane (16 ). Independently,
a variety of human proteins have been shown to contain am-
phipathic a-helix sequences, which in a similar fashion are be-
lieved to facilitate the protein’s interaction with membranes
(17, 18). A peptide was synthesized which corresponded to the
last 13 amino acids found at the carboxyl terminus of platelet
factor IV (PF4).! In this report we demonstrate that this pep-

1. Abbreviations used in this paper: GVB, gelatin-veronal buffer; NHS,
normal human serum; similarly, H-NHS, heat-inactivated NHS; PF4,

(human) platelet factor IV.
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tide has antibacterial activity against cefepime-altered bacteria
when examined in normal human serum. The unique require-
ment for both antibiotic and serum for antibacterial activity of
the carboxyl terminus of PF4 was used as a basis to examine
peptide analogues for antibacterial activity. This process of
screening for antibacterial agents deviates significantly from
the classic approach of looking for activity in a broth or media-
based system. Therefore, we additionally report the in vitro and
in vivo evaluation of a more potent synthetic peptide obtained
by this methodology.

Methods

Reagents and buffers. The following buffers were used: gelatin-veronal
buffer with the addition of 0.1% dextrose (GVB**; [19]) and phos-
phate-buffered saline (PBS). Cefepime (7-[(Z)-2-(2-aminothiazol-4-
yl)-2-methoxyaminoacetamido]-3-( 1-methylpyrrolidinio) methyl-3-
cephem-4-carboxylate) and other antibiotics were obtained from Dr.
Robert Kessler, Bristol-Myers Squibb Company, Wallingford, CT, as
standard laboratory powders. Peptide C13 and other analogues were
synthesized by solid-phase synthesis (20) on a model 430A peptide
synthesizer (Applied Biosystems, Inc., Foster City, CA) using Boc/
benzyl-based protection. The assembled peptide resin was treated by
hydrogen fluoride/anisole procedure (21), and the cleaved depro-
tected peptide was purified by high-performance liquid chromatogra-
phy (HPLC) on a Dynamax C-8 column (Rainin Instrument Co., Wo-
burn, MA). Highly purified peptides were characterized by analytical
HPLC and amino acid analysis. Mueller-Hinton base was obtained
from BBL Microbiological Systems, Cockeysville, MD.

Bacterial strains and culture conditions. Escherichia coli strain
ATCC 25922 was used for most of the experiments and was obtained
from the American Type Culture Collection (ATCC), Rockville, MD.
Other E. coli strains employed included a K1 capsule isolate H16 ob-
tained from Walter Reed Army Institute of Research, Washington,
DC, and E. coli AP, which was obtained by passing ATCC 25922
through mice. This process resulted in a strain that was more virulent
in the neutropenic mouse model. Klebsiella pneumoniae ATCC 13883
was obtained from ATCC. Pseudomonas aeruginosa M009 was ob-
tained from Dr. Joan Fung-Tomc, Bristol Myers Squibb Pharmaceuti-
cal Research Institute. Strains were examined for purity, properly iden-
tified, and 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/liter CaCl, and 25 mg/1 MgCl, (19).

Serum. Blood was collected aseptically from five healthy volunteers
and allowed to clot at room temperature for 1 h. After 20 min of incu-
bation at 4°C the blood was centrifuged for 15 min at 1,500 g. Serum
was removed, pooled, and then stored at —70°C in small amounts.
Shortly before use the pooled normal human serum (NHS) was thawed
and kept on ice until mixed with bacteria for the serum bactericidal
assay. Where indicated, serum complement was inactivated by heating
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. Some experiments employed C8-
depleted sera and purified C8, both of which were obtained from Cyto-
tech, San Diego, CA.

Determination of the minimum inhibitory concentration (MIC).
MICs were determined by the microdilution plate dilution method
using adjusted Mueller-Hinton broth (19) with a final inoculum den-
sity of 7.5 X 10° CFU/ml obtained from mid-exponential phase cells.
Plates were incubated for 18 h at 37°C. At least three different determi-
nations were performed with each antibiotic for each strain.

Serum bactericidal assay. Bacteria inoculated from overnight cul-
tures were grown to mid exponential phase with or without antibiotic
(OD4, between 0.35 and 0.5; ~ 2-3 X 108 cells/ml for cells grown
with cefepime and 9 X 102 cells/ml cells grown without cefepime).
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Cells were diluted without washing to 5 X 10* cells/ml in GVB** and
0.05 ml 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
antibacterial activity. Appropriate dilutions of NHS or H-NHS were
prepared beforehand in GVB** to a volume of 0.2 ml. Cefepime, when
present, was added to the serum mixture before the addition of bacte-
ria. 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 containing only GVB** and plating at the begin-
ning of the assay. The reaction mixtures were then rotated at 37°C for 3
h. Samples were removed at intervals and diluted appropriately for
plate count analysis (in triplicate) by the pour plate method (22) using
trypticase soy agar. The number of colony forming units was deter-
mined after overnight incubation.

The potential for error due to drug carryover effects was eliminated
by inclusion of appropriate controls. Inclusion of peptide and cefepime
in H-NHS- and C8-deficient sera eliminated the need for drug removal
procedures because significant antibacterial activity was detected only
in NHS- and C8-replenished sera.

Red blood cell hemolysis assay. The hemolytic activity of the anti-
microbial peptides was examined as described by Geoffroy et al. (23)
except that red blood cells were added to various concentrations of
peptides in GVB** buffer without the addition of bovine serum albu-
min. In addition, samples were centrifuged for 5 min at 1,000 g to
remove cell debris before the optical density at 541 nm was recorded. A
1/10 dilution of cells into distilled water resulted in 100% hemolysis;
this sample was then diluted to generate a standard curve. Optical den-
sities generated after incubation with the various peptides were com-
pared to the standard curve to determine the percent lysis.

Mouse protection experiments. All studies were performed with
male CrL:CF1 mice obtained from Harlan Sprague Dawley, Indiana-
polis, IN. Neutropenia was induced in two separate groups of mice
weighing either 19-21 or 22-24 g by subcutaneous injection of 250
mg/kg cyclophosphamide (Mead Johnson Laboratories, Evansville,
IN.). Examination of blood revealed that the level of circulating leuko-
cytes declined to 10% of normal by the 5th day after injection and
remained depressed for the following 2 days. Mice were challenged
intraperitoneally with a log-phase bacterial suspension in PBS (0.2 ml)
on the 4th day after cyclophosphamide administration. Probit analysis
(24) was used to determine the LDy, for E. coli H16 and E. coli AP. For
therapeutic protection experiments mice were administered one LDy,
which was 2 X 10* cfu for E. coli H16, and 5 X 10* cfu for E. coli AP.

Mice were divided into four different treatment groups and given
injections of either: (a) PBS; (b) peptide (either C13, C18G, or C18X);
(c) cefepime; or (d) a combination of cefepime and peptide that was
mixed before injection. All injections were made in PBS (0.2 ml) and
were administered intramuscularly with each injection in separate legs
at 1 and 3.5 h after bacterial challenge. The survival of the mice was
monitored for 10 d and the results analyzed by the log rank test (25) for
survival curve determinations. The significance of the number of mice
surviving at the end of the experiment was analyzed by either the Fisher
exact test (25) when n < 20 or x 2 analysis (25) when n > 20.

Results

A carboxyl terminal peptide from human PF4 has antibacterial
activity. Previous work had shown that the carboxyl terminus
of human PF4 contained an amphipathic a-helical structural
motif (18). A peptide corresponding to amino acids 58
through 70, designated C13, was synthesized. Since the amphi-
pathic a-helical motif is characteristic of a new group of anti-
bacterial peptides (15), C13 was examined for antibacterial
activity. Antibacterial activity was determined in NHS and
NHS H-NHS with bacteria that were grown with and without
low levels of cefepime (Fig. 1). A concentration of cefepime
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Figure 1. Susceptibility of E. coli to peptide C13 in human serum. E.
coli ATCC 25922 was grown to mid-log phase without (untreated)
and with 0.008 ug/ml (1/8 MIC) cefepime (cefepime altered). Bac-
teria were added to both heat-inactivated ( H-NHS) and normal hu-
man serum (NHS). The serum (20% ) contained either no peptide or
50, 100, or 200 pg/ml peptide C13. Viable counts were determined
at the time of bacterial addition to serum (input without cefepime,
4.04+0.11; and with cefepime, 4.07+0.08 log,, CFU/ml) and after
3 h for each sample. The assay was able to accurately detect values
between 5.0 and 2.78 log,, CFU/ml. Each assay was performed in
triplicate on three separate occasions with the same serum source.
Mean+1 SD are shown.

was chosen that had no effect on cell viability in the assay. In
addition, an E. coli strain was selected that was completely
resistant to the bactericidal action of serum. Under these con-
ditions peptide C13 had a significant antibacterial effect (P
< 0.05, two-sample ¢ test for each peptide concentration exam-
ined ) when bacteria grown in low levels of cefepime were exam-
ined in NHS. In contrast to the data obtained in NHS, no
antibacterial activity of peptide C13 was detected in the ab-
sence of cefepime or in H-NHS with or without cefepime.

The role of peptide secondary structure in antibacterial ac-
tivity was examined. Edmundson wheel projections (26) were
used to design peptide analogues of C13 that would be signifi-
cantly less a-helical or amphipathic. Peptide analogue C13A
was designed to disrupt the a-helical nature of the peptide by
two proline replacements, whereas analogue C13B was de-
signed to reduce the amphipathic nature of the peptide by ex-
changing charged residues and hydrophobic ones in two places.
Antibacterial activity was examined in NHS on bacteria grown
in low levels of cefepime. In contrast to peptide C13, at a con-
centration of 200 ug/ml these peptides were not antibacterial
(Table I).

Peptide analogues of C13 with increased antibacterial activ-
ity. Edmundson wheel projections were used to design peptide
analogues that differed in the predicted location and type of
charge, degree of a-helicity, or number of helical turns. All
analogues were designed to maintain both the a-helical and
amphipathic nature of the peptide. A total of 40 different pep-
tide analogues was synthesized. The objective was to determine
if the unique antibacterial activity of peptide C13 against cefe-
pime-altered bacteria in NHS could be increased. Peptide ana-
logues of C13 were examined for potential antibacterial activ-
ity in NHS with bacteria grown in low levels of cefepime. The
antibacterial potential of the analogues was determined by ti-
trating the peptide analogue from a concentration which did
not inhibit bacterial growth, up to 200 pg/ml. Two peptide

Table I. Effect of Structural Motif on Antibacterial Activity

Peptide
designation Sequence Percent survival*
C13 PLYKKIIKKLLES 72
CI13A PLYKKPIKKPLES 535174
C13B PLKKYIKKELLS 478131
No peptide control 446164

* The percent survival was determined as described in Methods for
strain ATCC 25922 grown with 0.008 mg/ml cefepime (1/8 MIC)
and assayed in 20% NHS. Peptides were examined at 200 ug/ml. Ex-
periments were performed on three separate occasions and the
mean+1 SD are presented.

analogues yielded the most significant increase in antibacterial
activity (Fig. 2). An increase of five amino acids predicted to
generate another amphipathic a-helical loop at the carboxyl
terminus and the replacement of proline with alanine at the
amino terminus yielded analogue C18H. This analogue demon-
strated approximately one log increase in antibacterial activity
compared to C13 (Fig. 2). Another log increase in antibacterial
activity was obtained when a glutamic acid residue was re-
placed with a lysine and two isoleucines were changed to leu-
cines to form peptide analogue C18G (Fig. 2; see Table II for
sequence of peptide analogues). Other experiments demon-
strated that the two leucine to isoleucine substitutions (from
C18H to C18G) did not significantly affect antibacterial activ-
ity (data not shown).

4.5

3.5

log10 cfu/mi

25 Tty — _—
A 1 10 100 1000

peptide (pg/ml)

Figure 2. Antibacterial dose response of peptide C13 and two ana-
logues in normal human serum. E. coli ATCC 25922 was grown to
mid-log phase with 0.008 ug/ml (1/8 MIC) cefepime. Bacteria were
added to 20% normal human serum that contained varying amounts
of peptide C13 or analogues C18H or C18G. The amounts examined
were: of C13 (@)—200, 150, 100, 75, and 50 ug/ml; of C18H ()
—50, 25, 15, 10, and 5 ug/ml; and of C18G (0)—S5, 2.5, 1, 0.5, and
0.25 ug/ml. Viable counts were determined at the time of bacterial
addition to serum (input was 4.06+0.05 log,, CFU/ml) and after 3
h for each sample. Samples incubated without peptide contained

> 4.3 log,, CFU/ml after 3 h. The assay was able to accurately detect
values between 4.3 and 2.78 log,, CFU /ml. Each assay was performed
in triplicate on three separate occasions with the same serum source.
Mean+1 SD are shown.
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A more thorough analysis of the antibacterial activity of
these two analogues compared to peptide C13 was performed.
Titrations of analogues C18H and C18G were performed with
cells grown with and without low levels of cefepime in H-NHS
and NHS. The peptides were also examined for their ability to
lyse human red blood cells. These results are summarized in
Table II. The antibacterial activity of peptide analogue C18G
was greater than C13 in all assay conditions. Although E. coli
ATCC 25922 was completely resistant to NHS in the absence
of peptide (see Fig. 1 and the legend to Fig. 2), peptide ana-
logue C18G was significantly more potent in NHS when com-
pared to H-NHS. In addition, although cefepime augmented
the action of peptides C13 and C18H, no difference in antibac-
terial activity was observed when C18G was examined. In con-
trast to the increase in antibacterial activity, there was no in-
crease in the hemolytic activity of C18G when compared to
C13. In summary, this analysis revealed that peptide C18G was
~ 80-fold more active than C13 when examined in NHS on
bacteria incubated with or without low levels of cefepime.

Demonstration that complement augments peptide C18G
antibacterial activity in human serum. The more potent anti-
bacterial activity of peptide C18G in NHS compared to H-
NHS suggested that complement was required for optimal pep-
tide activity in human serum. Therefore, the antibacterial activ-
ity of peptide C18G was further examined in sera that had been
specifically depleted in complement protein C8. In two sepa-
rate experiments the antibacterial activity of C18G was deter-
mined in C8-deficient and C8-replenished sera with bacteria
grown with and without low levels of cefepime (Fig. 3; only the
results from experiments without cefepime are presented). In
the absence of peptide C18G, or when C8 was absent from the
serum, bacteria grew in the assay. In contrast, when both C8
and peptide were present there was at least one log decrease
from the bacterial input. These data demonstrate that the late
components of the complement pathway greatly potentiate the
antibacterial activity of C18G in NHS.

Table II. Antibacterial and Hemolytic Activity of Peptide C13
from Human PF4 and Two Peptide Analogues

Antibacterial activity* (IDg)
NHS H-NHS
Peptide No No RBC lysis*
designation®  Cefepime cefepime Cefepime cefepime (100 pg/ml)
Cl13 75-100 >200 >200 >200 <1
CI18H 5-15 15-25 100-200 >200 1.5
C18G 1-2.5 1-2.5 50-100 50-100 <1

* Antibacterial activity against E. coli ATCC 25922 was determined
in three separate experiments for each experimental condition. The
range of peptide concentration (ug/ml) which reduced the bacterial
input by one log is reported. The assay contained 20% NHS or H-
NHS, cefepime when present was added to 0.008 pg/ml (1/8 MIC).
# Red blood cell hemolysis assays were conducted on three separate
occasions and the percent lysis at 100 ug/ml of peptide is reported.

§ The peptide sequence for C13 is found in Table I, the peptide se-
quence for C18H and C18G is:

C18H; ALYKKIIKKLLESAKKLG
C18G: ALYKKLLKKLLKSAKKLG
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Figure 3. Antibacterial activity of peptide C18G in C8-deficient and
C8-repleated human sera. E. coli AP was added to either 40% human
serum specifically depleted in C8 (C8d) (gray bars) or C8d serum to
which C8 was added back to physiological concentrations (50 ug/ml)
(black bars). Viable counts were determined at the time of bacterial
addition to serum (bacterial input was 3.95 log,, CFU/ml) and after
3 h incubation at 37°C. The assay was able to accurately detect values
between 5.0 and 3.08 log,, CFU/ml. Two separate experiments were
performed which yielded similar results and the average is presented.

Antibacterial activity of peptide C18G with several different
bacterial strains. The antibacterial activity of peptide C18G
was examined with four different bacterial strains (Fig. 4). An-
tibacterial activity was determined in NHS and H-NHS on
bacteria incubated with and without low levels of cefepime.
Initial experiments determined the serum susceptibility of the
different bacterial strains. A concentration of serum was then
chosen for each strain that did not reduce the bacterial input
during the course of the assay. At the peptide concentrations
examined, significant antibacterial activity was observed with
peptide C18G in NHS but not in H-NHS for each strain exam-
ined. Similar to what was observed with E. coli A645 (Table
1), the antibacterial activity of C18G was not enhanced by low
levels of cefepime when K. pneumoniae was examined. In con-
trast, with the three other strains examined in Fig. 4, low levels
of cefepime rendered the bacteria more susceptible to the anti-
bacterial action of the peptide. These results demonstrated that
the antibacterial activity of peptide C18G was potentiated by
NHS for a variety of different bacterial strains.

Animal studies. Initial experiments examined the ability of
peptide C13 alone and in combination with low levels of cefe-
pime to protect neutropenic mice from a lethal dose of E. coli.
Mice were challenged with 2 X 10* E. coli H16 by intraperito-
neal injection, divided into four separate treatment groups, and
their survival was monitored for 10 d (Fig. 5). Mice that were
administered the combination of low levels of cefepime and
peptide C13 had a significantly higher survival rate in the first 3
d when compared to treatment with either low levels of cefe-
pime, peptide C13, or PBS (P < 0.005, log rank test). However,
at the end of the experiment ( 10 d after infection ) there was no
significant difference in the total number of survivors from
each treatment group (P > 0.05, Fisher exact test). The combi-
nation of peptide C13 and a low level of cefepime could delay
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Figure 5. Peptide C13 and cefepime combination treatment for a
systemic E. coli infection. Mice were challenged with E. coli H16 as
described in the text. Ten mice were present in each of four separate
treatment groups which consisted of the following: (X) PBS; (¢) ce-
fepime, 0.2 mg/kg; (a) C13, 3 mg/mouse; (0) C13 + cefepime, a
combination of 0.2 mg/kg cefepime and 3 mg per mouse C13. The
number of mice surviving each day after infection was recorded for

10 d at which time no visible symptoms of the infection were evident
(no change the survival of the mice was observed after day 3).

but not significantly prevent death due to the bacterial infec-
tion.

Next the ability of peptide analogue C18G both alone and
in combination with low levels of cefepime to protect mice
from a lethal E. coli infection was examined (Fig. 6). Four
separate experiments were performed with strain H16 each
containing a group of mice that were treated with PBS as a
control as well as a group that was given a low level of cefepime.
There was no significant difference (P > 0.1, x2 test) in the
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survival of mice given cefepime (0.2 mg/kg) compared to the
treatment group given PBS. In addition, the administration of
up to 2 mg per mouse of C18G alone also did not significantly
improve the survival of the mice (P > 0.05, Fisher exact test).
In contrast, there was a significant (P < 0.001, x* test) increase
in the survival of mice given a combination of 0.5 mg of C18G
per mouse and a low level of cefepime. The combination of 2
mg of C18G per mouse and a low level of cefepime also re-
sulted in a significant (P < 0.05, Fisher exact test) increase in
the survival of the mice. Similar results were obtained when
experiments with E. coli AP were performed. The majority of
mice that were given either PBS (17 dead of 20 total); 0.2
mg/ kg cefepime (17 dead of 20 total); or 0.5 mg/mouse C18G
(15 dead of 15 total) died during the course of the experiment.
However, when C18G and cefepime were coadministered (in
the amounts given above), there was a significant increase (P
< 0.05, Fisher exact test) in the survival of the mice (8 alive of
15 total).

Additional animal protection experiments were performed
with E. coli H16 to examine the therapeutic potential of an all
D amino acid containing analogue of C18G, designated C18X
(Table III), and separately to examine the combination of
C18G and aztreonam, another 8-lactam antibiotic (Table IV).
Mice were divided into four experimental treatment groups
which consisted of PBS, low level of antibiotic, peptide, and
combination of peptide and antibiotic. Combination treat-
ment with C18X (all D analogue) and cefepime resulted in
highly significant protection (P < 0.001, Fisher exact test)
when compared to the other treatment groups. The combina-
tion treatment with aztreonam and C18G also resulted in
highly significant protection (P < 0.001, Fisher exact test)
when compared to the other treatment groups.

Discussion

A peptide corresponding to the carboxyl terminus of human
PF4 (peptide C13) was found to be antibacterial. This peptide

Figure 6. Peptide C18G and
cefepime combination treat-
ment for a systemic E. coli
infection. Mice were chal-
lenged with E. coli H16 as
described in the text. The
number of mice surviving 10
d after infection (at which
time no visible symptoms of
the infection were evident)
were recorded. Mice were di-
vided into separate treatment
groups which consisted of the
following: PBS; cefepime
(0.2 mg/kg); and three con-
centrations of C18G
(C18G(1], 0.2 mg/mouse
C18G[2], 0.5 mg/mouse;
C18G[3] 2 mg per mouse).
These concentrations of pep-
tide were examined alone
and in combination with ce-
! fepime as indicated on the

t 1| horizontal axis. The cumula-

n=10

PBS cefepime C186(1) c18G(1) +

cefepime

C186(2)
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C186(3) + tive results from four separate
cefepime experiments are presented.

C18G(2) +
cefepime

C18G(3)



Table III. Therapeutic Efficacy of an All D-Analogue (C18X) of C18G in Combination with Low Levels of Cefepime

in a Neutropenic Mouse Model of Infection

Treatment group
PBS
control Cefepime C18X Cefepime + C18X
(0.2 mg/kg) (0.5 mg per mouse) (0.2 mg/kg + 0.5 mg per mouse)
Number of mice alive/total 2/25 3/25 2/18 15/20
Percent servival 8 12 11 75*%

* P < 0.001, Fisher exact test.

is significantly different from naturally occurring antibacterial
peptides (15, 27) and represents a novel amino acid sequence
forming an amphipathic a-helical motif that contains antibac-
terial activity. The role of this motif in naturally occurring anti-
bacterial peptides is currently under investigation by several
different laboratories (15, 27, 28 ). Modifications of amino acid
sequence (29) as well as chimeric (30) peptides are being stud-
ied in order to determine the potential clinical utility of this
new class of antibacterials. In addition, antibacterial activity
has been reported with peptides corresponding to amphipathic
a-helical sequences in other naturally occurring proteins (31—
33). However, antibacterial activity was either too limited (33)
or potentially toxic (due to lysis of human red blood cells) (31,
32) to be clinically useful. In contrast, the results of this study
demonstrated that C13 was antibacterial at concentrations of
peptide that did not lyse human red blood cells. Peptide C13
therefore provided a unique amino acid sequence with clini-
cally relevant antibacterial activity.

More potent analogues of C13 were designed and evalu-
ated. Peptide C13 was similar to magainin 2 (14) in its require-
ment for NHS and low levels of cefepime for optimal antibacte-
rial activity. Therefore, the evaluation of peptides derived from
C13 for antibacterial activity was conducted in NHS with bacte-
ria exposed to low levels of cefepime. This approach insured
that those peptides that required the host immune system for
optimal antibacterial activity would be identified. An initial
evaluation of potentially new antibacterial agents in assay sys-
tems that employ human serum as contrasted to broth was
proposed over 15 years ago (34). However, perhaps because of
the advent of more potent bactericidal antibiotics, little infor-
mation has appeared in the literature concerning this approach
(5). An increased awareness of the role of the host immune
system in the eradication of bacterial infections (5 ), a need for

improved therapy for neutropenic patients (1), as well as en-
couraging data obtained from in vitro and in vivo studies with
magainin 2 (14), prompted us to deviate from standard anti-
bacterial drug discovery assays. In a study of 40 peptide ana-
logues, two were identified that possessed significant increases
in antibacterial activity. Extending the length of peptide C13
and the substitution of a negative with a positive charge
resulted in peptide C18G which was 80-fold more active
than C13.

Studies in sera depleted of complement protein C8 con-
firmed that peptide analogue C18G required complement for
optimal peptide activity. This is similar to magainin 2 (14) and
other cationic peptides (35, 36 ) that have been shown to render
bacteria more susceptible to serum bactericidal activity. Stud-
ies with NHS and H-NHS with several bacterial strains are
consistent with a strong complement requirement for optimal
antibacterial activity of the peptide. The addition of low levels
of cefepime augmented the peptide antibacterial action for
some strains but not others. Independently, low levels of cefe-
pime have been shown to increase bacterial susceptibility to
serum by allowing more effective C5b-9 deposition on the al-
tered bacterial cell surface (12). Initial studies show that addi-
tion of peptide C18G results in significantly more C5b-9 deposi-
tion (data not shown ); however, the molecular interaction be-
tween the cefepime altered bacterial cell, antimicrobial
peptide, and complement remains unclear. Peptide C18X, an
all D analogue, showed similar antibacterial activity in vitro
(data not shown) as well as in mouse protection experiments.
This indicates that those aspects of peptide action that require
serum complement for optimal activity do not involve specific
enzymes or chiral receptors. Wade et al. (15) have shown that
D enantiomers of three naturally occurring peptide antibiotics
retain antibacterial activity. A possible hypothesis is that pep-

Table IV. Therapeutic Efficacy of the Combination of C18G and Low Levels of Aztreonam (Another 8-Lactam Antibiotic)

in a Neutropenic Mouse Model of Infection

Treatment Group
PBS
control Aztreonam C18G Aztreonam + C18G
(1 mg/kg) (0.5 mg per mouse) (1 mg/kg + 0.5 mg per mouse)
Number of mice alive/total 0/9 1/20 0/20 11/20
Percent survival 0 5 0 55*

* P < 0.001, Fisher exact test.
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tide C18G, in combination with serum complement (37)
disrupts the bacterial outer membrane. This disruption results
in access of both the peptide and / or terminal complement com-
ponents to critical sites in the bacterial cell envelope. 8-lactam
type antibiotics which are known to affect the outer membrane
(38) may augment this process in some strains.

We explored the possibility that other closely related se-
quences would be antibacterial with serum complement. Pep-
tides derived from the amphipathic a-helical motif found at the
carboxyl terminus of an interferon-inducible protein desig-
nated IP 10 (39) were synthesized. This cytokine is a member
of the same IL-8 cytokine family, as is PF4 (40). The carboxyl
terminus of IP 10 has been postulated to be cleaved (39). This
suggested to us the potential for an endogenous antibacterial
peptide which may serve as an adjunct to serum mediated kill-
ing. Serum factors that augment complement-mediated killing
have been postulated by others (41, 42). However, antibacte-
rial activity was not found when three different peptide se-
quences from the carboxyl terminus of IP 10 were examined in
our assay (data not shown). In a related finding, other peptide
analogues of C13 were also found to be inactive, although
based on Edmundson wheel projections they should have
maintained the correct secondary structure (data not shown).
Further studies will be necessary to determine the relationship
between secondary structure, amino acid sequence, and anti-
bacterial activity for this unique group of antibacterial pep-
tides.

In vivo protection studies with E. coli demonstrated that
peptide C18G when combined with low levels of cefepime was
able to significantly protect mice from a lethal infection. Signifi-
cant protection was also observed when peptide C18G was
coadministered with aztreonam, another B-lactam antibiotic.
Although other §-lactam antibiotics were not employed in this
study, earlier work (12, 14) would indicate that this class of
antibiotics but not aminoglycosides nor quinolones augment
bacterial killing by serum and peptide. The animal experi-
ments are similar to those previously conducted with magainin
2 (14) where low levels of cefepime were employed to mimic
clinical failure of the antibiotic. Administration of low levels of
antibiotic were necessary to determine if the peptide would
augment protection. Clinically, antibiotics may not reach suffi-
cient concentration at their bacterial targets due to both bacte-
rial resistance and/or impaired drug access, or the existence of
local environmental conditions that are antagonistic to antibi-
otic action. Insufficient antibiotic concentrations may be more
effective in the immunosufficient host where injured bacteria
are removed by the host defense system. These studies further
support the notion (14) that augmentation of antibiotic ther-
apy with peptides or other agents that take advantage of antibi-
otic-altered bacteria may be beneficial for the neutropenic pa-
tient.
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