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CAP18 (an 18-kDa cationic antimicrobial protein) is a granulocyte-derived protein that can bind lipopoly-
saccharide (LPS) and inhibit various activities of LPS in vitro. The present study examined the protective effect
of a synthetic 27-amino-acid peptide (CAP18,,5_,35) from the LPS-binding domain of CAP18 against antibi-
otic-induced endotoxin shock, using highly LPS-sensitive p-(+)-galactosamine (p-GalN)-sensitized C3H/HeN
mice. The antibiotic-induced endotoxin (CAZ-endotoxin) was prepared from the culture filtrate of Pseudomonas
aeruginosa PAO1 exposed to ceftazidime (CAZ). Injection of CAP18,,,_,55 protected the mice injected with LPS
or CAZ-endotoxin from death and lowered their tumor necrosis factor (TNF) levels in serum in a dose-
dependent manner. Treatment with CAZ caused death of the p-GalN-sensitized P. aeruginosa PAO-infected
mice within 48 h, while injection with CAP18,,,_,35 rescued the mice from death. In the mice rescued from
death by injection with CAP18,,,_,35, endotoxin levels in plasma and TNF production by liver tissues were
decreased but the numbers of viable infecting bacteria in their blood were not decreased significantly and
remained at the levels in CAZ-treated mice. These results indicate that CAP18,,,_,55 is capable of preventing
antibiotic-induced endotoxic shock in mice with septicemia and that the effect is due to its LPS-neutralizing

activity rather than to its antibacterial activity.

Endotoxin, i.e., lipopolysaccharide (LPS), associated with
proteins in the outer membrane of gram-negative bacteria
(18), is strongly implicated in the pathogenesis of gram-nega-
tive bacterial sepsis, including fever, shock, disseminated intra-
vascular coagulation, multiple organ failure, and death (35,
39). The septic shock induced by bacteremia due to gram-
negative bacteria is thought to be due to the massive release of
endotoxin from the infecting organisms by spontaneous release
or bacterial lysis. The released endotoxin activates macro-
phages, endothelial cells, and fibroblasts to produce and re-
lease potent inflammatory mediators, including tumor necrosis
factor alpha (TNF), interleukin (IL)-1B, IL-6 and nitric oxide
(34). The mediators, especially TNF, cause endotoxic shock
syndrome (6, 28). Endotoxic shock may occur in the process of
therapy with inappropriate antibiotics. Although antibiotics
kill bacteria, they do not neutralize endotoxin. Sudden release
of an excess amount of endotoxin from the antibiotic-disrupted
bacteria can result in endotoxic shock (22).

A number of host-derived proteins, such as low-density li-
poprotein, high-density lipoprotein (10), LPS-binding protein
(41) and bactericidal permeability-increasing protein (9, 12,
42), can bind to endotoxin and modulate endotoxic activity
negatively or positively. Lower concentrations of LPS com-
plexed with LPS-binding protein may activate macrophages
through their surface protein CD14 (41, 46). In contrast, high-
density lipoprotein or bactericidal permeability-increasing pro-
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tein bound to LPS inhibits the ability of LPS to elicit cellular
responses (10, 30).

CAP18 is an 18-kDa cationic protein capable of binding to
LPS. It was isolated from rabbit granulocytes as a protein with
antimicrobial, LPS-binding, and LPS-neutralizing properties
and purified by using its capacity to agglutinate LPS-sensitized
sheep erythrocytes (13, 16, 26). CAP18 and its C-terminal
37-amino-acid fragment inhibit the LPS-induced production of
tissue factor by murine macrophages and human monocytes
(13) and of TNF, IL-1B, IL-6, and nitric oxide by murine
macrophages in vitro (26). The peptide has potent activity
against both gram-negative and gram-positive bacteria in vitro
(25). A more recent study demonstrated that treatment with a
C-terminal 37-amino-acid fragment of rabbit CAP18 neutral-
ized the deleterious effects of LPS in pigs (45). Rabbit CAP18
c¢DNA has been cloned (27). Based on the nucleotide sequence
of the rabbit CAP18 ¢cDNA, human CAP18 cDNA was also
cloned (24). The human CAP18 cDNA encodes a protein
composed of a 30-amino-acid signal peptide, a 103-amino-acid
N-terminal domain of unknown function, and a 37-amino-acid
C-terminal domain that binds to LPS, neutralizes LPS-medi-
ated activation of monocytes, and reduces the lethal toxicity of
LPS in mice (15, 17, 24). The C-terminal 27-amino-acid frag-
ment was identified as the LPS-neutralizing and antimicrobial
domain (15). This peptide was synthesized and was designated
CAP18,49_135-

Recently, investigators have recognized that the use of an-
tibiotic chemotherapy to treat infections with gram-negative
microbes may result in the release of microbial constituents
that might, in turn, exacerbate the pathophysiological manifes-
tations of disease. Although the actual clinical importance of
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TABLE 1. Sequences and LPS-binding activity of CAP18 peptides

CAP18 sequences”

LPS-binding
activity (pg/ml)”

1.6
32

100 110 120 130 140
DNK RFALL GDFFR KSKEK IGKEF KRIVQ RIKDF LRNLV PRTES
F———————CAP18;p5435 30 AA) —nrf
F———— CAPI18,9.135 (27 AA) ——
— CAP18,, 435 (22 AA)  ——rH

F——— CAP18,p0132 (24 AA)

12.5
25

“The C-terminal 37-amino-acid fragment of CAP18 (amino acids [AA] 98 to 140) is shown, and the extents of the peptides used in this study are indicated.
> Minimal concentration of peptide for hemagglutination of S. minnesota R595 LPS-sensitized sheep erythrocytes (see the text).

this phenomenon to patients with sepsis due to gram-negative
bacteria is unclear, both in vitro and in vivo animal experi-
ments have provided evidence in support of this concept (22,
31, 32). CAP18 may neutralize the toxicity of antibiotic-in-
duced endotoxin in vivo and prevent death from septic shock.
The present study was designed to determine the protective
effect of CAP18,y9_155 against antibiotic-induced endotoxic
shock in a murine model of Pseudomonas aeruginosa infection,
and the results demonstrate that CAP18,,_;55 is capable of
reducing the mortality of the mice due to endotoxic shock
through neutralization of endotoxin and reduction of TNF
production in the mice.

MATERIALS AND METHODS

Mice. Female C3H/HeN mice and male C57BL/6 mice aged 6 to 7 weeks were
obtained from Nippon Clea Co., Tokyo, Japan, and Charles River Japan, Tokyo,
Japan, respectively. The C3H/HeN mice were maintained in the Animal Facility
of the Jichi Medical School under standard care and used at 8 to 9 weeks of age,
when they had attained an average body weight of 18 g. The C57BL/6 mice were
maintained in the Animal Facility of the Iwate Medical University and used at 8
weeks of age, when they had attained an average body weight of 23 g.

Bacterial strains. P. aeruginosa PAO and PAO1 were kindly provided by Y.
Hirakata, Nagasaki University, Nagasaki, Japan. The bacteria, suspended in 10%
skim milk, were stored at —80°C. When needed for an experiment, the frozen
bacteria were thawed and cultured overnight on a nutrient agar plate. The
bacteria in a single colony arbitrarily selected from colonies on the plate were
cultured overnight in a defined Pseudomonas basal mineral medium (4) and used
for the experiment. The number of CFU of the organisms was determined by
quantitative cultivation on nutrient agar plates.

CAP18-derived peptides. CAP18 is composed of two domains: a highly con-
served N-terminal domain with an unknown function and a less highly conserved
C-terminal domain with anti-LPS and antimicrobial functions (13, 24). The
C-terminal domain was synthesized, and the truncated human peptide
(CAP18,04_135) was more active than the full-length human domain
CAP18,04_149 (24). Four different truncated CAP18-derived peptides were syn-
thesized by Peptide Institute, Inc., Minoh, Hyogo, Japan. Their amino acid
sequences are shown in Table 1. When their LPS-binding activities were assessed
by the agglutination test with erythrocytes coated with LPS (16), they all showed
LPS-binding activities, although peptides CAP18,,, 135 and CAP18,49_;3,
showed significantly less activity than peptides CAP18,5 135 and CAP18,9 ;35
did. The purity of CAP18,40_;35 Was 97.3% when assessed by analytical high-
pressure liquid chromatography. The peptides were dissolved in saline, distrib-
uted into tubes, and stored at —80°C. Immediately before use, a sample of the
frozen peptide solution was thawed. Endotoxin contamination of the CAP18,49_35
used in the present study was examined by the rabbit pyrogen test. The exact
minimum pyrogenic dose could not be determined because of the limited avail-
ability of the test synthetic peptide. Three Kbs male Japanese White rabbits
(3.77 £ 0.10 kg; Kitayama Lab. Co., Iyo, Japan) were injected intravenously (i.v.)
with 100 pg of CAP18,(9 35 per kg in 1 ml of pyrogen-free phosphate-buffered
saline per kg. The temperature of each rabbit was measured every 5 min for 3 h
with a rectal thermometer (model EP76-12; Tio Electric Co., Tokyo, Japan). The
temperature of the control rabbits was 39.1 = 0.1°C. The change in rectal
temperature after i.v. CAP18,49_;35 administration (100 pg/kg) was +0.37 =
0.06°C. No rabbit showed an individual rise in temperature of 0.6°C or more. The
sum of the three individual maximum temperature increases (1.0°C) did not
exceed 1.4°C. These results indicate that the CAP18,49_;35 solution does not
induce a significant febrile reaction in rabbits.

LPS. LPS from wild-type Salmonella minnesota purchased from Sigma Chem-
ical Co., St. Louis, Mo., and LPS from S. minnesota R595 (Re-chemotype),
purchased from List Biologicals Co., Campbell, Calif., were dissolved at 1 mg/ml
in endotoxin-free H,O as a stock solution and stored at 4°C. The LPS solution

was diluted appropriately in endotoxin-free saline immediately before use in an
experiment. Wild-type S. minnesota LPS was used in in vivo studies unless
indicated otherwise. Escherichia coli O111:B4 (S-form) LPS, obtained from
Seikagaku Corp., Tokyo, Japan, was dissolved in endotoxin-free H,O at concen-
trations recommended by the manufacturer and used as a reference LPS in the
LPS-specific chromogenic test. A 1-ng portion of E. coli LPS is equivalent to 2.9
endotoxin units.

Antibiotic-induced endotoxin preparation. Antibiotic-induced endotoxin was
prepared as described previously (36). Briefly, P. aeruginosa PAO1 organisms
(107/ml) were inoculated into synthetic M9 medium (4) and cultured in the
presence of twice the MIC of ceftazidime (CAZ) at 37°C for 8 h. After incuba-
tion, the culture supernatant was filtered through a membrane filter (Sterifil
D-GV; pore size, 0.22 pm; Millipore Corp., Bedford, Mass.) and the filtrate was
used as the CAZ-induced endotoxin preparation (CAZ-endotoxin). The prepa-
ration contained 5.4 pg of LPS per ml as measured by the chromogenic endo-
toxin-specific assay (Endospecy; Seikagaku Corp., Tokyo, Japan).

LPS/endotoxin assay. The Endospecy kit reagent consists of coagulation fac-
tors (factor C, factor B, and proclotting enzyme) from the horseshoe crab
(Tachypleus tridentatus) and a chromogenic substrate, ¢-butyloxycarbonyl-Leu-
Gly-Arg-p-nitroanilide (Boc-Leu-Gly-Arg-pNA). Since the reagent does not con-
tain a protease, factor G, it does not react with (1 — 3)-B-p-glucan, a component
of fungus (43). To avoid nonspecific reaction, the plasma sample to be assayed (5
wl) was previously treated with 20 wl of a solution containing 0.1% (wt/vol)
Triton X-100, 0.07% (wt/vol) ethyleneimine polymer, 0.01 M CaCl,, 0.1 M KOH,
0.03 M N,N'-bis(2-hydroxyethyl)glycine (Bicine), and 0.1% (wt/vol) Polybrene
(solution A) at 37°C for 10 min in a 96-well plate (Seikagaku Corp.). Then the
LPS assay was conducted as specified in the manual accompanying the kit, and
the dose of LPS in the specimen was determined by measuring the absorbance at
405 nm.

To examine the influence of CAP18,9_,35 on the LPS assay, E. coli LPS (100
wg/ml, 2 wl) was added to 18 pl of the coagulation factors and the mixture was
incubated at 37°C for 30 min. Then CAP18,49_;35 (400 pg/ml, 75 ul) was added
to the mixture, and the mixture was incubated at 37°C for 60 min. Finally, the
chromogenic substrate was added to the mixture, and the mixture was further
incubated at 37°C for 30 min. The absorbance of the reaction mixture was
measured at 405 nm.

Reagents. The (1 — 3)-B-p-glucan from Alcaligenes faecalis subsp. myxogenese
IFO13140 was obtained from Seikagaku Corp. Murine recombinant TNF-a was
provided by the Institute for Biomedical Research, Suntory Co., Osaka, Japan.
D-(+)-galactosamine (p-GalN) was obtained from Sigma. CAZ was obtained
from Glaxo Japan Co., Tokyo, Japan. The CAZ solution (100 mg/ml in endo-
toxin-free saline) was distributed into tubes and stored at —80°C, and a sample
was thawed immediately before use. During the study period, CAZ did not lose
antimicrobial activity as determined by measuring its MICs for P. aeruginosa
PAO and PAOI, both of which were 1 pg/ml. Endotoxin-free saline and water
were obtained from Ohtsuka Pharmaceutical Co., Naruto, Japan.

Detection of glucan. A (1 — 3)-B-p-glucan-specific chromogenic test kit (G-
test) was obtained from Seikagaku Corp. The kit contains a reagent consisting of
factor G and proclotting enzyme derived from the horseshoe crab and Boc-Leu-
Gly-Arg-pNA. CAP18,49 ;35 (400 pg/ml in 25 pl) was added to a solution of
(1 — 3)-B-p-glucan (96.8 pg/ml), and the mixture was incubated at 37°C for 60
min. Then 100 wl of the G-test reagent was added to the mixture, the mixture was
further incubated at 37°C for 30 min, and the absorbance was measured at 405
nm.

Infection. P. aeruginosa PAO organisms were grown in 10 ml of defined
Pseudomonas basal mineral medium (4) in a 50-ml conical tube (Falcon 2070;
Becton Dickinson Labware, Lincoln Park, N.J.) at 37°C overnight with shaking.
Then the bacterial suspension (1 ml) was diluted in the medium (10 ml) and
cultured for 2 h with shaking. The number of log-phase bacteria in the culture
was determined by measuring the optical density, and the culture was diluted in
endotoxin-free saline until it contained the appropriate number of bacteria. The
bacterial suspension thus prepared (0.2 ml/mouse) was injected intraperitoneally
(i.p.) into mice.

Determination of the protective effect of CAP18,,9_,35 against lethal activities
of LPS and P. aeruginosa infection. D-GalN-sensitized mice are highly susceptible
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to LPS (4). We used p-GalN-sensitized mice in an experiment to determine the
protective effect of CAP18-derived peptides against the lethal activity of LPS or
CAZ-endotoxin. CAP18,49_;35 (0.2 ml), either S. minnesota LPS (100 ng/0.2 ml)
or CAZ-endotoxin (0.2 ml/mouse), and p-GalN (18 mg/0.5 ml of saline) were
sequentially injected i.p. into the mice. Injections of all reagents were performed
within 15 s. In some experiments, LPS and p-GalN were injected i.p. into the
mice together, and immediately after the injection CAP18,49_;35 Was injected i.v.
into the mice. In other experiments, equal volumes (0.1 ml) of LPS and CAP18-
derived peptides were mixed in vitro and incubated at 37°C for 30 min and then
the mixture (0.2 ml) and p-GalN were injected i.p. into the mice.

D-GalN-sensitized mice were also used in an experiment to determine the
protective effect of CAP18,9 ;35 against death from P. aeruginosa infection.
Mice were injected i.p. with CAZ (20 mg/kg in 0.2 ml per mouse), P. aeruginosa
PAO (3 X 10° CFU in 0.2 ml per mouse), and p-GalN (18 mg in 0.5 ml per
mouse). All injections were given within 15 s. Then the mice received i.p.
injections of CAP18,;_;37 (80 wg in 0.2 ml per mouse) at 30, 90, and 150 min
after infection. Death from infection was recorded every 24 h until day 7 of the
infection. All deaths occurred within 48 h of infection. All mice that did not die
within 48 h survived for the entire 7 days.

Bacterial counts in blood. Blood was withdrawn from infected mice by cardiac
puncture with heparinized syringes at 120 min of infection. The number of viable
bacteria in the blood was determined by quantitative cultivation on nutrient agar
plates.

Bactericidal assay. P. aeruginosa PAO was plated on nutrient agar. Bacterial
cultures were collected at the logarithmic phase of growth, washed twice with
phosphate-buffered saline (pH 7.2), and adjusted to a final concentration of 5 X
10% to 1 X 10* cells per ml. To 450 wl of bacterial suspension was added 50 pl of
peptide, and the mixture was incubated at 37°C for 30 min; 100 ul of the reaction
mixture was then plated onto the agar plate. After 24 h of incubation at 37°C, the
numbers of CFU were counted.

Plasma and serum samples. Blood was withdrawn from the mice by cardiac
puncture with heparinized or nonheparinized syringes. The heparinized blood
was immediately centrifuged to separate the plasma, and the plasma was stored
at —80°C until determination of the endotoxin level. The blood taken without
heparin was allowed to clot, and the serum thus obtained was stored at —80°C for
the TNF assay.

TNF assay. TNF-sensitive 1.929 cells were donated by M. J. Parmely, Univer-
sity of Kansas Medical Center. TNF activity was determined by a functional
cytotoxic assay with the 1929 cells as target cells, as described previously (21).
The viability of the cells was determined by quantitative colorimetric staining
with tetrazolium salt [3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide
(MTT); Sigma]. TNF activity was expressed as units per milliliter. One unit is the
amount of TNF causing 50% lysis of 1929 cells, normalized by the activity of
murine recombinant TNF-a.

Determination of TNF secretion in liver tissue. Liver slices were prepared as
previously described (20). Briefly, the left lobe of the mouse liver was removed
after 120 min of infection and 10-mm-diameter cylindrical liver core specimens
were taken. The specimens were placed in a Krumdieck tissue slicer (Alabama
Research and Development Corp., Munford, Ala.), and 200-pwm-thick sections
(about 15 mg [wet weight]) were cut and collected in cold Hanks balanced salt
solution. Each slice was incubated in a 24-mm transwell culture dish (pore size,
3.0 wm; Costar, Cambridge, Mass.) containing 1 ml of RPMI 1640 medium (ICN
Pharmaceuticals, Inc., Amsterdam, The Netherlands) supplemented with 5%
heat-inactivated fetal bovine serum (JRH Biosciences, Inc., Lenexa, Kans.), 4
mM of r-glutamine (Kanto Chemical Co., Tokyo, Japan), 100 U of penicillin
(Meiji-Seika Co., Tokyo, Japan), 100 ug of streptomycin (Meiji-Seika), and 10
ug of bovine pancreatic insulin (Sigma). At 30 min after the incubation, the
culture medium was collected and stored at —80°C until the TNF assay was
performed as described in the preceding section.

Statistical analysis. Results are expressed as means * standard deviations for
four to eight mice. Statistical significance was determined by Student’s ¢ test for
the TNF level, endotoxin level, and bacterial counts and by the x° test for
mortality. The 50% inhibitory concentrations (ICs,s) were determined by least-
squares linear regression.

RESULTS

Previous incubation of LPS with CAP18 peptides attenuates
lethal toxicity of LPS against p-GalN-sensitized mice. Mice
sensitized with D-GalN are quite susceptible to the lethal effect
of LPS (11). Approximately two-thirds of the pD-GalN-sensi-
tized C57BL/6 mice injected i.p. with a dose of 100 ng of .
minnesota LPS died within 48 h (Table 2). However, preincu-
bation of LPS with CAP18,,s_135 or CAP18,,9 155 at 1:10 in
vitro could significantly attenuate the lethal toxicity of LPS
against the p-GalN-sensitized C57BL/6 mice. A reduction in
the lethal toxicity of LPS was also obtained by pretreatment
with CAP,,, 35, although it was not statistically significant.
CAP18,9_13, did not confer any significant protection in this

ANTIENDOTOXIN CAP18 PEPTIDE 1863

TABLE 2. Human peptides block LPS lethality in D-GalN-
sensitized C57BL/6 mice”

Pentid Amt of peptide Amt of LPS  No. of mice that Survival
eptide (pg/mouse) (pg/mouse) died/total no. (%)
None 0.1 16/25 36.0
CAP18,06_135 1.0 0.1 1/8 87.5"
CAP18,49_135 0.1 0.1 5/10 50.0
1.0 0.1 5/18 72.2°
CAP18, 4 435 0.1 0.1 7/10 30.0
1.0 0.1 9/19 52.6
CAP18,09_13> 1.0 0.1 7/8 125

“LPS (1 pg/ml) was incubated with an equal volume of the indicated peptide
(10 or 1 pg/ml) at 37°C for 30 min, and the mixture (0.2 ml) and p-GaIN (20
mg/mouse) was sequentially injected i.p. into C57BL/6 mice.

b P < 0.05 compared with the LPS control.

model. The LPS-neutralizing activities observed among these
CAPI18 peptides were well correlated with their LPS-binding
capabilities. These data may lead to a conclusion that
CAP18,y9_135 is the minimal peptide unit with effective anti-
LPS activity. Our previous studies also demonstrated that
CAP18,9_135 has antimicrobial activities (14). We therefore
selected CAP18,o_,35 for further in vivo experimental studies.

CAP18,,_135 protects pD-GalN-sensitized mice from the le-
thal toxicity of LPS/endotoxin. Of the D-GalN-sensitized C3H/
HeN mice injected i.p. with 100 ng of S. minnesota LPS, 96%
died within 48 h (Fig. 1A). In contrast, i.p. injection of
CAP18,49_135 protected the D-GalN-sensitized mice from
death caused by 100 ng of LPS in a dose-dependent fashion,
and injection of 80 pg of CAP18,y9_135 (4.4 mg/kg of body
weight) protected 100% of the mice from death (P < 0.01).
The 50% inhibitory concentration (ICs,) of CAP18,49 435
against the lethal toxicity of LPS was 20 pg per mouse. Fur-
thermore, an i.v. injection of 80 ng of CAP18,,, 35 also pro-
tected 100% of the p-GalN-sensitized mice from death by i.v.
or i.p. injection with 100 ng of LPS (n = 4), while all of the
control saline-injected mice died (n = 4) (data not shown). In
these experiments, all the deaths occurred within 48 h. These
results clearly indicate that CAP18,,,_,35 protects the mice
from the toxic effect of LPS. CAP18,,,_,35 itself did not cause
any toxic death in pD-GalN-sensitized mice, and no deaths were
observed even in the mice (n = 4) injected i.p. with 160 g of
the peptide per mouse five times (at 0, 1, 2, 3, and 5 h).

It is well documented that antibiotics whose the target is the
cell wall of gram-negative bacteria, such as the B-lactams, e.g.,
CAZ, induce the release of endotoxin from the bacteria either
in vivo or in vitro (22, 36). We have demonstrated that CAZ-
endotoxin obtained from the culture supernatant of P. aerugi-
nosa cultured in the presence of CAZ was toxic to mice and
that it contained large amounts of endotoxin and bacterial
protein (36). We examined whether CAP18,4y_;55 could pro-
tect mice from the lethal toxicity of the protein-rich CAZ-
endotoxin. D-GalN-sensitized C3H/HeN mice were injected
i.p. with CAZ-endotoxin equivalent to 100 or 200 ng of LPS
and with 40 pg (2.2 mg/kg of body weight) of CAP18,y_;35 OF
saline. The treatment with 40 pg of CAP18,,4_,35 protected
the mice from the lethal toxicity of the CAZ-endotoxin (Fig.
1B), indicating that CAP18,9_,35 is capable of abolishing the
deleterious activity of the antibiotic-induced endotoxin in vivo.

CAP18,,_,35 inhibits LPS/endotoxin-induced TNF produc-
tion in mice. TNF is thought to be a major mediator of endo-
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FIG. 1. Protective effect of CAP18,yo_,35 against the lethal toxicity of LPS/
endotoxin in D-GalN-sensitized mice. (A) C3H/HeN mice were injected i.p. with
CAP18,49_,35 at the indicated doses and immediately injected i.p. with LPS (100
ng/mouse) and p-GalN (18 mg/mouse). (B) C3H/HeN mice were injected i.p.
with CAP18,49_;35 (40 pg/mouse) or saline, CAZ-endotoxin (100 or 200 ng of
LPS equivalent/mouse) or saline, and p-GalN (18 mg/mouse). Death was scored
for 1 week after the injection.

toxin shock (6, 28). To determine whether the protective effect
of CAP against the lethal toxicity of LPS/endotoxin in mice is
due to its suppression of induction of TNF production, TNF
levels in serum were assayed in C3H/HeN mice injected with
CAP18,9_135 and LPS or CAZ-endotoxin. In this experiment,
we used naive mice without pD-GalN sensitization, since the
LPS-induced TNF levels in sera of p-GalN-sensitized mice
were fundamentally similar to those in sera of unsensitized
mice (TNF levels in serum 1 h after injection with 5 g of LPS
were 2,100 = 500 U/ml for p-GalN-sensitized C3H/HeN mice
and 1,950 = 400 U/ml for naive C3H/HeN mice). Although an
i.p. injection of 100 ng of LPS into naive mice did not lead to
any significant increase in TNF levels in serum 1 h after the
injection (data not shown), injection with 5 pg of LPS or
CAZ-endotoxin equivalent to 2 g of LPS caused an obvious
increase in the level of TNF in serum (Fig. 2). The induction of
TNF production by LPS and CAZ-endotoxin was significantly
inhibited by injection of CAP18,,,_,35 peptide. The ICs,s of
CAP18,yo_135 against LPS-induced TNF production and CAZ-
endotoxin-induced TNF production were about 40 g and less
than 40 ng, respectively.

CAP18,y,_,35 prevents death in P. aeruginosa-infected and
CAZ-treated mice. We have demonstrated that CAZ treatment
did not save the lives of b-GalN-sensitized mice with P. aerugi-
nosa infection but, rather, accelerated death, probably as a
result of sudden release of a large amount of endotoxin from
infecting organisms disrupted by the action of CAZ (22, 36).
We examined whether the adverse effect of antibiotics in in-
fection caused by antibiotic-induced endotoxin release can be
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FIG. 2. Effect of CAP18,49_;35 on LPS/endotoxin-induced TNF levels in
serum of mice. Mice were injected i.p. with CAP18,40_;35 at the indicated doses
or with saline and immediately injected i.p. with LPS (5 pg/mouse) or saline (A)
or CAZ-endotoxin (2 pg of LPS equivalent/mouse) (B). Blood was collected 1 h
after the injections. TNF levels in serum were determined by a functional cyto-
toxicity assay with 1929 cells as the target cells.

prevented by CAP18,o_,35 treatment. b-GalN-sensitized C3H/
HeN mice were infected with P. aeruginosa and treated with
CAZ. One group of mice was given CAP18,,,_,35, and another
group of mice was left untreated. In this experiment, 80 pug of
CAP18,9_135 Was given at 30, 90, and 150 min of the infection
(4.4 mg/kg of body weight per administration) because a pre-
liminary experiment showed that a single injection of a high
dose (8.8 mg/kg of body weight) of CAP18,,9_,55 Was ineffec-
tive. In the control group of mice that did not receive
CAP18,p9_135, 94% of the mice died within 24 h of infection. In
contrast, only 25% of the mice that were treated with
CAP18,9_135 died (Fig. 3). The results suggested a protective
effect of CAP18,y9_155 against antibiotic-induced endotoxic
shock in bacterial infection, and this problem was explored as
described in the following section.

CAP18,y9_,35 lowers the level of endotoxin in the blood but
does not decrease the number of viable bacteria in the blood of
P. aeruginosa-infected, CAZ-treated mice. To explore whether
the protective effect of CAP18,,4_,35 against death in P. aerugi-
nosa-infected, CAZ-treated mice depends on neutralization of
CAZ-endotoxin released from infecting bacteria, the following
experiments were conducted. GalN-sensitized C3H/HeN mice
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FIG. 3. Protective effect of CAP18,y9_;35 against death in CAZ-treated, D-
GalN-sensitized mice infected with P. aeruginosa. Mice were injected i.p. with
CAZ (20 mg/kg in 0.2 ml per mouse), P. aeruginosa PAO organisms (3 X 10°
CFU/mouse), and p-galactosamine (18 mg/mouse). At 30, 90, and 150 min after
the infection, the mice were injected with CAP18,9 ;35 (80 wg per mouse per
injection) (O) or saline (®). Death was recorded every 24 h after the infection
until day 7.

were infected with P. aeruginosa, treated with CAZ, and then
either treated or not treated with CAP18,,_,35. Blood was
taken from the mice 120 min after the infection for determi-
nation of the endotoxin level and the number of viable infect-
ing bacteria.

As shown in Fig. 4, high levels of endotoxin and CFU were
detected in the blood of mice infected with P. aeruginosa (con-
trol mice). Treatment with CAZ still resulted in high endotoxin
levels, although the bacterial numbers were reduced to about
one-10th of those in the control mice. In contrast, treatment
with CAP18,,_,35 markedly lowered the endotoxin levels in
the blood of P. aeruginosa-infected CAZ-treated mice whereas
the reduction in the CFU was not accelerated in comparison
with the mice without CAP18,,_;35 treatment. CAZ is known
to induce a relatively larger amount of endotoxin from growing
P. aeruginosa in vitro than does Imipenem (36). The quick
reduction of the number of CFU in the mice treated with CAZ
seemed to be unable to raise the endotoxin level in excess of
that in control mice without CAZ treatment. The endotoxin
levels in uninfected mice were lower than 10 pg/ml (5§ = 1
pg/ml). These results suggest that CAP18, 4 55 has the ability
to neutralize endotoxin activity released from infecting organ-
isms with or without antibiotic treatment and prevents death
caused by antibiotic-induced endotoxin release, although it is
not effective against in vivo infection with P. aeruginosa.

CAP18 exerts in vitro activity against various species of bac-
teria, including P. aeruginosa (13, 24-26). To clarify why the
antibacterial activity of CAP18,,,_,35 Observed in vitro was not
effective against in vivo infection with P. aeruginosa, we exam-
ined the effect of plasma components on the anti-bacterial
activity of CAP18,49_;35- P. aeruginosa was incubated with
CAP18,49_35 (20 pg/ml) in the presence or absence of 10%
murine plasma for 30 min, and the numbers of viable bacteria
were determined. In the absence of plasma, CAP18,y_;35 €x-
hibited significant antibacterial activity: the bacterial counts
were 6,763 = 935 CFU/ml for the saline control and 3,473 *=
648 CFU/ml for the CAP18,,_;35-treated bacteria (P < 0.01).
However in the presence of plasma, CAP18,,,_ 35 did not
exhibit significant antibacterial activity: the bacterial counts
were 7,647 = 818 CFU/ml for the saline control and 6,297 *=
1,756 CFU/ml for the CAP18,,,_,3s-treated bacteria. These
data, indicating that plasma components inhibit the antibacte-
rial activity of CAP18,,9_,35, may explain why this peptide is
not effective against in vivo infection with P. aeruginosa.

CAP18,9_;35 itself does not affect the Limulus assay. As
shown in Fig. 4A, treatment with CAP18,,,_,55 lowered the
endotoxin levels detectable by the Limulus assay. To exclude

ANTIENDOTOXIN CAP18 PEPTIDE 1865

,— p<0.01 _l
I— p<0.01 —l

1000W r p <0.01 —I

800
600+

400

Plasma endotoxin level (pg/ml)

200

0
CAP18 109138  — - - +
CAZ - - + +
P.aeruginosa = — + + +
B | p<0.01 [
I_— p<01 —-—l
I— p<0.01 —l
°
Q
2
o
£
E
)
e
(&)
CAP18 109138 — - +
CAZ - + -

FIG. 4. Effects of CAZ and/or CAP18,49_;35 on endotoxin levels in plasma
and numbers of bacteria in the blood of P. aeruginosa-infected and p-GalN-
sensitized mice. Mice were injected i.p. with CAZ (20 mg/kg in 0.2 ml per mouse)
or saline, infected with P. aeruginosa PAO (3 X 10° CFU/mouse in an experiment
for endotoxin levels and 6 X 10° CFU/mouse in an experiment for determination
of the numbers of bacteria), and p-GalN (18 mg/mouse). At 30 and 90 min after
the infection, the mice were injected with CAP18,y9 ;35 peptide (80 wg per
mouse per injection) or saline. The endotoxin levels (A) and number of bacteria
(B) in the blood were determined 120 min after the infection.

the possibility that CAP18,y_,35 in the plasma sample directly
interferes with the Limulus assay, we examined the effects of
CAP18,9_135 on the Limulus assay (Fig. 5). In the LPS-specific
chromogenic endotoxin test (Endospecy), LPS activates factor
C to the activated form. The activated factor C activates factor
B, which in turn converts the proclotting enzyme to the active
clotting enzyme. The clotting enzyme hydrolyzes a chromo-
genic substrate to release pNA (43) (Fig. 5, experiment 1).
CAP18,9_135 alone did not activate the LPS-specific protease
cascade. Preincubation with CAP18,,_;35 and LPS completely
inhibited LPS-induced activation of the protease cascade. The
(1 — 3)-B-p-glucan-specific chromogenic test (G-test) reagents
consist of the same enzymes and substrate as those of the
Endospecy kit reagents except that factor G is present instead
of factor C. (1 — 3)-B-p-Glucan activates factor G to the
activated form, which converts the proclotting enzyme to the
clotting enzyme. The clotting enzyme hydrolyzes a chromo-
genic substrate (43) (Fig. 5, experiment 2). CAP18,9_;55 alone
did not activate the (1 — 3)-B-p-glucan-specific protease cas-
cade. Preincubation with CAP18,., ;35 and (1 — 3)-B-D-glu-
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FIG. 5. Effect of CAP18,9_;35 peptide on the Limulus assay. In experiment 1, LPS (50 pg/ml) was mixed with CAP18,49_;35 (400 pg/ml) and incubated at 37°C for
10 min. Then 50 pl of the Endospecy reagent was added to the mixture, which was incubated at 37°C for a further 30 min. At the end of the incubation, the absorbance
of the reaction mixture was measured at 405 nm (A,s). In experiment 2, (1 — 3)-B-p-glucan (48.4 pg/ml in 25 pl) was incubated with CAP18,,,_;3, (200 pg/ml in 25
wl) at 37°C for 60 min. Then G-test reagent was added to the mixture, and the mixture was incubated at 37°C for a further 30 min. At the end of the incubation, the
absorbance of the reaction mixture was measured at 405 nm. In experiment 3, LPS (10 pg/ml) was mixed with a solution of coagulation factors prepared from horseshoe
crab (factor C, factor B, and proclotting enzyme) and the mixture was incubated at 37°C for 30 min. Then CAP18,;, 3, (315 pg/ml) was added to the mixture, which
was incubated at 37°C for a further 60 min. Finally, the substrate solution was added to the mixture, and the mixture was incubated at 37°C for a further 30 min. At
the end of incubation, the absorbance of the reaction mixture was measured at 405 nm.

can did not inhibit (1 — 3)-B-p-glucan-induced activation of
the protease cascade. When LPS was incubated with factor C,
factor B, and proclotting enzyme and the mixture was further
incubated with CAP18,9_135, CAP18,o_;35 did not affect LPS-
induced activation of the protease cascade (Fig. 5, experiment
3). These results suggest that CAP18,,_,35 does not affect the
LPS-specific cascade in the Limulus assay, although we cannot
exclude the possibility that CAP18,,_;35 inactivates factor C
or factor B.

Treatment with CAP18,,,_,35 suppresses TNF secretion by
the liver tissue of P. aeruginosa-infected, CAZ-treated mice.
Levels in plasma of endotoxin released from infecting bacteria
in CAZ-treated mice were lowered by treatment with
CAP18,49_135 (Fig. 4A), and levels in serum of TNF induced
by LPS/endotoxin were also lowered by treatment with
CAP18,49_135 (Fig. 2). We attempted to determine whether
treatment with CAP18,,,_,35 lowered the levels of TNF in the
sera of b-GalN-sensitized mice infected with P. aeruginosa and
treated with CAZ. However, the amounts of TNF in the sera of
P. aeruginosa-infected CAZ-treated mice at 60 and 120 min of
infection were too low to be reliable, even in mice not treated
with CAP18,,9_,35. Therefore, we determined the effect of
treatment with CAP18,,_,35 on TNF production by liver tis-
sues of the mice. The livers were taken from the mice that had
been injected with CAZ and p-GalN, infected with P. aerugi-
nosa (3 X 10° cells/mouse), and either treated or not treated
with CAP18,9_,35, and slices of the livers were prepared.
The liver slices from uninfected mice treated with CAZ se-
creted marginal levels of TNF (less than 3 U/ml), while the
liver slices from the mice that had been infected with P. aerugi-
nosa and treated with CAZ secreted higher levels of TNF.
Treatment of the P. aeruginosa-infected CAZ-treated mice
with CAP18,y_;35 clearly lowered TNF secretion by the liver
slices (Fig. 6).

DISCUSSION

It has been reported that synthetic rabbit CAP18,s_,4, and
a truncated 32-amino-acid fragment (CAP18,,,_5,) blocked
the lethal toxicity of LPS in D-GalN-treated mice and that the
activity was highly dependent on structure, because other
shorter truncated fragments such as CAP18,,,_,;4 and
CAP18,,4 14> Were inactive (14, 23). A 32-amino-acid C-ter-
minal fragment of human CAP18 (CAP18,,, ,55) has also
been shown to protect mice from LPS lethality when LPS was

— P <0.01 = ,— P <0.05 ]

CAP18 100135 - -
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FIG. 6. Effects of CAP18,y9_;35 on TNF secretion in the liver tissues taken
from P. aeruginosa-infected, CAZ-treated, p-GalN-sensitized mice. The mice
were injected with CAZ (20 mg/kg in 0.2 ml per mouse) or saline, infected with
P. aeruginosa (3 X 10° CFU/mouse), and then injected with p-GalN (18 mg/
mouse). At 30 and 90 min after the infection, the mice were treated with
CAP18,49_135 peptide (80 wg per mouse per injection) or saline. The livers were
removed from the mice 120 min after the infection, and liver slices were prepared
as described in Materials and Methods. Each slice was incubated for 30 min, and
the culture supernatants were collected. The TNF activity in the supernatants
was determined by a functional cytotoxicity assay with L.929 cells.
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incubated with CAPI18 in vitro before injection (17). In the
present study, we demonstrated that injection of synthetic hu-
man CAP18,,_,35 protected b-GalN-sensitized mice from the
lethal toxicity of LPS or CAZ-endotoxin (Table 2; Fig. 1).
Since CAP18,4_135 exerted the protective effect in a dose-
dependent fashion, active CAP18,,,_,35 might be consumed by
binding to LPS in vivo. Injection of CAP18,,9_,35 also sup-
pressed the levels in serum of TNF generated by injection with
LPS or CAZ-endotoxin in b-GalN-sensitized mice in a dose-
dependent fashion (Fig. 2). The results, together with those on
the lethal toxicity of LPS or CAZ-endotoxin, suggest that
CAP18,9_135 binds to LPS, neutralizing its ability to induce
TNF production by mouse cells, and that suppression of TNF
production results in protection of the mice from death by
endotoxin shock.

B-Lactam antibiotics, including CAZ, inhibit cell wall syn-
thesis by gram-negative bacteria and cause bacteriolysis and
release of endotoxin (19, 36, 37, 44). CAZ induces the release
of large amounts of endotoxin and protein (CAZ-endotoxin)
from gram-negative bacteria (36). In the present study, the
effect of CAP18,_,35 on CAZ-endotoxin was shown to be the
same as that on LPS (Fig. 1). This indicates that CAP18,o_115
can effectively bind to protein-rich CAZ-endotoxin in vivo and
neutralize its activity and that the large amount of protein
contained in a CAZ-endotoxin preparation does not interfere
with the endotoxicity-neutralizing activity of CAP18,9_;3s.

Treatment of bacteremic animals with antibiotics can induce
the release of endotoxin from the infecting bacteria and lead to
worsening of symptoms such as shock (22). Control of the
antibiotic-induced endotoxin release is important to prevent
septic shock (22). It has been reported that treatment of D-
GalN-sensitized, P. aeruginosa-infected mice with CAZ in-
creased the likelihood of death rather than curing the mice (5,
33, 36). While antibiotic-induced endotoxin release has been
extensively documented in experimental studies, evidence of
the clinical consequences of endotoxin release in the treatment
of infections by gram-negative bacteria in humans remains
unproven. Humans seem to be more susceptible to septic
shock than are mice, since patients with bacteremia of less than
100 CFU/ml may develop septic shock whereas at least 100
times this number of bacteria is necessary to cause septic shock
in mice. The smaller number of bacteria might result in less
antibiotic-induced endotoxin release from infecting bacteria in
patients, and the released endotoxin might not be present in
sufficient amounts to result in manifest shock syndrome.

The present study clearly demonstrated that injection of
CAP18,y9_135 protected D-GalN-sensitized, P. aeruginosa-in-
fected, CAZ-treated mice from death (Fig. 3). Measurement
of LPS levels in the plasma of such mice indicated that injec-
tion of CAP18,,_,35 markedly lowered these levels (Fig. 4).
Treatment of P. aeruginosa-infected mice with CAZ reduced
the number of viable infecting bacteria in the blood to about
1/10 of the number in mice not treated with CAZ, whereas
injection of CAP18,4_;35 in addition to CAZ did not further
reduce the numbers of viable infecting bacteria, which re-
mained at the level in mice treated with CAZ alone (Fig. 4).
Thus, the present study indicates strongly that the protective
effect of CAP18,y_,35 against death after CAZ treatment of
P. aeruginosa-infected mice depends on the LPS-neutralizing
activity of CAP18,,,_135 and not on its antibacterial activity.
The secretion of TNF in in vitro culture of liver tissue of
CAP18,yo_135-treated mice that had been infected with P.
aeruginosa, treated with CAZ, and sensitized with p-GalN was
reduced significantly compared with that in liver tissue of mice
not treated with CAP18, . ;35 (Fig. 6). These results suggest
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that CAP18,,,_,35 neutralizes the ability of LPS to induce the
production of TNF and prevents death from endotoxic shock.

CAP18-derived peptides exert activity in vitro against var-
ious species of gram-positive and gram-negative bacteria
(15, 24, 25). In the present study, however, injection of
CAP18,9_135 into P. aeruginosa-infected mice did not cause a
statistically significant decrease in the number of viable infect-
ing bacteria in their blood; furthermore, injection of
CAP18,y9_135 together with CAZ did not decrease the number
of viable infecting bacteria that was present after CAZ treat-
ment alone (Fig. 4). These results suggest that CAP18,9_;35
has no antibacterial activity in vivo. This lack of antibacterial
activity in vivo might be explained by the finding that plasma
protein interferes strongly with the antibacterial activity of
CAP18,49_,35 (Fig. 5), and the possibility of quick degradation
of CAP18,,,_,5; peptide in vivo could not be ruled out. The
requirement of larger amounts of CAP18,,_;35 for neutraliza-
tion of endotoxic activity in vivo than in vitro (data not shown)
may be explained by the same mechanisms.

Several neutrophil cationic peptides have been reported to
be toxic to various kinds of eukaryotic cells, such as Giardia
lamblia (2), neuronal and glial cells (38), and lymphocytes (40).
However, CAP18,,,_,55 does not exhibit any acute toxicity in
mice even at doses up to 44 mg/kg of body weight. Some other
antibacterial substances in neutrophils, such as indolicidin pep-
tide (8) and defensins (29), are active against bacteria only
under hypotonic conditions. However, CAP18 peptides are
active under isotonic conditions. New approaches to therapy of
septic shock are urgently needed. Several agents, including an
IL-1 receptor antagonist (1), a soluble TNF receptor (3), and
an LPS antagonist (7), are under clinical investigation. These
agents block some of the proinflammatory mediators in the
cascade triggered by LPS. Unlike these known agents,
CAP18,y9_135 would block the onset of the cascade of proin-
flammatory mediators by binding directly to LPS and inacti-
vating its activity. Therefore, CAP18,,_,35 may provide a new
therapeutic procedure for septic shock syndrome.
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