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Objective

The in vivo neutralizing activities of an anti-lipopolysaccharide (LPS) antibody HA-1A (Centoxin
[Centocor, Malvern, PA]), a human immunoglobulin M monoclonal antibody, and of bactericidal/
permeability-increasing protein (BPI), an endogenously produced human LPS-neutralizing protein,
were studied in a primate model of lethal Escherichia coli bacteremia.

Summary Background Data

HA-1A has been used with variable success against LPS activity in some animal models and in a
recently reported clinical trial. However, no data assessing the efficacy of this agent in subhuman
primates is available. Bactericidal/permeability-increasing protein is a product of
polymorphomononuclear cells (PMNs) that is stored in azurophilic granules and exhibits LPS-
neutralizing activity in vitro and in some in vivo models.

Methods

Immediately after E. coli infusion and in a blinded fashion, three baboons were treated with BPI (5
mg/kg bolus infusion and 95 ug/kg/min infusion over 4 hr). Three animals received 3 mg/kg BW
of HA-1A, whereas another three baboons received a placebo treatment.

Results

The BPI-treated animals demonstrated significantly (p < 0.03) lower circulating LPS-limulus
amoebocyte lysate (LAL) activity compared with the control animals, but this reduction in LPS-LAL
activity was not associated with improved survival. HA-1A treatment did not reduce LPS-LAL
activity. However, both BPl and HA-1A treatment did attenuate the pro-inflammatory cytokine
response.

Conclusion

The current data suggests that incomplete neutralization of endotoxin activity does not alter
mortality from severe bacteremia. Given the diversity of mediator production under such
circumstances, a strategy of combination therapy in the form of anti-lipopolysaccharide and anti-
cytokine treatment may be necessary to achieve optimal survival.
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The acute systemic and tissue-specific sequalae of
gram-negative infections are initiated by endotoxin (li-
popolysaccharide [LPS]), a compound of the outer
membrane of the gram-negative bacterial cell wall.!-
The physiologic derangements seen in sepsis are caused
by the reaction of LPS with responsive immune compe-
tent cells, resulting in excessive production of inflam-
matory mediators.*”” Our previous work demonstrated
that successful blockade of one or more pro-inflamma-
tory cytokines, such as tumor necrosis factor (TNF)-a
and interleukin (IL)-1, results in significantly higher sur-
vival rates in a primate model of Escherichia coli septic
shock.%?

Much recent interest has focused on blocking LPS ac-
tivity as the proximal signal of the inflammatory media-
tor cascade. Several approaches directed toward neutral-
ization of LPS activity have been pursued vigorously, in-
cluding direction of monoclonal antibodies (mAbs)
toward structures on the core glycolipid of LPS.'®'* One
such mAb (HA-1A) is a human immunoglobulin M gen-
erated from a hybridoma cell line that purportedly binds
specifically to an epitope within the lipid A domain of
bacterial endotoxin. This antibody has been used with
variable success against LPS activity in some animal
models,'*'® as well as in a recently reported clinical
trial.!” In this clinical study, administration of HA-1A
was associated with decreased 28-day all-cause mortality
in a subgroup of patients with documented gram-nega-
tive bacteremia.

Alternative therapeutic approaches also are possible,
including one that uses an endogenously derived LPS-
neutralizing protein.'® The neutralization efficacy of one
such protein, the bactericidal/permeability-increasing
protein (BPI), a ~55 kd protein, has been reported in
vitro'®?° and in vivo.?' Bacterial/permeability-increasing
protein is a product of polymorphomononuclear cells
(PMNis) that is stored in azurophilic granules and is spe-
cifically cytotoxic for many gram-negative bacteria.?>??
The target-cell specificity of the cationic BPI is attribut-
able to its strong affinity for the negatively charged
LPS. Binding of BPI to susceptible bacteria, such as E.
coli, is followed rapidly by discrete cell wall alterations,
resulting in increased outer membrane permeability to
hydrophobic substances, inhibition of growth, and ulti-
mately, loss of bacterial cell viability.?
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Because a proposed mechanism of action of BPI and
HA-1A is to bind and neutralize LPS, this study tested
the ability of each protein to neutralize LPS activity after
the infusion of live E. coli in subhuman primates. Com-
pared with placebo treated animals, BPI significantly (p
< 0.03) neutralized LPS. In contrast, HA-1A did not
neutralize LPS activity as assessed by the chromogenic
limulus lysate assay. Both BPI and HA-1A attenuated
the TNF-a and IL-6 cytokine response to bacteremia;
neither agent prevented the animals from progressing
into septic shock and consequent mortality in this
model.

MATERIAL AND METHODS

The bactericidal/permeability-increasing protein was
provided by Incyte Pharmaceuticals, Inc. (Palo Alto,
CA). The LPS content of recombinant BPI is less than 1
EU/mg. The protein was supplied asa 5 mg/mL-solution
in phosphate-buffered saline (PBS). HA-1A was pur-
chased from Centocor B.V. (Leiden, The Netherlands)
as a 5 mg/mL-solution containing 5% human serum al-
bumin.

Frozen aliquots of E. coli (086:B7) were grown initially
in 0.2 L-flasks of trypticase-soy broth at 37 C overnight,
and subsequently, were cultured at 37 C for 18 hours on
trypticase-soy broth agarose slants. Slants were washed
with normal saline, and cells were washed, pelleted, and
reconstituted in physiologic saline. To assure uniform
mortality with simultaneous antibiotic therapy (genta-
micin sulfate, 2 mg/kg), E. coli were diluted with saline
to an optical density of 2.80 absorbance units at 550 nm,
corresponding to 2 X 10'"" CFU/kg BW, or approxi-
mately twice the quantities reported previously.®*?® In
every case, the number of viable bacteria administered
was confirmed by serial log dilution and culturing on
sheep blood agarose pour-plates at 37 C overnight.

Prior studies defined the influence of gentamicin sul-
fate (Elkins-Sinn, Inc., Cherry Hill, NJ) on the in vivo
appearance of endotoxin during E. coli infusion.?” This
was undertaken to both mimic the clinical setting in
which antibiotic therapies routinely are employed and
potentially increase the amount of bacterial lipopolysac-
charide released from the infused E. coli. Pharmacoki-
netic studies indicated that a loading dose of BPI (5 mg/
kg), followed by an continuous infusion dose of 95 ug/
kg/min would achieve the projected circulating level of 2
ug/mL of blood.?’

HA-1A was administered as 3 mg/kg BW over 15 min-
utes, which is a slightly higher dosage than used in a hu-
man study reported by Ziegler et al.!”

Nine baboons (Papio anubis), weighing 14 to 21 kg
were purchased from Southwest Foundation for Bio-



Vol. 220+No. 1

medical Research (San Antonio, TX). All the animals
were quarantined for a minimum of 2 weeks at the Re-
search Animal Resource Center of Cornell University
Medical College (CUMC) to confirm their good health
and lack of disease communicable to humans. The ex-
periment protocol was approved by the Institutional An-
imal Care and Use Committee at CUMC. The baboons
were studied in groups of three, and one animal in each
study group was treated with placebo. Three BPI-treated
animals, three HA-1A-treated animals, and three place-
bo-treated animals were studied. Preliminary results of
the BPI treated animals are reported elsewhere.?’

Study Protocol

After an overnight fast, animals were anesthetized
with ketamine (10 mg/kg intramuscularly), and the ce-
phalic vein was cannulated percutaneously. Thereafter,
anesthesia was maintained by intravenous administra-
tion of sodium pentobarbital. The upper airway was con-
trolled by placement of a cuffed endotracheal tube, and
the animals maintained spontaneous respirations. An ar-
terial catheter and a pulmonary artery catheter were
placed percutaneously via the femoral artery and vein,
respectively. These permitted repeated systemic arterial
and pulmonary arterial blood sampling, as well as con-
tinuous monitoring of heart rate, systemic blood pres-
sure, pulmonary capillary wedge pressures, cardiac out-
put, and core temperature. An indwelling urinary cathe-
ter was placed to allow urine collection and monitor
urine output. All animals received 0.9% NaCl (3 mL/kg/
hr) as maintenance intravenous fluid.

After baseline blood sampling and a waiting period of
at least 1 hour to allow equilibration, the E. coli was ad-
ministered via the femoral vein over 15 minutes, fol-
lowed immediately by 2 mg/kg of gentamicin. Then the
animals were administered either the placebo, HA-1A,
or BPI. The control group received a saline solution as
placebo. Arterial blood samples were obtained at 30, 60,
90, 120, and 150 minutes, and at hourly intervals there-
after through 8 hours. The treatment regimens were as-
signed randomly, and investigators caring for the ani-
mals were blinded to treatment.

Length of the Study

All animals were monitored over a period of 8 hours
after the E. coli administration. In case of a drop in blood
pressure of > 30% from baseline together with an in-
crease of heart rate of > 30%, animals received the bolus
administration of 10 mL/kg of lactated Ringer’s solu-
tion. After 8 hours, the animals were brought back to
their cages after removal of all monitoring lines. The an-
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imals were checked frequently until their death, or if nec-
essary, were killed by the intravenous administration of
65 mg/kg of sodium pentobarbital at 48 hours.

Analysis

Concentrations of TNF-a, soluble TNF receptor-I
(STNFR-I), IL-18, IL-1 receptor antagonist (IL-1ra), and
IL-6 were analyzed from serial blood samples as de-
scribed previously.®® Tumor necrosis factor-a cytotoxic-
ity was assessed using the WEHI 164 clone 13 fibroblast
bioassay; the sensitivity of the assay is 15 to 30 pg/mL.%
To determine the total concentrations of the STNFR-I,
an affinity-purified polyclonal goat antibody was used as
the capture protein. Rabbit polyclonal antisera raised
against human sTNFR-I (rabbit no. A 8081) were puri-
fied by affinity chromatography using Affi-Gel 10 (Bio-
Rad, Rockville Centre, NY) columns coupled with
sTNFR-I. Aliquots of the affinity-purified antibodies
were biotin conjugated with NHS-LC-biotin (Pierce,
Rockford, IL) according to the manufacturer’s specifi-
cations and were used as the second antibody in the en-
zyme-linked immunosorbent assays (ELISAs). The con-
centration of STNFR-I was calculated according to a
standard curve generated with human sTNFR-I. The
sensitivity of the assay is 0.2 ng/mL.

Interleukin-18 was determinate by ELISA. The sand-
wich ELISA uses two monoclonal antibodies, one bio-
tinylated, and signal amplification is achieved through
a biotin/streptavidin-conjugated horseradish peroxidase
system. The sensitivity of the ELISA is 10 pg/mL.

For IL-1ra determination, a sandwich ELISA using a
mouse monoclonal antibody raised against nonglycosyl-
ated recombinant human IL-1ra was used (R&D Sys-
tems, Inc., Minneapolis, MN). A goat polyclonal anti-
body conjugated with horseradish peroxidase was used
to visualize the captured protein. Recombinant human
IL-1ra was used as the standard, and samples were as-
sayed in the presence of equivalent quantities of control
human plasma depleted of IL-1ra.

Interleukin-6 activity was determined using the B.9
hybridoma cell proliferation assay.?’ One unit of activity
is defined as the quantity of IL-6 required to produce
half-maximal proliferation (lower limit of detection, 200
B.9 U/mL). Samples were heat inactivated at 56 C for 30
minutes before analysis and were assayed at a dilution of
1:100 or greater.

Limulus Amoebocyte Lysate Assay

Endotoxin levels were determined using an endo-
toxin-specific chromogenic limulus test, the Endospecy
test (Seikagaku Corporation, Tokyo, Japan).*® Plasma
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Figure 1. Endotoxin (LPS) plasma levels after E. coli administration of 2
X 10" CFU/kg at time O hours. Whereas BPI treatment demonstrated a
70% decrease in circulating LPS activity (ANOVA p < 0.03), HA-1A did
not neutralize LPS activity.

was pretreated by the perchloric acid method (PCA
method) to remove factors interfering with the limulus
test. Plasma samples were diluted 500-fold. An aliquot
of 50 uL of this diluted plasma was then used. For quan-
titative measurement, a synthetic chromogenic substrate
(n-tert-butoxycarbonyl-L-leucy-L-glycyl-L-arginine-p-
nitroaniline) was added to the lysate to act as the sub-
strate for the clotting enzyme. A 50 uL-aliquot of limulus
reagent was added to 50 uL of treated plasma, mixed for
several seconds, and incubated at 37 C for 30 minutes.
The amount of p-nitroaniline (pNA) released from the
substrate was detected after diazo-coupling. The absor-
bance of the solution was measured at 545 nm, and a
standard curve was plotted on a bilogarithmic scale. The
sensitivity of this assay is 2 pg/mL.

Bactericidal/permeability-increasing protein analyses
for pharmacokinetic purposes were assayed, by sand-
wich ELISA, as reported previously.'® The capture anti-
body was polyclonal (rabbit) anti-BPI. The reporter an-
tibody was biotinylated rabbit anti-BPI. Unknowns were
determined by comparison to standards of full-length re-
combinant human BPI. Results are presented as ng/mL
plasma.

Statistics

Changes in LPS and cytokine concentrations were
evaluated by analysis of variance (ANOVA) and New-
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man-Keuls’ multiple range tests. Correlation coefficients
were obtained using least squares. Significance was de-
termined at the 95% confidence level.

RESULTS

One hour after E. coli administration, blood LPS-LAL
activity in the control animals showed a mean value of
2.20 + 0.36 ng/mL, and peak levels at 2 hours of 6.86
+ 3.22 ng/mL. Animals treated with BPI had markedly
lower LPS-LAL activity at 1 hour of 0.69 + 0.57 ng/mL,
and peak LPS-LAL activity of 3.39 + 2.1 ng/mL. The
levels for the HA-1A treated animals were 7.00 + 5.66
ng/mL at 1 hour and 3.18 + 3.8 ng/mL at 2 hours. In
contrast to HA-1A, BPI decreased the amount of LPS-
LAL activity significantly, p < 0.03 (Fig. 1).

Tumor necrosis factor-a bioactivity (WEHI) peaked 2
hours after E. coli administration in both the control and
BPI-treated animals, whereas HA-1A-treated animals
demonstrated peak TNF-« activity at 2.5 hours. All ani-
mals demonstrated a characteristic monophasic pattern
of TNF-a activity; the peak levels for the control animals
were 35.7 = 10.5 ng/mL, for the BPI-treated animals,
28.2 + 16.7 ng/mL, and for the HA-1A-treated group,
27.3 £ 6.9 ng/mL (Fig. 2).

Interleukin-18 levels increased gradually over an 8-
hour period after the E. coli infusion in both the placebo-
treated and the HA-1A-treated animals. In contrast, BPI-
treated animals demonstrated peak plasma IL-18 levels
of 1757 = 1048 pg/mL after 2.5 hours. The HA-1A-
treated animals demonstrated peak levels of 826 + 433
pg/mL at 8 hours, whereas the control animals displayed
peak IL-18 plasma levels of 1157 + 425 pg/mL 8 hours
after the E. coli administration (Fig. 3).

Plasma IL-6 bioactivity (B.9) increased between 1.5
and 2.5 hours in all animals. In contrast to both the BPI
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Figure 2. Tumor necrosis factor-a activity after both HA-1A and BPI treat-
ment; p = NS. In the HA-1A group, a shift to the right was demonstrated.
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Figure 3. HA-1A treatment resulted in lower IL-18 cytokine response over
the 8-hour study period, compared with control animals. In contrast, BPI
stimulated IL-18 during the first 6.5 hours; p = NS.
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and the HA-1A-treated animals, the control animals sus-
tained higher levels of IL-6 bioactivity over the 8-hour
period after the E. coli administration. After a peak level
of 20975 + 13346 U/mL at 5 hours and a drop to 10436
+ 2340 U/mL, a second peak of 20357 + 8638 U/mL at
8 hours was demonstrated. Interleukin-6 bioactivity in
the BPI and HA-1A-treated animals was attenuated, al-
beit not significantly, compared with controls through-
out the 8-hour evaluation period. Peak levels of IL-6 bio-
activity for the BPI group were 4836 + 2909 U/mL at 4
hours, and for the HA-1A group, 13011 + 2008 U/mL at
8 hours (Fig. 4).

Plasma IL-1ra levels increased 2.5 hours after the E.
coli administration and peaked at 8 hours. The lowest
circulating levels at 8 hours were observed in the BPI
group, at 512 + 154 ng/mL. The HA-1A group demon-
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Figure 4. Both BPI and HA-1A treatment decreases IL-6 activity through-
out the evaluation period; p = NS.
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Figure 5. (A) Bactericidal/permeability-increasing treatment partially at-
tenuated IL-1ra levels; p = 0.06. The pro-inflammatory cytokine inhibitory
response appeared at ~2 hours after the E. coli administration and in-
creased over the evaluation period. (B) Circulating endogenous cytokine
antagonist sTNFR-I (p55) was attenuated by BPI treatment. In contrast to
the respective proinflammatory cytokine, the attenuation over the entire
study period was statistically significant; ANOVA p < 0.05.

strated 1034 + 278 ng/mL, and the control group dem-
onstrated at 1031 + 544 ng/mL. The BPI group showed
lower levels (p = 0.06) throughout the evaluation period
(Fig. 5).

Circulating STNFR-I levels were elevated within 30
minutes after E. coli administration; the BPI group dem-
onstrated levels of 20 + 5 ng/mL, the HA-1A group had
levels of 29 + 4 ng/mL, and the control animals demon-
strated levels of 13 + 2 ng/mL. Thereafter, BPI-treated
animals exhibited significantly (p < 0.05) lower sSTNFR-
I levels compared with the group control and HA-1A
treated animals. Soluble TNFR-I levels peaked after 8
hours in the control animals at 43 + 15 ng/mL, and lev-
els of 47 + 8 ng/mL were observed in the HA-1A group.
BPI-treated animals displayed circulating sSTNFR-I lev-
els of 20 = 6 ng/mL at 8 hours (Fig. SA).

Hemodynamic Response

All baboons demonstrated hemodynamic instability
within 30 to 60 minutes after the E. coli administration.
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Table 1. HEMODYNAMICS IN PRIMATE
BACTEREMIA WITH SEPTIC SHOCK
BPI HA-1A Control
Hemodynamics Time/Hr (n=3) (n=3) (n=3)
Blood pressure
(%) 0 100 100 100
2 74+ 7 62+ 9 81+ 5
4 59+ 4 70+ 15 69+ 4
6 79+ 2 79+13 80+ 7
8 86+ 3 67+ 4 78+ 15
Heart rate (%) 0 100 100 100
2 153+18 139+ 4 154+ 3
4 162+13 131+ 7 153 7
6 152+ 9 135+ 4 141+ 7
8 150+13 141+ 5 117+26
Cardiac output (%) 0 100 100 100
2 130+ 8 103x12 121+ 4
4 136+17 112+27 128+ 11
6 101 + 11 88+16 117+13
8 9%+ 7 75+14 86 + 12

Data are expressed in mean + SEM as a percentage of baseline values at time 0
hours = 100%.

E. coli administration resulted in tachycardia of 145 +
13 heart beats per minute and a decline in mean arterial
blood pressure within 3 hours in the control animals
from 113 = 7 mm Hg to 64 + 9 mm Hg, and in the BPI-
treated animals, from 107 = 8 mm Hgto 51 = 3 mm Hg.
The HA-1A group experienced a drop in mean arterial
blood pressure from 121 + 12 mm Hg to 66 + 14 mm
Hg. A hyperdynamic state of septic shock was observed
in the BPI group and the control groups. Thirty minutes
after E. coli administration, cardiac output increased
from 1.95 £ 0.2 L/min to 2.55 = 0.3 L/min, whereas the
BPI group displayed an increase from 2.09 + 0.3 L/min
t0 2.86 + 0.4 L/min. Thirty minutes after the E. coli ad-
ministration, the cardiac output in the HA-1A group was
merely stable, between 1.9 + 0.1 L/min to 2.0 £ 0.4 L/
min (Table 1).

Survival at 48 hours after the E. coli administration
was unaffected by either BPI or HA-1A treatment. One
animal in the BPI group (at 18 hours) and one animal in
the control group (at 15 hours) died before 24 hours. All
of the remaining animals died within 48 hours.

DISCUSSION

Recent clinical studies have demonstrated the diffi-
culty in achieving fully effective anti-endotoxin therapy
during human sepsis. Although the confounding clinical
variables influencing such therapies have been discussed
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extensively,’>"'7 most of these approaches were never

subjected to reported evaluation in large animal models.
Indeed, the results of a trial of anti-LPS treatment with
HA-1A in a canine model'* were not published until well
after the results of human trials'” were reported widely.

Our study demonstrated partial LPS neutralization by
the administration of BPI. By contrast, HA-1A has no
LPS neutralizing effect in this septic baboon model. Al-
though the LPS neutralizing capacity of BPI is well doc-
umented in vitro,'®'%?? the epitopic specificity of HA-1A
has been more problematic.'**'~** A recent study dem-
onstrated that HA-1A binds to endotoxin via an epitope
in the lipid A domain of LPS by an interaction with the
V region of the antibody.>* However, the aforemen-
tioned trial of HA-1A in a canine model of gram-nega-
tive septic shock did not alter the magnitude of bacter-
emia or endotoxemia, and actually decreased survival.'*
The authors of the latter study concluded that HA-1A
therapy in humans should be limited until the conditions
under which the beneficial or deleterious effects of this
monoclonal antibody were defined more completely.

One purported mechanism of LPS clearance by HA-
1A has been suggested by Siegel et al.,>* who demon-
strated that HA-1A may lower bioavailability of endo-
toxin by mediating binding of LPS to the complement
receptor-I (CR-I) on erythrocytes and subsequent clear-
ance by phagocytosis of the red blood cells via the retic-
uloendothelial system or direct internalization by pe-
ripheral blood neutrophils. In our study, we did not find
any evidence of reduced LPS activity in the baboons
treated with HA-1A, compared with both the placebo or
the BPI-treated groups.

In a recent published study, Kelly et al.”® demon-
strated the bactericidal activity of BPI in a murine
model; in this model, BPI enhanced significantly bacte-
rial clearance from the vascular and pulmonary systems.
Bactericidal/permeability-increasing protein shares se-
quence homology with the serum LPS binding protein
(LBP).>” However, BPI has divergent effects because LBP
lacks bactericidal activity and, as an acute phase protein,
LBP markedly potentiates the ability of LPS to activate
inflammatory cells. Indeed, recombinant LBP promotes
LPS-stimulated production of TNF-a by LPS responsive
THP-1 cells, particularly at low LPS concentrations.®
To reduce LPS binding to inflammatory cells, BPI must
compete successfully with serum LBP for binding to LPS
and gram-negative bacteria. In fact, Trown et al. recently
demonstrated a significantly higher binding affinity to
LPS for BPI than for LBP.* Bactericidal/permeability-
increasing protein also was found to have a significantly
higher affinity (15-35-fold) than LBP in binding to E.
coli J5 bacteria.

1.36
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Currently, it is widely presumed that several classes of
endogenous pro-inflammatory mediators, such as cyto-
kines, are central to the sequalae of the sepsis syndrome.
Compelling experimental evidence supports a pivotal
role for the pro-inflammatory cytokines TNF-« and IL-
18 as mediators of the early hemodynamic collapse dur-
ing conditions of endotoxemia or bacteremia.*-%*° It has
been demonstrated in experimental studies that the infu-
sion of TNF-a can precipitate both systemic and organ-
specific responses reminiscent of those observed during
severe clinical infection, and recent evidence demon-
strates a state of cardiovascular compromise during the
administration of IL-1«.® Furthermore, the presumptive
treatment of sepsis with specific cytokine antagonists,
such as soluble receptors to TNF or an IL-1ra, appears to
abrogate many of the adverse consequences of the bac-
teremic state.®’

Results of two clinical studies with anti-cytokine treat-
ment in septic patients with either an anti-TNF-a mu-
rine mAb, or the IL-1ra have been reported recently.*'*
Survival estimates in each study failed to demonstrate
any advantage with either therapy. However, subgroup
analyses of those patients with increased TNF-« levels
at the beginning of the study did show a trend toward
improved survival with a high dose of anti-TNF mAb
(10mg/kg).*" A similar observation was reported in the
IL- Ira study, in which the more critically ill patients also
benefited from anti-cytokine therapy.*?

The host cytokine response after the live E. coli chal-
lenge was attenuated, although not significantly, in the
HA-1A-treated animals. This might explain some posi-
tive outcome of an earlier study,'” in which cytokine lev-
els of the investigated patients were not reported. In this
study, survival was improved in patients with bacteremia
and shock, while bacteremic patients without shock did
not benefit from the HA-1A treatment.!”** This obser-
vation may be a result of the interference with the host
cytokine response by HA-1A, as displayed in our study.

The BPI-treated animals also appeared to influence
the pro-inflammatory cytokine inhibitors, IL-1ra and
the sTNFR-I. Unlike the HA-1A group, in the BPI
group, STNFR-I and IL-1ra were attenuated compared
to the placebo-treated animals, p < 0.05 and p = 0.06,
respectively. Previously, we reported that both STNFR-I
and IL-1ra are induced by endotoxin administration in
normal subjects and are detected consistently in criti-
cally ill patients.”

Interleukin-1ra, unlike sSTNFR, which binds to the cir-
culating ligand, binds directly to the IL-1 receptor,
thereby preventing the agonist influence of either IL-15
or IL-1a. Consequently, IL-1ra is a true receptor antago-
nist, and the binding of IL-1ra to its receptors does not
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result in signal transduction or any known agonist prop-
erties.*

The sTNFR-I detected in the circulation represents
the extra cellular domain of the TNF type I receptor. In
vitro studies have demonstrated that this soluble receptor
binds to TNF and competitively inhibits binding to cel-
lular receptors on U-937 cells.*> We observed that
sTNFR-I—TNF complexes are biologically inactive and
are not detected with some immunoassays,’ such as
those used in this report, for free TNF activity. In a re-
cent study of critically ill patients, we observed that solu-
ble TNF receptor-I levels were significantly lower (p <
0.001) in survivors as compared with nonsurvivors.’
This observation, together with results from Van der Poll
et al.,* who demonstrated a significant correlation be-
tween TNF-a immunoreactivity and circulating soluble
TNF receptor-I levels, also confirm data from the afore-
mentioned clinical trial.*!

Although there was a significant decrease in LPS levels
in BPI-treated animals compared with controls, all ani-
mals developed the sequalae of septic shock. This in-
cluded a fall in mean arterial pressure, tachycardia, and
acutely increased cardiac output, and all animals ulti-
mately died. These changes are consistent with the re-
sults from our earlier studies of E. coli septic shock in
primates.>>? As discussed previously,?’ the current
model varies slightly from that used previously to evalu-
ate anti-cytokine therapies. Nevertheless, cytokine levels
achieved in response to bacteremia are comparable
among control groups in these studies. The most notable
differences between our prior studies with anti-cytokine
therapy and the present study are observed in the magni-
tude of hemodynamic changes and the survival of
treated animals. In fact, prior studies demonstrated a sig-
nificant improvement in acute survival by a blockade of
either TNF-« or IL-1.%°

The magnitude of LPS neutralization achieved in the
current study still does not appear to attenuate suffi-
ciently the pro-inflammatory cytokine release to achieve
improved survival. The extent of LPS neutralization
necessary to diminish this otherwise adverse level of cy-
tokine activation has yet to be established. Our current
study suggests that a greater than 70% LPS neutralization
(< 2 ng LPS/mL) is necessary for a beneficial response.

In addition to the anti-LPS agents used in this study,
other therapies targeting LPS are in the early stages of
development.*” The LPS-binding protein and the CD14
receptor®® that transmits signals from LPS-LBP com-
plexes, also may become targets for direct immunother-
apy. Macrophage activation and cytokine production in
response to endotoxin are diminished significantly by ei-
ther depletion of LBP in serum or by blocking the CD14
receptor with specific antibodies.**>
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In addition to stimulating the mediator cascade
through the increased activity of TNF-a,’' LPS can elicit
a variety of different pathways leading to the deleterious
host response. For instance, the generation of arachi-
donic acid by phospholipase A, in cell membranes is an
important early event in the activation of most mediator
cells. Subsequent metabolism of the arachidonic acid so
generated by either the cyclooxygenase pathway, leading
to the production of prostaglandins, or the lipooxygenase
pathway, leading to the production of leukotrienes, is
critical to the development of host inflammatory re-
sponses.>? There is abundant evidence that LPS can elicit
the production of leukotrienes and prostaglandins.****

Taking into account the aforementioned results of two
multicenter trials with different anti-cytokine monother-
apies in critically ill patients*** and the pluripotent
stimulation activity of LPS, our data suggest that a strat-
egy of combination therapy in the form of anti-LPS and
anti-cytokine treatment may alter survival. Opal et al.>
have demonstrated previously in a rodent model of Pseu-
domonas sepsis that this immunotherapeutic approach
does provide greater protection than the monotherapy
modality.
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