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Inhibition of Endotoxin-induced Priming of Human Neutrophils
by Lipid X and 3-Aza-Lipid X
Robert L. Danner, Keith A. Joiner,* and Joseph E. Parrillo
Critical Care Medicine Department and *National Institute ofAllergy and Infectious Diseases, National Institutes of Health,
Bethesda, Maryland 20892

Abstract

Lipid X, a precursor of lipid A (the toxic moiety of endotoxin),
has been shown to protect animals from the lethal effects of
endotoxin challenge. Weinvestigated the mechanism of action
of lipid X and 3-aza-lipid X, a diamino-analogue, in vitro, using
the ability of lipopolysaccharide (LPS) to prime neutrophils
for an enhanced release of toxic oxygen radicals. Lipid X and
3-aza-lipid X inhibited LPS-induced neutrophil priming in a

concentration-dependent manner. At high concentrations,
3-aza-lipid X was a partial agonist of priming. Lipid X was

found to inhibit LPS-induced priming by directly interacting
with the neutrophil in contrast to polymyxin B, which neutral-
ized LPS by binding to it. Increasing concentrations of lipid X
shifted the LPS dose response curve of neutrophils rightward
but did not prevent maximum priming at higher LPS concen-

trations, a finding consistent with competitive inhibition. These
results suggest that lipid X, a compound structurally related to
lipid A, may block neutrophil priming by competing with LPS
for cellular binding sites. Lipid X appears to have a novel
mechanism of inhibiting LPS effect and may have efficacy in
the treatment of gram-negative sepsis.

Introduction

Septic shock caused by gram-negative bacteria has a high mor-

tality despite appropriate antibiotics and modern critical care

support (1-4). Endotoxin, a lipopolysaccharide associated
with the outer membrane of gram-negative bacteria, has been
implicated in the pathogenesis of this often fatal syndrome
(5-7). Because of the presumed role of endotoxin in septic
shock, investigators have studied therapeutic interventions
aimed at alleviating the effects of endotoxin or its secondary
mediators. Corticosteroids, naloxone, cyclooxygenase inhibi-
tors, endotoxin inhibitors (polymyxin B), and anti-core endo-
toxin antibodies have been investigated, but their use and effi-
cacy in human septic shock remain controversial (8-16).

Portions of this work were presented at the American Federation for
Clinical Research, Washington, DC, April 1986 (1986. Clin. Res.
34:51 5A), the American Federation for Clinical Research Eastern Re-
gional Meeting, New York, September 1986 (1986. Clin. Res.
34:877A), and the 26th Interscience Conference on Antimicrobial
Agents and Chemotherapy, NewOrleans, LA, September 1986 (1986.
Abstracts of the 26th ICAAC. 492).
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Recently, novel glucosamine-derived phospholipids re-
lated to lipid A, the toxic moiety of endotoxin, have been
identified from mutant Escherichia coli (17-19) and chemi-
cally synthesized (20, 21). Lipid X (2,3 diacyl glucosamine
1-phosphate), the prototype, is a monosaccharide precursor in
the biosynthetic pathway of lipid A (22, 23). Lipid X has some
of the immunomodulating properties of endotoxin (24-26)
but is much less toxic (18, 27). This compound has been
shown to protect mice and sheep from the lethality of endo-
toxin administration, though the mechanism of this protective
effect is unknown (27-29). The structural similarity between
lipid X and lipid A suggests that lipid X might be mediating its
protective effect by specifically blocking endotoxin-triggered
events, and possibly even competing directly with LPS' for
cellular binding sites, a hypothesis that can be tested in an in
vitro system.

LPS has been reported to "prime" neutrophils, resulting in
a markedly enhanced respiratory burst when stimulated with a
variety of activators (30). In the present study, lipid X and its
diamino analog, 3-aza-lipid X, were evaluated for their ability
either to prime or to prevent LPS-mediated priming of human
neutrophils. Wereport here that lipid X can prevent neutro-
phil priming by LPS in a concentration-dependent manner
and that 3-aza-lipid X appears to be a partial agonist of neu-
trophil priming. Furthermore, lipid X shifts the LPS dose re-
sponse curve of neutrophils to the right, suggesting that lipid X
may be a competitive inhibitor of LPS-induced priming. This
class of compounds appears to have a unique anti-endotoxin
effect which may have therapeutic efficacy in the treatment of
septic shock and offers a novel approach to the management of
this highly lethal disorder.

Methods

Endotoxin, lipid Xand 3-aza-lipid X. Highly purified protein-free LPS
extracted from the Salmonella minnesota Re595 mutant and Salmo-
nella typhimurium (List Biological Laboratories, Campbell, CA) was
prepared as a stock solution (I mg/ml) in sterile pyrogen-free water
sonicated for 4 min at maximum output (model 16-850, Virtis Co.,
Gardiner, NY), and then stored in small aliquots at -70'C. Onthe day
of use the LPS was thawed, sonicated for an additional 2 min, and
adjusted to the desired final concentration in Hanks' balanced salt
solution (HBSS; Gibco, Grand Island, NewYork) without calcium and
magnesium (-).

Lipid X (2,3 diacyl glucosamine 1-phosphate) and 3-aza-lipid X
(2,3 diacyl diaminoglucose 1-phosphate) were supplied as crystaline
di-Tris salts by Sandoz Forschungsinstitut, Vienna, Austria (Fig. 1).
These compounds were dissolved, sonicated, stored, and prepared for
use in an identical fashion to the LPS.

1. Abbreviations used in this paper: FMLP, N-formyl-methionyl-leu-
cyl-phenylalanine; k112, concentration of LPS in ng/ml resulting in a
half-maximal priming effect; LPS, lipopolysaccharide.
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Figure 1. Chemical structure of lipid A, lipid X, and 3-aza-lipid X.

Lipid X is a monosaccharide precursor of lipid A, and 3-aza-lipid X
is a diamino-analog of lipid X. RI is usually a lauroyl and R2 a myr-
istoyl moiety. R3 can be either a hydrogen or palmitoyl group, de-

pending on the source of the lipid A.

Reagents. All reagents, buffers, and plasticware used through the

priming step were determined to be pyrogen-free by a chromogenic
limulus lysate assay (Whittaker M. A. Bioproducts, Walkersville, MD)
sensitive to 10 pg/ml of United States Standard Endotoxin. This in-

cluded testing of Ficoll-Hypaque previously reported to be contami-
nated with LPS (31). The Ficoll-Hypaque used in these experiments
contained < 10 pg/ml of LPS. Laboratory glassware and sonicator

microtips were thoroughly cleaned and then baked in dry heat for 4 h
at 1800C to render them free of contaminating LPS (32).

Neutrophil isolation. Human neutrophils were isolated from the
venous blood of normal volunteers using standard techniques. The
blood was anticoagulated with 5 U/ml of sterile pyrogen-free, preser-
vative-free heparin (porcine intestine; Weddel Pharmaceuticals,
Wrexham, UK). Pyrogen-free dextran (United States Biochemical
Corporation, Cleveland, OH) of 200,000-300,000 mol wt was pre-
pared as a 3.0% solution in HBSS(-). This was added to the blood in a
1:2 ratio and the blood-dextran mixture was allowed to stand at a slight
angle for 20 min. The straw-colored supernatant was then collected
and layered onto a half volume of Ficoll-Hypaque (Lymphocyte Sepa-
ration Media; Litton Bionetics Inc., Charleston, SC). This was then

centrifuged at 250 g (model CRU-5000, International Equipment Co.,
Needham Hgts, MA) for 30 min at 18°C. The upper layers were dis-
carded and the pellet was subjected to cold, sterile, pyrogen-free water
(4 ml) for 30 s to lyse residual red blood cells followed by addition of
hypertonic 3%saline (2 ml). This solution was then diluted with cold,
sterile HBSS(-) and centrifuged at 250 g for 10 min at 4°C. The pellet
was retained, suspended in cold HBSS(-), and the cell concentration
was adjusted to 1.0 X 107/mI by cell quantitation in a counter (Coulter
Electronics Inc., Hialeah, FL). Neutrophils isolated by this method
were > 98% pure by Wrights stain and > 98% viable by trypan blue
exclusion.

Neutrophil priming by LPS. Neutrophils suspended in HBSS(-)
were mixed 1:1 with additional buffer with or without LPS to achieve a

final concentration of 5 X 106 cells/ml and incubated in a shaking
water bath at 370C according to the method of Guthrie (30). The
optimal incubation time for priming was 60 min, confirming the find-
ings previously reported (30). After incubation, cells were examined
microscopically to ascertain that clumping did not occur. Trypan blue
exclusion always showed the neutrophils to be > 92% viable after in-
cubation.

Superoxide (°2) assay. Superoxide production was determined by
a modification of previously described methods utilizing superoxide
dismutase (bovine; Sigma Chemical Co., St. Louis, MO)-inhibitable
reduction of cytochrome c (type VI; Sigma Chemical Co.) (33, 34). A
200-Ml aliquot of the incubation mixture (1.0 X 106 neutrophils), 50 AIl
of stock cytochrome c (1.0-mM solution in HBSSwith calcium and
magnesium (+); Gibco), and 700 Al of HBSS(+) were combined in a
plastic test tube and gently mixed. N-formyl-methionyl-leucyl-phenyl-
alanine (FMLP; Sigma Chemical Co.) was stored at -700C in
HBSS(+) and 10% dimethylsulfoxide (Sigma Chemical Co.) at a con-
centration of l0-4 M. On the day of use, the FMLPstock solution was
diluted 1:5 with HBSS(+), and 50 gl were placed into a clean 1-cc glass
cuvette (Gilford Instrument Laboratories, Inc., Oberlin, OH; 1,245
X 105) maintained at 370C in a spectrophotometer (Gilford Instru-
ment Laboratories, Inc.; model 2600). The cell-cytochrome c mixture
was then rapidly pipetted into the cuvettes and the absorption at 550
nm was adjusted to zero. Changes in absorption were continuously
recorded on a strip chart recorder (Gilford Instrument Laboratories,
Inc.; model 6051).

The peak absorption change and the absorption change per minute
were converted to nanomoles of cytochrome c reduced, using the ex-
tinction coefficient of 2.1 X 104 M-' CM-' previously reported (35)
and expressed as nanomoles O°/106 neutrophils (total production) and
nanomoles O°/106 neutrophils per minute (rate of production), re-
spectively. Somespecimens were stimulated in the presence of super-
oxide dismutase 10 Ag/ml, to ascertain that the absorption changes
measured were due specifically to °2 release. The activity of the Sal-
monella typhimurium LPS (smooth parent strain) was confirmed in
the priming assay, but the Salmonella minnesota Re595 LPS (core
endotoxin) was used in the subsequent experiments reported here.

Effect of lipid X, 3-aza-lipid X, and polymyxin B on neutrophil
priming. Lipid X and 3-aza-lipid X were added to the cell suspension at
room temperature 15 min before initiation of incubation with LPS
unless specified otherwise. Polymyxin B (Upjohn Co., Kalamazoo,
MI) was reconstituted from powder to the desired concentration in
HBSS(-) on the day of use. Neutrophils incubated with lipid X,
3-aza-lipid X, or polymyxin B did not differ in °2 release from cells
incubated in buffer alone upon stimulation with either FMLP or
phorbol-myristate-acetate (PMA; Sigma Chemical Co.; 500 ng/ml).

Statistics. Means are expressed plus or minus the standard error of
the mean (SEM) in the text and figures where applicable. Differences
between experimental groups were analyzed using paired and unpaired
Student t tests where indicated. Data trends were analyzed with the
Mann test for trend (36) or the Bartholomew test (37) as stated.

Results

Weinitially confirmed previous observations showing that
LPS enhances the O2 production of neutrophils exposed to
FMLP (30). In 10 paired experiments, neutrophils from dif-
ferent donors incubated with LPS (10 ng/ml) for 60 min fol-
lowed by activation with FMLP released 18.16±2.57 nmol
°2 /l06 neutrophils compared with 3.20±0.63 nmol °2/106
neutrophils when cells were incubated in pyrogen-free buffer
alone (mean±SEM; P < 0.005). Also, as previously reported,
LPS priming of neutrophils was noted to augment both total
°2 production and rate of O2 production by stimulated cells.
Except where indicated, the data reported here are expressed as
the total amount of °2 released.
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The generation of O2 by neutrophils was dependent on the
concentration of LPS (Fig. 2). LPS at 1 ,ug/ml caused a small
but significant (paired Student's t test; P< 0.05) decrease in O2
production from the peak level and an insignificant fall in
neutrophil viability, as determined by trypan blue exclusion.
Lipid X, in contrast, had no effect on FMLP-stimulated O2
release from neutrophils, even at concentrations as high as 1
ug/ml (Fig. 2). Neutrophils incubated with this concentration
of lipid X were identical to control cells exposed only to pyro-
gen-free buffer in respect to clumping, viability, and PMA
stimulated O2 release. Lipid X could not be evaluated at levels
> 2 ,gg/ml because of clumping of cells at these higher concen-
trations. This clumping was considered nonspecific because
addition of lipid X (> 2 ,ug/ml) to neutrophils in an aggregom-
eter at 370C resulted in a slow increase in light transmittance
over 60 min and not a typical stimulated aggregation response
as characteristically seen with a variety of activators such as
PMAor C5a. Control neutrophils and those exposed to lower
lipid X concentrations (< 2 Atg/ml) did not show clumping by
microscopic examination or aggregometry.

In separate paired experiments, lipid X, at a concentration
achievable in vivo (27) was tested in the priming assay. Again,
lipid X alone (1 gg/ml) had no effect on the neutrophil respira-
tory burst, but cells incubated with LPS (10 ng/ml) produced
significantly (P < 0.005) more O2 than either the buffer or
lipid X exposed cells (Table I). In contrast, incubation of neu-

Table . Effect of Lipid X on Neutrophil Priming
with or without LPS

Superoxide (nmol O°/1O' neutrophils)
No. of
experiments Buffer Lipid X LPS LPS and lipid X

7 3.35±0.45 3.16±0.40* 14.67±2.50
6 3.59±0.39 - 16.76±2.41 6.30±1.11*

Neutrophils incubated for 60 min in buffer alone or LPS (10 ng/ml),
and/or lipid X (1 ug/ml), followed by FMLP(10-6 M) activation.
* Cells incubated in buffer or lipid X released similar amounts of °2
(P = NS), but less than neutrophils exposed to LPS alone (P < 0.005).
tNeutrophils incubated in the pesence of lipid X and LPS produced
less °- than those incubated with LPS alone (P < 0.005).

Figure 2. Release of O2 by neutrophils after incubation
with increasing concentrations of LPS (.) or lipid X (o).
The neutrophils were incubated at 370C for 60 min fol-
lowed by simulation with FMLP(10-6 M). The results
represent mean±SEM. The maximal response was deter-
mined for each preparation of neutrophils. Mean maxi-

low mal responses for the two treatment groups were com-
pared using an unpaired Student's t test (P < 0.01).

trophils with both lipid X (1 ,ug/ml) and LPS (10 ng/ml) re-
sulted in a profound (P < 0.005) inhibition of O2 release when
compared with cells treated with LPS alone (Table I).

Next, the concentration dependence of this blocking effect
of lipid X on LPS-induced neutrophil priming was examined.
Lipid X in concentrations from 100 ng/ml to 2 jg/ml was
added to neutrophils 15 min before the start of incubation with
LPS (10 ng/ml). As can be seen in Fig. 3, lipid X prevented
LPS from priming neutrophils in a concentration-dependent
manner with nearly complete inhibition at 2 ,gg/ml.

Fig. 4 shows the temporal relationship between the addi-
tion of lipid X and its ability to inhibit LPS-induced neutro-
phil priming. Again, lipid X (1 gg/ml) significantly prevented
the enhanced FMLP-stimulated O2 release seen with cells ex-
posed to LPS alone when added 15 min before the start of
incubation. As lipid X was added later and later (after neutro-
phil exposure to LPS), its ability to prevent priming was di-
minished, but significant (P < 0.05) inhibition of priming was

18-
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I W/ --
2o 14
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Figure 3. The effect of increasing concentrations of lipid X on LPS-
induced neutrophil priming. Neutrophils were pre-exposed to lipid X
for 15 min before incubation with LPS (10 ng/ml) for 60 min at

370C, followed by activation with FMLP(10-6 M). (---) O2 produced
by LPS-primed neutrophils in the absence of lipid X. (-.--)- O° pro-
duction by neutrophils incubated in pyrogen-free buffer without LPS
or lipid X. Results are mean±SEMof three experiments.
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still evident when lipid X was added as late as 30 min after the
start of incubation with LPS. This contrasts with polymyxin B,
which in separate experiments could not prevent neutrophils
from becoming fully primed if it was added later than 15 min
into the incubation with LPS (data not shown).

Paired experiments comparing 3-aza-lipid X with lipid X
revealed a similar concentration-dependent inhibition of LPS-
induced neutrophil priming, though 3-aza-lipid X was slightly
less potent on a weight basis (data not shown). Unlike lipid X,
3-aza-lipid X did not cause neutrophil clumping at concentra-
tions up to 10 ,ug/ml. Further studies at these high concentra-
tions showed 3-aza-lipid X to have an apparent priming effect
of its own (Fig. 5). In these experiments, 3-aza-lipid X aug-
mented O2 release by neutrophils at concentrations > 2 ug/ml
with and without the presence of LPS. At lower concentra-
tions, 3-aza-lipid X significantly inhibited LPS-induced prim-
ing of neutrophils, but this was only a partial effect.

Figure 4. Temporal relationship between the addition of
lipid X and its ability to prevent LPS-induced neutrophil
priming. Neutrophils were incubated for 60 min at 370C
with LPS (10 ng/ml). Lipid X (1 ug/ml) was added to the
neutrophil-LPS incubation at the time points indicated
along the abscissa and O2 production was determined.
Dashed lines are as described for Fig. 3. Lipid X added as
late as 30 min into the incubation with LPS significantly (P
< 0.05) inhibited priming.

To further evaluate the mechanism of inhibition of prim-
ing by these compounds, the activity of lipid X was compared
with that of polymyxin B, a well-characterized inhibitor of
endotoxin known to neutralize LPS by binding tightly to it
(38). In these experiments (Fig. 6 A) neutrophils were first
exposed to either lipid X (2 ,gg/ml) or polymyxin B (1 j.g/ml)
for 30 min at room temperature. Then the cells were centri-
fuged, washed with pyrogen-free buffer, and incubated at 370C
for 60 min with LPS. Under these conditions, lipid X com-
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A Inhibitor preincubated with
neutrophils

Lipid X PMB

B Inhibitor preincubated with
endotoxin

I 100% Priming
(positive control)

Lipid X
PMB

3-Az-Upid X (nglml)

Figure 5. Superoxide production by neutrophils incubated with in-
creasing concentrations of 3-aza-lipid X with (-) and without (o)
LPS (10 ng/ml). FMLP(106 M) was used to stimulate the neutro-
phils after incubation for 60 min at 370C. Dashed lines are as de-
scribed for Fig. 3. The difference in response between 3-aza-lipid X
alone and in combination with LPS decreased significantly (P
< 0.01; Mann test for trend) in five of the six subjects.

Figure 6. Comparison of the inhibition of LPS (10 ng/ml)-induced
neutrophil priming by lipid X (2 gg/ml) and polymyxin B (1 jtg/ml).
Percent priming effect was calculated from the formula (1 - [CE
-X/CE - CB]) X 100, where CE is the O2 produced by fully primed
neutrophils incubated with LPS alone, CB is the O- produced by un-

primed neutrophils incubated in pyrogen-free buffer, and X is the O°
produced by neutrophils incubated with LPS and inhibitor (poly-
myxin B or lipid X). Results represent mean±SEMof nine paired
experiments.
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Figure 7. Effect of increasing concentrations of lipid X on
the LPS dose response curve. Serial endotoxin dose response
curves were done with 0 ng/ml (o), 200 ng/ml (.), 400
ng/ml (s), and 800 ng/ml (a) of lipid X, respectively. Data
are expressed as the initial rate of 05 production from one
representative experiment.

pletely blocked the priming effect, even though the neutrophils
were washed and resuspended in buffer containing only LPS.
In contrast, the polymyxin B-treated neutrophils, processed in
an identical fashion, still demonstrated significant prim-
ing (42%).

Next, the possibility that these inhibitors might be inter-
acting directly with LPS to exert their anti-priming effect was

investigated. Lipid X or polymyxin B (Fig. 6 B) were com-

bined with LPS for 30 min before both were added to the
neutrophil incubation. Polymyxin B, known to bind tightly to
LPS, completely prevented priming, whereas lipid X only par-

tially inhibited priming when allowed to interact directly with
LPS before neutrophil incubation. Therefore it appeared that
in contrast to polymyxin B, the blocking of LPS-induced
priming by lipid X was primarily due to a direct interaction
with the neutrophil and not LPS.

Because many LPS interactions with cell membranes are

nonspecific, of high affinity, and neither saturable nor compet-
itive (39), it was necessary to better clarify the nature of the
inhibitory effect of lipid X on LPS-induced neutrophil prim-
ing. To test the reversibility and specificity of this blocking
effect, experiments were conducted to see if higher concentra-
tions of LPS could overcome the inhibitory action of lipid X
over a wide dose range. Serial LPS dose response curves were

done in the presence of increasing concentrations of lipid X (0,
200, 400, and 800 ng/ml) and the data expressed as the initial
rate of 02 production (nanomoles 0° /106 neutrophils per
minute). Lipid X shifted the LPS dose response curve to the
right, but the maximal priming effect could still be achieved by
higher concentrations of LPS (Fig. 7, representative experi-
ment). The concentration of LPS (ng/ml) required to produce
a half-maximal priming response (ki/2) was calculated for each
of the lipid X doses in three experiments (Table II). The k1/2 for
LPS-induced neutrophil priming progressively increased with
increasing concentrations of Lipid X: 0.62±0.10, 1.03±0.1 1,
1.23±0.08, and 3.94±0.61, respectively (mean±SEM; P
< 0.001).

Discussion

Lipid X, a monosaccharide precursor of lipid A (17-19), has
been shown to protect animals from the lethality of LPS
(27-29) but the mechanism of this protective action is un-

known. The structural similarity between lipid X and lipid A,
the toxic component of LPS, suggested that the therapeutic
action of lipid X might involve the direct inhibition of LPS-
triggered cellular effects. In this investigation, we have used
neutrophil priming by LPS, a recently described functional

Table II. Concentration of LPSRequired to Produce a Half-
Maximal Priming Effect (k,12) with Increasing Lipid X

k1n of LPS

Lipid X Experiment I Experiment 2 Experiment 3 Mean±SEM*

ng/ml (ng/ml) (ng/ml) (ng/ml) (ng/ml)

0 0.81 0.54 0.51 0.62±0.10
200 1.24 0.97 0.88 1.03±0.11
400 1.34 1.08 1.28 1.23±0.08
800 4.89 4.15 2.78 3.94±0.61

k1/2 is the concentration of LPS (ng/ml) producing a half-maximal
priming response. The k1/2 was estimated as follows: (a) Mean rates
of 0- release for three experiments were transformed according to
the formula: logit(r05) = log, [(rOj - rO5min)/(rO-max - r°j)],
where rOmin and r0jmax are the minimum and maximum ob-
served rates of 0- release (nmol 05/106 neutrophils per min) for the
experiment. (b) The logit (rO-) values were assumed to be linearly
related to the corresponding loglo concentrations of LPS and were
fitted by least squares. (c) Logl0 concentrations of LPS required to
evoke a half-maximal response were taken to be the negative of the
ratio of the intercept and the slope of the fitted line.
* Mean results were tested for upward trend with respect to increas-
ing lipid X (P < 0.001; Bartholomew test).
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capability of LPS, to study the nature of lipid X-LPS interac-
tions on a cellular level. The data reported here show that lipid
X and 3-aza-lipid X are inhibitors of LPS-induced neutrophil
priming. The concentrations of lipid X that produce this
blocking effect are similar to those required in vivo to prevent
mortality in sheep challenged with endotoxin (27).

The events leading to neutrophil priming by LPS have not
been fully elucidated, but this action of LPS occurs at concen-
trations at least one log lower than other reported effects of
LPS on neutrophils (40) and in the range of endotoxin con-
centrations found in blood of patients with septic shock (41,
42). Priming is evident with 10-12 Mconcentrations of LPS,
suggestive of a high-affinity interaction. Other direct cellular
effects of LPS seen in this dose range include the stimulation of
monocytes to produce both cachectin (43) and interleukin 1
(44), endogenous molecules known to be important secondary
mediators of the in vivo actions of endotoxin (45, 46). Neu-
trophil activation during sepsis has been linked to tissue injury
and the development of multiorgan failure, one of the major
causes of death in human septic shock (47). The ability of LPS
to prime neutrophils for an enhanced respiratory burst may
represent an in vitro correlate of this toxic component of sepsis
(30, 48).

Work by Guthrie et al. has shown that priming is not
blocked by cyclohexamide, an inhibitor of protein synthesis,
and does not appear to be due to a change in the number or
affinity of FMLPbinding sites when determined at 40C (30).
Further, priming of neutrophils by LPS was temperature-de-
pendent and appeared to proceed in at least two steps. Neu-
trophils exposed briefly to LPS at 370C, washed, and resus-
pended in fresh pyrogen-free buffer could still become primed
with subsequent incubation at 370 even though the LPS con-
centration was reduced below that required for priming. This
suggests that attachment of LPS to the cell membrane is rapid,
but a subsequent time- and temperature-dependent event is
then required for priming to occur. These conditions are
highly reminescent of work examining LPS binding to rabbit
erythrocytes and platelets (49-51). In those experiments, LPS
attached to cell membranes very rapidly, even at 40C, followed
by insertion of the LPS molecule into the lipid bilayer, a time-
and temperature-dependent step (30-60 min at 370C). Re-
cently, it has been shown that neutrophils contain acyloxyacyl
hydrolases that can selectively remove nonhydroxylated acyl
chains from lipid A (52). As the intracellular handling of LPS
becomes better understood, it may be found that the metabo-
lism of LPS and related compounds plays a role in either
priming or inhibition of priming.

LPS has also been shown to cause the myristoylation of
specific macrophage proteins over a brief time period of 20-90
min, and it has been suggested that myristoylation of proteins
may represent an early event in both signal transduction and
the priming of macrophages by LPS for an enhanced stimu-
lated release of 20:4 arachidonic acid metabolites (53). The
time course of protein myristoylation and the similarities be-
tween LPS-induced neutrophil and macrophage priming sug-
gest that these processes may be related. Although the mecha-
nism of LPS-induced neutrophil priming is unknown, the cur-
rent data does not eliminate the possibility that LPS is directly
affecting the phosphatidyl-inositol-transmembrane signal
pathway (signal transduction) involved in generating the respi-
ratory burst via FMLP (30). If correct, this may have broad

implications because many diverse cell types utilize this signal
pathway (54, 55).

The inhibition of LPS-induced neutrophil priming by
lipid X, a compound that is structurally very similar to half of
the lipid A molecule, supports the concept that lipid X may
be directly antagonizing the action of LPS on neutrophils by
interacting with the same cellular site(s) mediating this effect.
Lipid X was shown to exert its major anti-LPS effect by in-
teracting directly with the neutrophil, unlike polymyxin B
which appears to produce much of its effect by "neutralizing"'
LPS by binding tightly to the LPS molecule. Further, 3-aza-
lipid X, the diamino analog of lipid X, displays inhibitory
effects at low concentrations identical to lipid X but LPS-like
(agonist) activity at higher concentrations. The demonstra-
tion of both agonist and antagonist effect by the same mole-
cule, chemically related to LPS, suggests the possibility that a
receptor-ligand interaction may be important in producing
neutrophil priming.

Lipid X, in increasing concentrations, shifts the LPS dose
response curve of human neutrophils rightward, necessitating
higher concentrations of LPS to achieve the same rate of O2
release. This pattern of response to a blocking agent is consis-
tent with competitive inhibition, though a role for effects on
membrane fluidity and permeability have not been completely
ruled out. In addition, the respiratory burst represents a com-
plex cascade in which multiple binding sites with more than
one type of interaction could be present. The possibility also
remains that lipid X or a metabolite of lipid X maybe effecting
a step in cell activation removed from the major site of LPS
action, although it does not appear to influence O2 production
in the absence of LPS.

These experiments provide evidence that LPS-induced
neutrophil priming may be caused by the specific binding of
LPS to cell component(s) or receptor(s) involved in the regula-
tion of the respiratory burst, and that structurally similar mole-
cules may be able to compete with LPS for these putative
site(s) resulting in a unique anti-LPS effect. Regardless of the
exact mechanism(s) of this action, lipid X is representative of a
group of compounds with novel properties that may be useful
in the treatment of gram-negative sepsis and septic shock. Fur-
ther, lipid X and its analogs can be utilized to probe the molec-
ular basis of the cellular actions of LPS and provide a more
complete understanding of the pathogenesis of the septic shock
syndrome.
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