INFECTION AND IMMUNITY, Mar. 2000, p. 1655-1663
0019-9567/00/$04.00+0

Vol. 68, No. 3

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Influence of Synthetic Antiendotoxin Peptides on
Lipopolysaccharide (LPS) Recognition and LPS-Induced
Proinflammatory Cytokine Responses by Cells
Expressing Membrane-Bound CD14

AKITAKA IWAGAKI,' MASSIMO PORRO,?> AN MATTHEW POLLACK!'*

Department of Medicine, Uniformed Services University of the Health Sciences, F. Edward Hebert School of Medicine,

Bethesda, Maryland 20814, and Bios Ynth srl, Zona Industriale-Loc. Sentino, 53040 Rapolano Terme, Siena, Italy*
Received 24 August 1999/Returned for modification 11 October 1999/Accepted 29 November 1999

Lipopolysaccharides (LPS) are proinflammatory bacterial products implicated in the pathogenesis of gram-
negative sepsis and septic shock. Polymyxin B (PMB), a cyclic, cationic peptide antibiotic, inhibits biological
activities of LPS through high-affinity binding to the lipid A moiety. Small synthetic peptides have been
designed to mimic the primary and secondary structures of PMB to determine structural requirements for
binding and detoxification of lipid A and to assess possible therapeutic potential. The purpose of this study was
to compare and contrast the endotoxin-neutralizing activities of two synthetic antiendotoxin peptides (SAEP-2
and SAEP-4), PMB, and an LPS core-specific monoclonal antibody (MAb), WN1 222-5, based on their abilities
to inhibit CD14-mediated target cell uptake of fluorescein isothiocyanate (FITC)-conjugated LPS, detected by
flow cytometry and confocal microscopy, and LPS-induced production of the proinflammatory cytokines,
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-«), as measured by bioassays. PMB and SAEP-4
produced dose-dependent inhibition of FITC-LPS uptake by CD14-transfected Chinese hamster ovary fibro-
blasts (CHO-CD14 cells) and by human peripheral blood mononuclear cells. The anti-LPS MAb, WN1 222-5,
also blocked LPS uptake by these cells and synergized with PMB and SAEP-4. LPS-induced IL-6 release was
inhibited by PMB, SAEP-4, and MAb WN1 222-5, and these inhibitory activities were additive or synergistic.
LPS-induced TNF-« release by PBMC was also inhibited by PMB and SAEP-4 alone and in combination with
anti-LPS MAb. SAEP-2, in contrast, produced comparatively minor decrements in cellular uptake of LPS and
LPS-induced cytokine responses, and did so only in the absence of serum, while a nonsense peptide exerted no
discernible inhibitory effect on LPS uptake or LPS-induced cytokine expression in the presence or absence of
serum. Thus, PMB and SAEP-4, like the LPS-reactive MAb, WN1 222-5, block proinflammatory activities of
LPS in part by preventing LPS recognition by membrane-bound CD14-expressing target cells. Differences in
peptide structure, however, like those exemplified by SAEP-2 and SAEP-4, may differentially affect the endo-
toxin-neutralizing potency of these peptides despite similar binding activity against lipid A, reflecting possible

differences in peptide solubility or peptide regulation of intracellular signal transduction.

Lipopolysaccharides (LPS), or endotoxins, are major struc-
tural and functional components of the outer membrane of
gram-negative bacteria (24). These complex macromolecules
exhibit a variety of toxic and proinflammatory activities that
are associated with the lipid A moiety and are causally related
to the pathogenesis of gram-negative sepsis and septic shock
(17, 18).

Many of the local and systemic pathophysiologic phenomena
produced by LPS in the exposed host result from the ability of
LPS to activate host inflammatory cells (7), including mono-
cytes, macrophages, and polymorphonuclear leukocytes. Re-
cent attention has focused on putative LPS receptors found on
the surfaces of these cells, the relation of these receptors to
LPS-induced signal transduction, and the role of each in the
development of proinflammatory responses.

Membrane-bound CD14 (mCD14), a glycosyl phosphatidy-
linositol-anchored protein expressed on myeloid cells, is the
best characterized LPS receptor identified to date (9, 33, 37).
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mCD14 appears to be part of a multicomponent LPS receptor
functionally linked to the initiation of intracellular signaling
events related to LPS-induced cell activation (29). The signal-
ing unit of the LPS receptor is comprised of members of the
Toll-like receptor family of transmembrane proteins charac-
terized by their amphiphilic properties and leucine-rich repeats
(31, 36). Serum-associated LPS-binding protein (LBP), which
forms complexes with LPS through high-affinity attachment to
the lipid A moiety, catalyzes LPS recognition by mCD14, re-
sulting in the generation of LPS-induced proinflammatory sig-
nals (12, 14).

Recent experiments have attempted to define the roles of
mCD14 and LBP in LPS-related septic events as well as the
possible protective or therapeutic activities of proteins, includ-
ing antibodies, that neutralize LPS by interrupting its proin-
flammatory interactions with mCD14 and LBP.

We previously showed that LPS-specific monoclonal anti-
bodies (MADbs) are capable of neutralizing cytokine- and tran-
scription factor-inducing activities of LPS by inhibiting the
binding of LPS to mCD14 expressed on human peripheral
blood monocytes (PBMC) and on CD14-transfected Chinese
hamster ovary fibroblasts (CHO-CD14 cells) (20, 21).

Polymyxin B (PMB), a cationic, cyclic peptide antibiotic,
inhibits biological activities of LPS through high-affinity bind-
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ing to the lipid A moiety (1, 15). Small synthetic peptides
comprised of L-amino acids have been designed to mimic the
primary and secondary structures of PMB in part to determine
the structural requirements for binding and detoxification of
lipid A (2, 27). Like PMB, these peptides, termed synthetic
antiendotoxin peptides (SAEPs), form complexes with lipid A.
Moreover, high-affinity binding by SAEPs to lipid A from dif-
ferent LPSs, like binding by PMB, can result in LPS detoxifi-
cation.

Various peptide-related factors are responsible for optimal
binding of peptide structures to lipid A and resulting lipid A
(or LPS) detoxification. These factors include amphipathic and
cationic characteristics of the primary amino acid sequence of
the peptide, the size of the peptide structure, and the peptide
conformation (27).

Mapping of the lipid A binding site of PMB based upon the
structures of synthetic peptides that mimic primary and sec-
ondary structures of this antibiotic has revealed sequences of 8
to 13 amino acids that are similar to sequences found in nat-
urally occurring LPS-binding proteins (22, 23, 27). The latter
include LBP of humans and rabbits, CD14 of humans and mice
(37), bactericidal/permeability-increasing protein of humans
(4, 13), and the Limulus anti-LPS factor of horseshoe crabs
(25, 37).

The purpose of this study was to evaluate the LPS-neutral-
izing activity of SAEPs by documenting their ability to block
mCD14-mediated LPS uptake and LPS-induced proinflamma-
tory responses by LPS-sensitive target cells in vitro. A further
purpose was to compare and contrast the modulating effects of
SAEPs and anti-LPS MADs, used singly and in combination,
on the cellular uptake of LPS and LPS-induced cell activation.
The target cell uptake of fluorescein isothiocyanate (FITC)-
conjugated LPS was analyzed by flow cytometry and laser scan-
ning confocal microscopy. The term “uptake,” as used here,
denotes both membrane-bound and internalized LPS (11, 21).
SAEP-mediated modification of LPS uptake was correlated
with alterations in LPS-induced interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNF-a) production, as measured by
bioassays.

The long-term goals of this study are to better understand
cellular mechanisms of endotoxin neutralization by peptides
that exhibit high-affinity binding to the lipid A moiety of LPS
and to evaluate the therapeutic potential of SAEPs in gram-
negative sepsis associated with endotoxemia.

MATERIALS AND METHODS

LPS and FITC-conjugated LPS. Purified Escherichia coli O111:B4 LPS was
purchased from List Biological Laboratories (Campbell, Calif.). FITC-conju-
gated LPS was prepared as previously described (20, 28). FITC-LPS conjugates
typically contained 2 to 10 mg of FITC/mg of LPS. FITC-conjugated and un-
conjugated LPS exhibited similar enzyme-linked immunosorbent assay (ELISA)
reactivities with anti-LPS MADbs, Limulus amebocyte lysate-gelating activity, in
vitro TNF-a-inducing activity for PBMC, and ability to cross-compete for anti-
CD14-inhibitable binding sites on elutriated PBMC (20).

PMB and SAEPs. PMB, SAEP-2, and SAEP-4 were prepared and character-
ized as previously described (27). All three peptides bind to lipid A with similar,
high affinity. SAEP-2 has a 10-amino-acid, cyclic structure, and SAEP-4 is char-
acterized by 9 amino acids arranged in a linear sequence (Fig. 1). A 6-amino-acid
“nonsense” peptide, which exhibits no lipid A reactivity or neutralizing activity,
was employed as a negative control (Fig. 1). PMB and SAEP were diluted to a
concentration of 1 mg/ml in LPS-free normal saline and stored at —35°C prior to
use. In preliminary experiments, PMB and SAEP exerted no effect on mem-
brane-bound CD14 expression in either PBMC or CHO-CD14 cells. Nor did the
peptides induce IL-6 release by these cells.

Anti-LPS MAb. The murine immunoglobulin G2a MAb, WN1 222-5, cross-
reacts with LPS produced by all E. coli and Salmonella species serotypes, includ-
ing both rough and smooth phenotypes, and exhibits endotoxin-neutralizing
properties (3). It appears to be specific for a conserved epitope on the core
oligosaccharides of LPS with which it reacts.
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FIG. 1. Amino acid sequences of peptides employed in this study. DAB,
a,y-diaminobutyric acid; X, 6-methyl/heptanoyloctanoyl; Thr, threonine; Phe,
phenylalanine; Leu, leucine; Lys, lysine; Cys, cysteine.

Sera. Sera from 10 normal adult donors were screened by ELISA for antibody
reactivity with E. coli O111:B4 LPS. The serum sample with the lowest binding
activity was used in subsequent experiments requiring LPS and fresh normal
human serum (NHS). Sera were frozen at —35°C prior to use.

CHO-CD14 and CHO-NEO cells. CHO-K1 cells were cotransfected, as de-
scribed earlier (5), with the ¢cDNA for human CD14 using the mammalian
expression vector pcDNAI (pCD14) and the plasmid kKoNeo, which encodes
the gene for neomycin phosphotransferase and confers resistance to G418. This
cotransfected cell line expresses mCD14 and is referred to as CHO-CD14. A
second, control cell line, CHO-NEO, was transfected with the pKoNeo plasmid
alone and does not express mCD14. CHO-CD14 and CHO-NEO cells were
incubated in Ham’s F-12 medium (BioWhittaker, Walkersville, Md.) containing
10% fetal calf serum (HyClone, Logan, Utah) and 100 mg of ciprofloxacin per
ml.

PBMC. PBMC were obtained by leukapheresis of fresh human blood, and
monocytes were purified by counterflow centrifugal elutriation, as described
elsewhere (20). Elutriated PBMC were enriched to >90%, as determined by cell
morphology, nonspecific esterase staining, and detection of appropriate cell
markers by flow cytometry. The purification procedure did not result in PBMC
activation, as documented by the fact that <2% of cells incubated overnight at
37°C were IL-2 receptor-positive, a sensitive measure of monocyte activation
37).

Uptake of FITC-conjugated LPS by CHO-CD14 cells, CHO-NEO cells, and
PBMC. Our operational definition of LPS uptake, i.e., cell-associated fluores-
cence in excess of background, did not distinguish fluorescence signal originating
inside the cell (internalized LPS) from that externally attached to the cell (mem-
brane-bound LPS) (21). CHO-CD14 and CHO-NEO cells were washed twice
with Hanks balanced salt solution (HBSS) and adjusted to 107 cells/ml in cold
HBSS immediately prior to use. Elutriated PBMC were washed twice with
HBSS, resuspended in HBSS containing 1% fetal calf serum, and incubated for
2 h at 37°C in an atmosphere containing 5% CO,. Nonadherent cells were
removed by vigorous washing with warm HBSS, and adherent PBMC were
recovered by using a rubber policeman and adjusted to 107 cells/ml in RPMI
1640. FITC-conjugated LPS (1 pg/ml) were preincubated for 15 min at 37°C with
PMB or SAEP at concentrations of 100, 10, and 1 pg/ml in the presence or
absence of NHS at concentrations of 10, 1.0, and 0.1% (vol/vol). These mixtures
were then added to 10° cells and further incubated for 30 min at 37°C. To
evaluate the combined effects of SAEP and MAb WN1 222-5 on the cell uptake
of LPS, mixtures of FITC-conjugated LPS and SAEP were incubated for 15 min
at 37°C with equal volumes of serially diluted MAb WN1 222-5 prior to the
addition of cells and further incubation for 30 min at 37°C. Postincubation, the
cells were washed twice with cold HBSS, fixed in 1% paraformaldehyde solution,
and examined by flow cytometry or laser scanning confocal microscopy (see
below).

Flow cytometry. The fluorescence emission of 5,000 cells per gated sample of
PBMC, CHO-CD14 cells, or CHO-NEO cells was quantified, as previously
described (21), by using a flow cytometer and Consort 30 software (FACScan;
Immunocytochemistry Systems Division, Becton Dickinson, Oxnard, Calif.).

Laser scanning confocal microscopy. Three hundred thousand CHO-CD14
cells were exposed to 1 pg of FITC-conjugated E. coli O111:B4 LPS per ml for
30 min at 37°C in the presence of 10% NHS following preincubation of the LPS
at 37°C for 15 min with 100 pg of SAEP, nonsense peptide, PMB, or medium per
ml. After incubation, further LPS uptake was prevented by the addition of 2 ml
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FIG. 2. Inhibitory effects of various peptides on the uptake of FITC-conjugated E. coli O111:B4 LPS by CHO-CD14 cells (left side of figure) and by human PBMC
(right side of figure) in the presence of different concentrations of NHS. FITC-conjugated LPS (1 pg/ml) was preincubated with peptides, in the presence or absence
of NHS, at 37°C for 15 min, and the mixture was then added to cells and incubated at 37°C for an additional 30 min. Cell-associated fluorescence was measured by
flow cytometry, and the data are expressed as the MFI. Panels A to D document the influence of PMB, SAEP-4, SAEP-2, and “nonsense peptide,” respectively, on
the cell uptake of LPS. The P value shown in parentheses below each horizontal axis indicates the statistical significance, determined by two-way ANOVA, of differences
in MFI produced by the material specified for that axis. N.S., not significant (P > 0.05).

of HBSS at 4°C. The cells were then washed twice with phosphate-buffered saline
and resuspended in 1% paraformaldehyde solution. One-micron optical slices of
CHO-CD14 cells at their greatest diameter were generated with a Zeiss Axiovert
35, Laser-Sharp MRC-600 confocal microscope (Bio-Rad Laboratories, Glatt-
brugg, Switzerland). Further computer image processing was performed with
Confocal Assistant 3.10 (Bio-Rad) and Adobe Photoshop (Adobe Systems, Sali-
nas, Calif.).

IL-6 assay. CHO-CD14 or CHO-NEO cells were suspended in Ham’s F-12
medium (BioWhittaker) containing 10% fetal calf serum and dispensed into
24-well culture plates (Costar, Cambridge, Mass.) at a cell density of 5 X 10° cells
per 500 pl of medium. The cells were then incubated overnight at 37°C in an
atmosphere containing 5% CO, and washed twice with serum-free Ham’s F-12
medium prior to use. Similarly, 10° freshly obtained PBMC, suspended in serum-
free Dulbecco’s modified essential medium (BioWhittaker), were dispensed into
24-well plates prior to use. Unlabeled E. coli O111:B4 LPS was preincubated at
a concentration of 1 pg/ml for 15 min at 37°C with PMB, SAEPs, or nonsense
peptide at final concentrations of 100, 10, 1.0, and 0.1 pg/ml in the presence of
NHS at final concentrations of 10, 1, and 0.1% (vol/vol). Medium controls were
included with each assay. The incubation mixtures containing LPS and inhibitors
were then added to CHO-CD14 cells or PBMCs and further incubated at 37°C
for 2 h. Cell-free supernatants were collected and stored at —35°C prior to assay.
IL-6 determinations were performed on supernatants from LPS-exposed CHO-
CD14 cells and PBMC employing the B9 cell bioassay as previously described
(19).

TNF-a bioassay. TNF-a bioactivity was measured as cytolysis on actinomycin
D-sensitized L-929 fibroblasts according to the procedure of Ruff and Gifford
(26). One unit of TNF-a bioactivity was expressed as the reciprocal of the titer
that produced 50% cytolysis, based upon twofold dilutions of tissue culture
supernatants. This endpoint corresponded to 1 to 10 pg of recombinant human
TNF-a standard (Endogen, Boston, Mass.) per ml. The data were expressed as
a percentage of TNF-a present in a control sample obtained from cells stimu-
lated with 1 pg of LPS per ml in the absence of peptides and antibodies. The
specificity of the assay was verified by using a neutralizing MAD against recom-
binant human TNF-a (Endogen).

Statistics. Mean IL-6 or TNF-a concentrations of triplicate samples were
compared by an unpaired Student’s ¢ test (Microsoft Excel 5.0; Microsoft, Red-
mond, Wash.). Representative histograms generated by flow cytometric analysis
of 5,000 cell samples were compared statistically by the Kolmogorov-Smirnov
test employed in conjunction with FACScan Consort 30 software to confirm
apparent differences in median fluorescence intensity (MFI). The statistical

significance of peptide, serum, and antibody effects on LPS uptake and LPS-
induced cytokine release was determined by two-way analysis of variance
(ANOVA). In addition, the effects of SAEP-2, SAEP-4, PMB, and nonsense
peptide on LPS uptake and LPS-induced cytokine secretion in the absence of
serum were evaluated by one-way ANOVA.

RESULTS

Inhibitory effects of PMB, SAEPS, and anti-LPS MADb on
target cell uptake of FITC-conjugated LPS. PBMC were em-
ployed here because they are naturally occurring LPS target
cells and express mCD14, a functionally active LPS receptor.
CHO-CD14 cells were evaluated in parallel with PBMC be-
cause transfection of human CD14 into CHO fibroblasts trans-
fers monocyte/macrophage-like responsiveness to otherwise
LPS-unresponsive cells. CD14-transfected CHO cells that ex-
press this single leukocyte-specific gene product on their sur-
face provide a nonleukocyte cell line that produces no other
known LPS binding or signaling proteins. Moreover, the vec-
tor-transfected CHO-NEO cell line, which does not express
mCD14, is an ideal control for CD14-transfected CHO cells.

CHO-CD14 cells (left side of Fig. 2) and PBMC (right side
of Fig. 2) exhibited similar patterns of uptake of FITC-conju-
gated E. coli O111:B4 LPS, characterized by marked serum
enhancement consistent with the previously documented me-
diation of most of this uptake by serum-associated LBP and
cell-associated mCD14. Although the magnitude of LPS up-
take was greater among CHO-CD14 cells than in PBMC, up-
take was inhibited in a dose-dependent manner in the case of
both cell types by PMB and by SAEP-4 (Fig. 2, A and B).
SAEP-2, in contrast (Fig. 2C) inhibited only low-level LPS
uptake noted in the absence of serum (Table 1), while non-
sense peptide (Fig. 2D) produced no significant inhibition of
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TABLE 1. Inhibitory effects of peptides on cell uptake of LPS and LPS-induced cytokine secretion in the absence of serum

Significance of peptide-mediated inhibition (P)*

FPSrelated activity Polymyxin B SAEP-4 SAEP-2 Nonsense

peptide
Uptake by CHO-CD14 cells <0.0001 <0.0001 0.0387 0.2506
Uptake by PBMC <0.0001 <0.0001 0.0294 0.3583
Uptake by CHO-NEO cells <0.0001 <0.0001 0.0894 0.4376
IL-6 secretion by CHO-CD14 cells 0.0147 0.0013 0.0098 0.8283
IL-6 secretion by PBMC <0.0001 <0.0001 0.0473 0.2202
IL-6 secretion by CHO-NEO cells 0.0064 0.0139 0.0684 0.6037
TNF-a secretion by PBMC <0.0001 <0.0001 0.3872 0.4461

¢ P value based upon one-way ANOVA.

LPS uptake in the presence or absence of serum (Fig. 2, Table
1).

In contrast with CHO-CD14 cells, vector-transfected CHO-
NEO cells took up substantially less LPS, and this uptake was
inhibited rather than enhanced by serum (data not shown).
Despite the distinctive features of low-level LPS uptake by
CHO-NEO cells, this uptake was inhibited by PMB and
SAEP-4 (data not shown; also see Table 1) but not by SAEP-2
or nonsense peptide (data not shown; also see Table 1).

In a separate set of experiments (Fig. 3), various concentra-
tions of synthetic peptides and LPS core-specific MAb were
incubated, singly or in combination, with 1 pg of FITC-conju-
gated LPS per ml in 10% NHS, prior to addition of the LPS-
containing mixtures to CHO-CD14 cells or PBMC and further
incubation at 37°C for 30 min. Under these serum conditions,
PMB and SAEP-4 (Fig. 3A and B), but not SAEP-2 or non-
sense peptide (Fig. 3C and D), inhibited the uptake of FITC-

CHO-CD14 Cells

LPS by CHO-CD14 cells and PBMC in a dose-dependent
fashion. Also documented was dose-related inhibition of LPS
uptake by the endotoxin core-specific MAb, WN1 222-5 (Fig.
3A to D), and the additive or synergistic inhibitory effects of
MADb and PMB or SAEP-4 (Fig. 3A and B), but not SAEP-2 or
nonsense peptide (Fig. 3C and D).

Inhibitory effects of PMB, SAEPS, and anti-LPS MAb on
LPS-induced cytokine release by LPS target cells. CHO-CD14
cells and PBMC both released IL-6 in response to stimulation
with LPS (Fig. 4). In both cases, the pattern of IL-6 release
corresponded to that observed for LPS uptake. Like LPS up-
take, LPS-induced IL-6 release was enhanced by serum and
inhibited by PMB and SAEP-4 (Fig. 4A and B). Moreover,
SAEP-2 inhibited low-level LPS-induced IL-6 release only in
the absence of serum (Fig. 4C and Table 1) compared with
nonsense peptide, which produced no significant change in the
production of LPS-induced IL-6 (Fig. 4D and Table 1). LPS-

FIG. 3. Inhibitory effects of various peptides, alone or in combination with LPS core-specific MAb (WN1 222-5) on the uptake of FITC-conjugated E. coli O111:B4
LPS by CHO-CD14 cells (left side of figure) and by PBMC (right side of figure). See Fig. 2 legend for experimental procedures, except that NHS was held constant
in this experiment at 10% (vol/vol) and WN1 222-5 was introduced at various concentrations as shown. Panels A to D document the influence of PMB, SAEP-4, SAEP-2,
and “nonsense peptide,” respectively, on the cell uptake of LPS. The P values shown in parentheses below each horizontal axis indicate the statistical significance, as
determined by two-way ANOVA, of differences in MFI produced by the material specified for that axis. N.S., not significant (P > 0.05).



VoL. 68, 2000

CHO-CD14 Cells

IL-6 (ng/ml)

IL-6 (ng/ml)
IL-6 (ng/mi)

1IL-6 (ng/mi}

IL-6 (ng/m})
IL-6 (ng/mi)

IL-6 (ng/mi)
IL-6 (ng/mi)

ANTIENDOTOXIN PEPTIDES AND CELL RESPONSES TO LPS

1659

N H

& 2D B

? 2 R

> E,\. },

© g g

3 6 8
< N

Pyg , 10 (%)
( B (llg/,.n;) ) 001)
P<0.09 1 s
D
T H
3 ) g
g g
° 2 2
o 9 ©
N 3

FIG. 4. Inhibitory effects of various peptides on LPS-induced IL-6 production by CHO-CD14 cells (left side of figure) and by human PBMC (right side of figure)
in the presence of different concentrations of NHS. E. coli O111:B4 LPS at 1 pg/ml was preincubated with peptides in the presence or absence of NHS at 37°C for 15
min, and the mixture was then added to cells and incubated at 37°C for an additional 2 h in an atmosphere containing 5% CO,. The supernatants were collected and
IL-6 concentration measured by using the B9 cell proliferation assay. The data shown are representative of those obtained in three similar experiments. Panels A to
D document the influence of PMB, SAEP-4, SAEP-2, and “nonsense peptide,” respectively, on LPS-induced IL-6 release. The P values shown in parentheses below
each horizontal axis indicate the statistical significance, as determined by two-way ANOVA, of differences in IL-6 concentration produced by the material specified for

that axis. N.S., not significant (P > 0.05).

induced IL-6 release by CHO-NEO cells followed the pattern
of low-level LPS uptake exhibited by these cells, namely, se-
rum-independence or slight serum-inhibition and susceptibility
to inhibition by PMB and SAEP-4 (data not shown) but not by
SAEP-2 or nonsense peptide (data not shown; also see Table
1). Like LPS uptake, LPS-induced IL-6 release by CHO-CD14
cells and PBMC was susceptible to inhibition by the LPS core-
specific MAb, WN1 222-5, and the inhibitory activity of this
MAD appeared to be additive or synergistic with that of PMB
and SAEP-4 (Fig. 5A and B), but not with SAEP-2 or nonsense
peptide (Fig. 5C and D).

LPS-induced TNF-a release by PBMC (Fig. 6) was also
susceptible to inhibition by PMB and SAEP-4 alone and in
combination with anti-LPS MADb, suggesting a pattern and
mechanism of inhibition similar to that produced in the case of
IL-6.

Laser scanning confocal microscopic images of CHO-CD14
cells exposed to FITC-LPS in the presence or absence of PMB,
SAEPS, and anti-LPS MAb. Confocal microscopy of LPS-ex-
posed CHO-CD14 cells was carried out to confirm flow cytom-
etry data and to establish patterns of LPS uptake and the
impact on that uptake of synthetic peptides and anti-LPS
MADb. After 30 min of incubation at 37°C in the presence of 1
pg of FITC-conjugated E. coli O111:B4 LPS per ml and 10%
NHS, CHO-CD14 cells exhibited marked accumulations of
fluorescently labeled LPS in association with both the cell
surface and cell interior (Fig. 7A). Preincubation of LPS with
100 pg of PMB (panel B), SAEP-4 (panel D), or MAb WNI1
222-5 (panel F), but not SAEP-2 or nonsense peptide (panels
C and E), per ml substantially reduced the amount of labeled
LPS associated with external and internal cell surfaces. Prein-

cubation of FITC-LPS with a combination of MAb WN1 222-5
and PMB (Fig. 7G) or SAEP-4 (panel H) appeared to produce
greater inhibition of LPS uptake than did any individual agent.

DISCUSSION

We previously documented that certain LPS core- and O-
side-chain-specific antibodies, including the WN1 222-5 core-
specific MAD evaluated here, were capable of blocking CD14-
mediated cell recognition and uptake of LPS in vitro (20, 21).
This resulted in the modulation of LPS-induced TNF-a pro-
duction by PBMC and the inhibition of nuclear factor-xB
translocation in CHO-CD14 fibroblasts (20, 21). In the present
study, analogous antiendotoxin activities were expressed by the
PMB-like synthetic peptide, SAEP-4, to a lesser extent by
SAEP-2, and by PMB itself. These peptide molecules, espe-
cially SAEP-4 and PMB, downregulated serum-dependent
LPS uptake by target cells expressing mCD14, and this corre-
lated with the inhibition of LPS-induced release of IL-6 (CHO-
CD14 cells and PBMC) and TNF-a (PBMC). Both SAEP-4
and PMB appeared to act additively or synergistically with
anti-LPS MAD to produce enhanced endotoxin neutralization.
SAEP-2, in contrast, produced relatively minor decrements in
LPS uptake and LPS-induced cytokine release, in the absence
of serum.

The majority of LPS uptake and LPS-induced cytokine re-
sponses blocked by SAEP-4 and PMB appeared to be CD14-
mediated and serum (LBP)-dependent (9, 14, 30). Low-level,
serum- and CD14-independent LPS responses by vector-trans-
fected CHO-NEO cells were partially inhibited by SAEP-4 and
PMB. SAEP-2, like SAEP-4 and PMB, exhibited compara-
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FIG. 5. Inhibitory effect of various peptides, alone or in combination with LPS core-specific MAb (WNI1 222-5), on LPS-induced IL-6 production by CHO-CD14
cells (left side of figure) and by human PBMC (right side of figure). See Fig. 4 legend for experimental procedures, except that in this experiment the concentration
of NHS was held constant at 10% (vol/vol), and the concentration of WN1 222-5 was varied as indicated. The data shown are representative of those obtained in three
similar experiments. Panels A to D document the influence of PMB, SAEP-4, SAEP-2, and “nonsense peptide,” respectively, on LPS-induced IL-6 release. The P values
shown in parentheses below each horizontal axis indicate the statistical significance, as determined by two-way ANOVA, of differences in IL-6 concentration produced

by the material specified for that axis. N.S., not significant (P > 0.05).

tively minor yet significant anti-LPS activities in the absence of
serum (Table 1), suggesting that peptide-associated endotoxin
neutralization may occur in conjunction with LPS recognition
factors other than CD14.

In this study, serum augmented LPS uptake and LPS-in-
duced IL-6 generation by CHO-CD14 cells and PBMC, while
appearing to enhance the inhibitory effects of PMB and
SAEP-4 on these LPS-related activities. This was in striking
contrast with certain previous studies (2, 38) which reported
that serum actually attenuated the LPS binding and neutraliz-
ing capacity of PMB and SAEPs. These apparent discrepancies
may have been based simply on differences in the order in
which reactants were combined in various studies. In our ex-
periments, for example, LPS and peptides were combined
prior to the addition of serum and cells, while in the earlier
studies serum was added to LPS before the addition of matrix-
bound peptides (2). In the latter case, it has been suggested
that LBP contained in serum competed with synthetic peptides
for binding sites on LPS and in so acting attenuated the LPS-
inhibitory function of the peptides (38).

Our in vitro data comparing SAEP-2 and SAEP-4 suggest
that peptides with analogous physical properties (22, 23, 27),
including similarly high binding affinities for LPS (lipid A),
may exhibit quite different inhibitory activities against LPS
uptake by CD14-expressing target cells and the resulting LPS-
induced release of proinflammatory cytokines. The greater an-
ti-LPS activity of SAEP-4 compared with SAEP-2 revealed in
these in vitro assays may be accounted for in part by the lower
solubility of SAEP-4 (32), a characteristic which likely facili-
tates the precipitation and removal of SAEP-LPS complexes
once formed.

% of TNF-alpha
% of TNF-alpha

% of TNF-alpha
% of TNF-alpha

% of TNF-alpha
% of TNF-alpha

% of TNF-alpha
% of TNF-alpha

FIG. 6. Inhibitory effects of various peptides, alone or in combination with
LPS core-specific MAb (WN1 222-5), on LPS-induced TNF-a production by
human PBMC. See Fig. 4 legend for experimental procedures, except for the
following: (i) in this experiment the concentration of NHS was held constant at
10% (vol/vol), and the concentration of WN1 222-5 was varied as indicated, and
(ii) supernatant TNF-o concentrations were measured by using the 1929 cell
cytotoxicity assay. The P values shown in parentheses below each horizontal axis
indicate the statistical significance, as determined by two-way ANOVA, of dif-
ferences in TNF-a concentration produced by the material specified for that axis.
N.S., not significant (P > 0.05).



FIG. 7. Laser scanning confocal microscopic images of representative CHO-CD14 cells exposed to 1 pg of FITC-conjugated E. coli O111:B4 LPS per ml in the presence or absence of various peptides and LPS core-reactive

MAb WNI1 222-5. LPS was preincubated at 37°C for 15 min, with or without peptide and/or anti-LPS MAD, in the presence of 10% (vol/vol) NHS. The mixture was then added to CHO-CD14 cells, followed by further incubation
at 37°C for 30 min. Panels A to H show reaction mixtures containing, in addition to FITC-LPS, 10% NHS, and cells, the following reactants: A, none; B, PMB; C, SAEP-2; D, SAEP-4; E, “nonsense peptide”; F, anti-LPS MAb;
G, PMB plus anti-LPS MAD; and H, SAEP-4 plus anti-LPS MAb. Single cells averaging 15 um in diameter appear in each panel. A representative cell is shown for each specified set of conditions, selected from among at least
50 randomly observed cells. The experiment was repeated twice with similar results. Fluorescence intensity is color coded on a linear scale as follows: red > yellow > green > blue > black (background).
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The antiendotoxin activities of SAEPs may also appear dis-
cordant in in vitro settings compared with in vivo settings. In
the present study, for example, SAEP-2 failed to inhibit cellu-
lar uptake of LPS and LPS-induced cytokine release in vitro, in
the presence of serum, while in previous in vivo studies (2, 27),
SAEP-2 inhibited LPS-induced TNF-«a release, and in an un-
published series of in vivo experiments (N. Koles and M. Pol-
lack, unpublished data), SAEP-2 significantly reduced LPS-
related mortality in galactosamine-sensitized mice. In contrast,
while SAEP-4 consistently inhibited cell uptake of LPS and
LPS-induced cytokine expression in vitro, this peptide demon-
strated weak or nonexistent protection against LPS-induced
mortality in mice (Koles and Pollack, unpublished).

The striking and somewhat unexpected functional differ-
ences between SAEP-2 and SAEP-4 with respect to in vitro
and in vivo anti-LPS activity prompt speculation concerning
alternative mechanisms of peptide-mediated protection unre-
lated to the inhibition of LPS uptake by cells via mCD14. One
possible starting point for such speculation is the previous
observation that PMB inhibits protein kinase C (PKC), a key
intracellular signal-transducing molecule implicated in cell ac-
tivation induced by LPS (6, 8) and by phorbol myristate acetate
(10, 16). Preliminary results from our laboratory (A. Iwagaki,
unpublished data) indicate that SAEP-2, SAEP-4, and PMB all
inhibit PKC, and this PKC-inhibitory activity correlates with
peptide-mediated inhibition of PMA- or LPS-induced TNF-a
production by PBMC and by THP-1 macrophages. Particularly
striking in these experiments is the fact that SAEP-2 proved to
be a more potent inhibitor of PKC compared with SAEP-4,
suggesting a possible basis for the apparent differences be-
tween the anti-endotoxin activities of these two peptides.

In summary, certain SAEPs exhibiting high-affinity binding
to the phylogenetically conserved lipid A moiety of LPS, like
the prototype molecule, PMB, and the LPS core-reactive
MAD, WNI1 222-5, are capable of blocking LPS uptake by cells
expressing membrane-bound CD14 and thereby preventing the
LPS-induced release of proinflammatory cytokines. SAEP-me-
diated endotoxin neutralization is enhanced, in general, by low
concentrations of human serum, and is additive or synergistic
with antibody-mediated neutralization. Apparent differences
among SAEPs with regard to the inhibition of LPS uptake and
LPS-induced cytokine release in vitro may relate in part to
physical properties other than simple peptide affinity for lipid
A, or to differential peptide influences on proinflammatory cell
responses not based solely on the recognition and uptake of
LPS per se. The endotoxin-neutralizing, antiinflammatory, and
nontoxic properties of selected SAEPs make them attractive
candidates for adjuvant therapy in gram-negative sepsis.
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