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The primary structure of lipopolysaccharide binding protein (LBP), a trace plasma
protein that binds to the lipid A moiety of bacterial lipopolysaccharides (LPSs), was
deduced by sequencing cloned complementary DNA. LBP shares sequence identity
with another LPS binding protein found in granulocytes, bactericidal/permeability—
increasing protein, and with cholesterol ester transport protein of the plasma. LBP
may control the response to LPS under physiologic conditions by forming high-
affinity complexes with LPS that bind to monocytes and macrophages, which then
secrete tumor necrosis factor. The identification of this pathway for LPS-induced
monocyte stimulation may aid in the development of treatments for diseases in which
Gram-negative sepsis or endotoxemia are involved.

OTH INVERTEBRATES AND VERTE-

brates have evolved complex mecha-

nisms to respond to infection with
Gram-negative bacteria. The response is
characterized by initiation of various defense
mechanisms that rely on recognition of lipo-
polysaccharide (LPS or endotoxin), a gly-
colipid present in the outer membrane of all
gram-negative bacteria. The mechanisms of
endotoxin action at the molecular level are
being elucidated, with the identification of
effector molecules, such as tumor necrosis
factor (TNF), that mediate endotoxic effects
(1). Little is known about the protein mole-
cules that specifically recognize LPS and
initiate host responses that either eliminate
the pathogen or result in irreversible shock,
multiorgan failure, and death.

We characterized a trace plasma protein
that binds to LPS [LPS binding protein
(LBP)] (2-4). In many species, including
humans (2, 3), LBP is present in normal
serum at <0.5 pg/ml, rising to 50 pg/ml 24
hours after induction of an acute phase
response. LBP isolated from human or rab-
bit acute phase serum is a 60-kD glycopro-
tein (2) synthesized in hepatocytes as a 50-
kD single-chain polypeptide (5). LBP has a
binding site for lipid A, binding with high
affinity to LPS from rough- (R-) and
smooth- (S-) form bacteria (4). LBP opso-
nizes LPS-bearing particles and intact
Gram-negative bacteria, mediating attach-
ment of coated particles to macrophages.
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This binding occurs via a cellular receptor
that is mobile in the plane of the membrane
(6). Herein we describe the cloning and
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sequencing of LBP cDNA, together with an
analysis of the function of LBP. In the
accompanying report, we provide evidence
that identifies the receptor for LPS-LBP
complexes as the monocytic differentiation
antigen, CD14 (7).

The NH,-terminal sequence of rabbit
LBP (2) is similar to the NH,-terminal end
of human bactericidal/permeability—increas-
ing protein (BPI) (8). A synthetic oligonu-
cleotide was designed that encoded the rab-
bit sequence; nucleotide usage was deter-
mined by those in common with the nucleo-
tide sequence of human BPI ¢cDNA (9), in
order to make a consensus sequence (10). A
human liver ¢cDNA library in Agtl0 was
screened (11, 12), seven hybridizing clones
isolated, and a clone of ~1.7 kb subcloned
into pUC119. Both strands of this clone
were sequenced (13). The deduced amino
acid sequence of this cDNA is shown in Fig.
1. A hydrophobic signal sequence of 25
residues precedes the mature protein of 452

-20 1 10
Rabbit LBP - - - - - T WA RA|LIL|G|S|T sltLiaaalplafaLgTiNPGLl TR TDKGL|E)Y AAR
Human LBP - - - - - AL[ARA|-[LP[S) AlLL LTS ElALGAINPGLV|A|IRI TDKGL|QYAAQ
Human BPl MRENMARGPCN[AIPRWVS[LIMV[L[VAI G AVTAAVINPGIVV/VIRI|S Q|K G L|D|Y A[S|Q
20 30 40 50 60
Rabbit IBP [EGLLALQRK|LLIEVI]TLPD|SDIGDF RI KHF A Q|Y|[k[F Y s LKkliI|PR RGT
Human LBP EGLLALQSELLRITLPDFTGDLRI[EIHV nvEF[ESLN HSC H@ALR
Human BP! qla[T ala L alkle L[k|ri[k1|p 0|y s o s[Flkli_kHL|a/k|glHly/s|F v simplijrE[FlalLP sislal §
70 " 80 90 100 110
Rabbtt LBP [PlLfpcaaL sLpfi sbalv[i|H[v|rialsiwk v R KA RIL|KN|S FDLIY[VKGLT HiLIVIL
Human LBP |[PvPGQGLSLSI SD|SS|l|RV|QGRWKVRK|S|FF Q|G S F D|V|S V K G|I NiL|L|L
Human BPlI v p[nv]a L[k Fls 1 sIN[aIN)i k1 s|a/klwka alkir MS|G/N|F DL S|I E[G/M A D|LK|L
120 130 140 150 160
Rabbtt LBP [GS E|-[ssarpTv[lr[sscssoi]anvElfoi]e -LEE Lasf[oi|oaR[LAE
Human LBP |[GSE/-|SSGRPTIGY|C|L|SCSSDI|AD -(ols NlQ! ES|KF QK
Human BP! las[npTlsaklpTi[Tcsscs s[Hli]ns|vHlvHi slks kv I q K k|I_E S|A[L RINK
170 180 190 200 210
Rabbit LBP K RQ|l |EE A TAHLOPVLQTLPVTTQIDSFAGIDVSLII_VIJEAPRATAG@
Human LBP R QK plLaPyLQTLPVTT|El DSFAD) DYSLVEAPRATAQ
Human BPI mNjisjaVv KVTN KlLQP Y/FlQT L P VIMT/KI DS|VIAGI|NY|GIL VIAP[PIAT(T AJET
220 230 240 250 260
Rabbit LBP [LDVMFKGE! FIPLD/[HRSPVID[FLAPAMNL s[RMVYF|S||l SDYVFNTASL|A
Human LBP L@VMFKGEIFHRNHRSPVTLLAAA---- E/HN KMV Y F|A[l SDYVFNTASLYV
Human BP! |LoviaMrcEe[r vselnnHnlp[prEarplviMEe FlPlala Hio[Rmv ¥t aL]s o v[FlE N T AlGlL v
270 280 290 300 ) 310
Rabbit LBP [Y HK S ITDA v[plaDlL/NT RIRIT TKSFRPFVP|LILAINLYPNMNLEL QG[T
Human LBP |y HElE ITDDMIPPDSNIRLTYKSFRPFVPR RLYPNMNLELQGS
Human BP! |v|ql|e/alglviL/k MT L RIDDMI PIKE[S|KF[RL T T K|F|F|GT|FIL|P|E VIAIKKF[PNMKI QI HV[S
320 330 340 350 360
Rabbit LBP [v|n[s|e o]l vl T e[n L|L E E[P|E EALVVLPSSAREPVFRLGVAT
Human LBP |v|P|sia ,,,//4,;@;,,,4,4 YIME DAFVLLPSSSKEPVFRLS_VAT
Human BPI A s 1 P|P[H|L|S V Q| TGTFY av(olvalarfalve P[Nls slt asLlFfui(gmult]T 6lsimE vs
370 380 390 400 410
Rabbit LBP L RIKI TGFLKPGRLIQVELKESKVGGFNVELLEALLNYYI LNNLYPKVNE
Human LBP F KI TGFLKPGKVKIVELKESKVGILIFNAJELLEALLNYYI LNT[LYPKFIND
Human BPI aAesnNRLVGElL KL o[riL L]e L Wulsini|glrlelplvEL Ljoptr MnY)i vei LviiplRlVNE
420 430 440 450
Rabbit LBP [kL AlHR[FPLPLL|RHIJaL Y DL|L|L QT[HE chmovn
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Fig. 1. Comparison of the deduced amino acid sequences of human LBP, rabbit LBP, and human BPL
The numbering is based on the rabbit LBP sequence, potential glycosylation sites are denoted by shaded
areas, and identical residues are within blocks. The single-letter amino acid code is shown in (22). The
nucleotide sequences are deposited at GenBank and are available on request: accession number M-

35533 (human LBP) and M-35534 (rabbit LBP).
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Fig. 2. The potentiating effect of rabbit LBP on
LPS (0111:B4)-induced TNF production by ex-
planted rabbit PEM (18). Cells were treated with
0111:B4 LPS in the presence or absence of rabbit
LBP (0.1 pg/ml); conditioned medium was har-
vested at various times between 0 and 8 hours for
the TNF assay (A, LBS-LBP, 1 ng of LPS per
milliliter; O, LPS, 1 ng of LPS per milliliter; @,
100 ng of LPS per milliliter). Total RNA was
isolated and Northern blot analysis was per-
formed, as described (20). The effect of LBP
shown here requires active LBP and is specific,
since replacement of LBP (90°C, 30 min) that
does not bind LPS or BPI (up to 10 pg/ml) did
not change the response to LPS. Data shown are
mean values of duplicate assays and are repre-
sentative of two ts performed with

0111:B4 LPS (mRNA and TNF activity mea-
surements).

residues. The mature protein contains four
cysteines and five potential glycosylation
sites. This sequence was confirmed as hu-
man LBP by the purification and microse-
quencing of LBP from human acute phase
serum (2, 3). The sequence of the NH»-
terminal 15 residues was identical to the
encoded cDNA sequence (14).

Rabbit LBP ¢cDNA clones were isolated
from a AgtlO0 library prepared from rabbit
liver RNA that was isolated 24 hours after
the induction of an acute phase response (2).
This library was screened (11, 12) with a
0.9-kb Eco RV-Eco RI fragment from the
human LBP c¢DNA cdone and with the
synthetic oligonucleotide probes used in iso-
lation of human LBP cDNA (10). The 1.8-
kb insert that hybridized with both probes
was subcloned and sequenced (13). The
deduced amino acid sequence for rabbit
LBP is shown in Fig. 1. The encoded se-
quence is similar to the human, with a 26-
residue signal sequence and a 456-residue
mature protein with two cysteines and three
potential glycosylation sites. The first 39
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Flg. 3. The effect of immunodepletion of LBP on LPS-induced TNF production in whole rabbit blood.
Heparinized (10 U/ml) rabbit blood (New Zealand White rabbits, male, 2.5 kg) was used as a source of
platelet-free plasma (PFP). IgG fractions of the following goat polyclonal antibodies: (i) nonimmune
IgG (4), (ii) antibody to rabbit IgG (A), (iii) antibody to rabbit fibronectin (0O), (iv) antibody to
rabbit LBP (M), or (v) pyrogen-free sterile saline (@) were added to PFP as 10 mg/ml solutions to a

final concentration of 2
Antil

14,000¢. On the morning of the iment,

mg/ml. Before use of the IgG, preparations were treated to remove LPS (23).
-treated or control PFP solutions were maintained at 4°C for 18 hours and then centrifuged at
heparinized rabbit blood was again collected from the

same animal, and cells separated from plasma as follows: 200g followed by resuspension of cells in
RPMI 1640 and recentrifugation (800g) and washing two times. The washed cell pellet was then gently
mixed with the immunodepleted PFP (i-v) and an additional sample of rabbit blood (O) incubated
with various concentrations of LPS from S. minnesota Re595 (2) or with heat-killed S. aureus (2) for 6
hours. Cell-free supernatants were collected and assayed for TNF (24). The initial sample of blood and
all subsequent plasma and solutions contained heparin (10 U/ml) and 10 uM indomethacin. Data
shown are the average of two determinations of TNF activity.

residues of the mature protein deduced from
the cDNA match the sequence reported for
the NH,-terminal end of natural rabbit LBP
2.

Sequence comparisons (Fig. 1) for LBP
and BPI reveal 69% amino acid identity
(78% nucleotide identity) between rabbit
and human LBP, and 40% and 44% identity
between rabbit and human LBP, respective-
ly, with human BPI (9). These results con-
firm our earlier hypothesis of - homology
between LBP and BPI (8). Computer
searches of protein sequences revealed that
human LBP also shows sequence identity
with the cholesterol ester transport protein
(CETP) (15) from human plasma. Approxi-
mately 23% of the residues are identical, and
another 23% of the residues are conservative
substitutions (16).

Lipopolysaccharide forms high-affinity
complexes with LBP in acute phase serum
and in solution when purified LBP and LPS
are mixed (2, 4). Polyclonal antibody to
LBP (anti-LBP) immunoprecipitates R- and
S-form LPS from mixtures of LPS and
normal rabbit plasma (17). Because macro-
phages bind particles containing LBP-LPS
complexes (6), LBP might serve as a carrier
protein that brings LPS to the surface of
cells. To determine if LBP participates in
macrophage responses to LPS, we examined
the effect of LBP on LPS-induced TNF
production by peritoneal exudate macro-
phages (PEMs) (18) elicited from rabbits
and also evaluated the effects of polyclonal
anti-LBP on LPS-induced TNF in whole
rabbit blood, ex vivo (19).

We determined the kinetics of TNF
mRNA and protein induction in PEMs by

Northern (RNA) blot analysis and by mea-
suring TNF activity of cell-free supernatants
as described (18, 20). Cells were stimulated
with LPS (from Escherichia coli 0111:B4) in
the presence and absence of highly purified
rabbit LBP (2) (Fig. 2). LBP enhanced
LPS-induced TNF production; TNF levels
increased from slightly above base line (~40
U/ml) to 10,000 U/ml. This is accompanied
by an increase in the rate and extent of TNF
mRNA induction and occurs with a concen-
tration of LBP found in normal serum (2).
Exposure of PEMs to 0111:B4 (1 ng/ml) in
the absence of LBP for up to 12 hours did
not increase TNF above that shown. LBP
alone did not induce detectable TNF
mRNA or protein.

Lipopolysaccharide or heat-killed Staphy-
lococcus aureus induces release of TNF in
whole blood ex vivo, and this model system
approximates in vivo conditions (19). Im-
munodepletion of LBP from normal rabbit
plasma with immunoglobulin G (IgG) puri-
fied from polyclonal goat antibodies to rab-
bit LBP markedly inhibited Salmonella min-
nesota Re595 LPS-induced TNF production
from whole blood cells without changing
the dose-response characteristics for heat-
killed S. aureus—induced TNF (Fig. 3).
These data are representative of LBP im-
munodepletions performed in five separate
experiments with a total of 12 blood donor
rabbits. Addition of nonimmune IgG and
antibody to rabbit IgG or antibody to rabbit
fibronectin had no effect on LPS-induced
TNF induction. The release of TNF by high
concentrations of LPS in LBP-immunode-
pleted samples may occur from cell stimula-
tion via putative LPS receptors that are
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independent of LBP and CD14 (21). LBP
immunodepletion also inhibited TNF pro-
duction induced with LPS isolated from S-
form organisms (Salmonella abortus equi or
Salmonella typhimurium).

The LBP binds to the lipid A moiety of
LPS, and thus to a diverse array of Gram-
negative organisms (4). The sequence iden-
tity to CETP suggests that LBP and CETP
may be members of a family of proteins that
bind to lipids and transport these ligands
that are hydrophobic or amphipathic, or
both, in aqueous environments. Our data
show that LBP functions as a carrier protein
for LPS in plasma and controls LPS-depen-
dent monocytic responses. These data pro-
vide support for a model of LPS-induced
monocytic stimulation under physiologic
conditions, in which LPS first forms high-
affinity complexes with LBP (2, 4), and
these complexes then bind to cells through a
specific receptor (7).

Recognition of the presence of LPS is
important for an efficient response to infec-
tion with Gram-negative bacteria. Thus, a
principal function of LBP may be to en-
hance the ability of the host to detect LPS
early in infection,; release of cellular products
would then enhance natural resistance
mechanisms that combat infection. As LBP
concentrations rise during the acute phase
response, its concentration in extravascular
sites may also rise, which would provide an
-additional defense mechanism through its
opsonic activity (6). The molecular details of
LPS-LBP interactions will probably provide
new approaches to managing the problems
of Gram-negative sepsis and endotoxin
shock.
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CD14, a Receptor for Complexes of
Lipopolysaccharide (LPS) and LPS Binding Protein

SAMUEL D. WRIGHT,* ROBERT A. RaMos, PETER S. TOBIAS,
RicHARD J. ULEvITCH, JOHN C. MATHISON

Leukocytes respond to lipopolysaccharide (LPS) at nanogram per milliliter concentra-
tions with secretion of cytokines such as tumor necrosis factor—a (TNF-a). Excess
secretion of TNF-a causes endotoxic shock, an often fatal complication of infection.
LPS in the bloodstream rapidly binds to the serum protein, lipopolysaccharide binding
protein (LBP), and cellular responses to physiological levels of LPS are dependent on
LBP. CD14, a differentiation antigen of monocytes, was found to bind complexes of
LPS and LBP, and blockade of CD14 with monoclonal antibodies prevented synthesis
of TNF-a by whole blood incubated with LPS. Thus, LPS may induce responses by
interacting with a soluble binding protein in serum that then binds the cell surface

protein CD14.

IPOPOLYSACCHARIDE BINDING PRO-

I tein is a 60-kD serum glycoprotein
that forms high-affinity stoichiomet-

ric complexes with bacterial endotoxin
(LPS) (1, 2). LBP also functions as an
opsonin (3). It binds to the surface of
bacteria or to LPS-coated erythrocytes and
mediates the adhesion of these coated parti-
cles to macrophages. Interaction of LPS-
LBP complexes with macrophages subserves
not only this adhesive function but also
induces the synthesis of TNF by the macro-
phages (4). The molecule on the cell surface
that mediates binding of LBP-coated parti-
cles is restricted to monocytes and macro-
phages, is mobile in the plane of the mem-
brane, and is distinct from receptors for
other known opsonins such as immunoglob-
ulin and complement (FcyRI, FcyRII,
FcyRIII, CR1, and CR3) (3). In order to
determine the role of various surface struc-
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tures in the binding of erythrocytes coated
with LPS-LBP complexes (ELBPs), macro-
phages were allowed to spread on surfaces
coated with monoclonal antibodies (MAbs)
to macrophage surface proteins. Mobile
membrane proteins diffuse to the substrate-
attached portion of a spread macrophage
and are trapped by interaction with the
specific MAb, thus causing the apical surface
to be specifically depleted of a single protein
(5, 6). Depletion of proteins with MAbs to
CD16 (FcyRIII), CD11b/CD18 (CR3),
CD18, or HLA caused no diminution of the
binding of ELBPs (Fig. 1). However, three
separate MAbs to CDI14 caused strong
down-modulation of the binding of ELBP,
suggesting that expression of CD14 on the
apical surface of the macrophage is necessary
for recognition of ELBPs.

For down-modulation to occur, antibody
attached to the substrate must bind recep-
tor, but it need not mask the ligand binding
site of the receptor. Indeed, only two of the
anti-CD14 MADs tested appear to mask the
binding site. Soluble MAb 3C10 and 60b
both caused complete inhibition of binding
of ELBPs to macrophages, with a half-
maximal inhibition occuring at <1 wg/ml
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