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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. 

B 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 (xg/ml, rising to 50 (xg/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 

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, CD 14 (7). 

The NH2-terminal sequence of rabbit 
LBP (2) is similar to the NH2-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 XgtlO 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 

Rabbit LBP 
Human LBP 
Human BPI 

Fig. 1. Comparison of the deduced amino acid sequences of human LBP, rabbit LBP, and human BPI. 
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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m. 2. The potentiating dca of rabbit LBP on 
LPS (0lll:M)-induced TNF production by ex- 
planted rabbit PEM (18). Cells werc treated with 
Olll:B4 LPS in the p m c e  or absence of rabbit 
LBP (0.1 pglml); conditioned medium was har- 
vcstcd at various timcs between 0 and 8 hours for 
the TNF assay (A, LBS-LBP, 1 ng of LPS per 
milliliter; 0, LPS, 1 ng of LPS per milliliter; @, 
100 ng of LPS per milliliter). Total RNA was 
isolated and Nonhem blot analysis was per- 
formed, as dcdbcd  (20). The e!iect of LBP 
shown here requires active LBP and is spade, 
since replacement of LBP (90°C, 30 rnin) that 
does not bind LPS or BPI (up to 10 Wml) did 
not change the response to LPS. Data shown are 
m a n  values of duplicate assays and are repre- 
X ~ M ~ ~ V C  of two w t s  PerfofKicd with 
Olll:B4 LPS (mRNA and TNF activity mea- 
suremcms). 

residues. The mature protein contains fbur 
cysteines and five potential glycosylation 
sites. This sequence was conlinned as hu- 
man LBP by the purification and microse- 
quencing of LBP from human acute phase 
senun (2, 3). The sequence of the NH2- 
terminal 15 residues was identical to the 
encoded cDNA sequence (14). 

Rabbit LBP D N A  clones were isolated 
from a AgtlO 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 hgment from the 
human LBP cDNA done 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 subdoned 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 

m. 3. The effect of immunodepletion of LBP on LPS-induced TNF production in whole rabbit blood. 
Heparinized (10 Ulml) rabbit blood (New Zcalvld White rabbits, rnak, 2.5 kg) was used as a source of 
platelet-fke plasma (PFP). IgG fractions of the following goat polyclonal antibodies: (i) nonimmune 
IgG (A), (ii) antibody to rabbit IgG (A), (iii) antibody to rabbit fibmnectin (D), (iv) antibody to 
rabbit LBP (W), or (v) pyrogen-ftre d e  saline (@) were added to PFP as 10 mglrnl solutions to a 
h a l  concentration of 2 mgtrnl. B e k  use of the IgG, preparations werc treated to remove LPS (23). 
Antibody-treated or control PFP solutions were maintained at 4°C for 18 hours and then c e n a g e d  at 
14,OOOg. On the morning of the experiment, heparinked rabbit blood was again collected from the 
same animal, and ceUs separated from plasma as follows: 200g followed by resuspension of cells in 
RPMI 1640 and rccenaifugation (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 (0)  incubated 
with various concentrations of LPS from S, minnesou Re595 (2) or with heat-killed S. aureus (2) for 6 
hours. Cell-fke supernatants were collected and assayed for TNF (24). The initial sample of Mood and 
all subsequent plasma and solutions contained heparin (10 Ulml) and 10 ph4 indomcthacin. 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 NH2-terminal end of natural rabbit LBP 
(2)- 

Sequence comparisons (Fig. 1) for LBP 
and BPI reveal 69% amino acid identity 
(78% nudeotide identity) baween rabbit 
and human LBP, and 40% and 44% identity 
between rabbit and human LBP, respective- 
ly, with human BPI (9). These results con- 
6rm 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 amsport 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 fbrms high-a6inity 
complexes with LBP in acute phase serum 
and in solution when @ed LBP and LPS 
are mixed (2, 4). Polydonal antibody to 
LBP (anti-LBP) immmoprecipitates R- and 
S-fbnn LPS from mixtures of LPS and 
normal rabbit plasma (1 7). Because macro- 
phages bind particles containing LBP-LPS 
complexes (4, 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 df' 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 01 1 l:B4) in 
the presence and absence of highly purified 
rabbit LBP (2) (Fig. 2). LBP enhanced 
LPS-induced TNF production; TNF levels 
increased b m  slightly above base line (-40 
Ulml) to 10,000 Ulml. This is accompanied 
by an increase in the rate and extent of TNF 
mRNA induction and occurs with a concen- 
tration of LBP fbund in normal serum (2). 
Exposure of PEMs to 01 11 :B4 (1 nglml) 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 bload ex vivo, and this model system 
approximates in vivo conditions (19). Im- 
munodepletion of LBP fiom 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 
experhents 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 
irnmunodepletion also inhibited TNF pro- 
duction induced with LPS isolated from S- 
form organisms (Salmonella abortus equi or 
~almonel?a typhimuvium). 

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 mono&tic 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 mav also rise. which would ~rovide  an 
additioial defensd mechanism &rough its 
opsonic activity (6). The molecular details of 
LPS-LBP interactions will probably provide 
new approaches to managkg the problems 
of Gram-negative sepsis and endotoxin 
shock. 

REFERENCES AND NOTES 

1. B. Sherry and A. Cerami, J. Cell Biol. 107, 1269 
11988). 
\ -  --, 

2. P. S. Tobias, K. Soldau, R.  J. Ulevitch, J. Exp. Med. 
164, 777 (1986). 

3. P. S. Tobias, K. P.  W. J. McAdam, K. Soldau, R. J. 
Ulevitch, Infect. Immun. 50, 73 (1985) 

4. P. S. Tobias, K. Soldau, R. J. Ulevitch, J. Biol. 
Chem. 264, 10867 (1989). 

5. G. Ramadori, K.-H. Meyer zum Buschenfelde, P. S. 
Tobias, J. C. Mathison, R. J. Ulevitch, Pathobiology 
58, 89 (1990). 

6. S. Wright, P. S. Tobias, R. J. Ulevitch, R. A. 
Ramos, J. Exp. Med. 170, 1231 (1989). 

7. S. D. Wright, R. A. Ramos, P. S. Tobias, R. J. 
Ulevitch, J. C. Mathison, Science 249, 1431 (1990). 

8. P. S. Tobias, J. C. Mathison, R. J. Ulevitch, J. Biol. 
Chem. 263, 12479 (1988). 

9. P. W. Gray et al., ibid. 264, 9505 (1989). 
10. The human liver cDNA library was screened with 

nvo svnthetic olieonucleotide ~robes: LBP-I lamino 
acid iesidues 1 t g  20 1 2 1 :  I ~ ' ~ A C C ~ C C ~ G G C -  

[amino acid residues 21 to 39 (2)]:(5'-GGGCTGC- 
TGGCTCTGCAGAGGAAGCTGAAGGGGG- 
TCACGCITCCTGACTTCGATGGC). Radiola- 
beling of the probes with "P was performed as 
described (9). 

11. P. W. Gray et al., Nature 312, 721 (1984). 
12. T. Maniatis et al., Cell 15, 687 (1978). 
13. A. J. H .  Smith, Methods Enrymol. 65, 560 (1980). 

14. Human LBP was puritied from human acute phase 
serum by methods described for rabbit LBP (2) that 
utilized Biorex-70 and MonoQ high-performance 
liquid chromatography. The NHz-terminal se- 
quence of human LBP determined by microse- 
quencing from a protein sample separated by elec- 
trophoresis in SDS-polyacrylamide gel electropho- 
resis (SDS-PAGE) (2) is ANPGLVARITDKGLQ. 

15. D. Drayna et al., Nature 327, 632 (1987). 
16. J. Devereux, P. Haeberli, P. Marquess, Nucleic Acids 

Res. 12, 387 (1984). 
17. R. J. Ulevitch, unpublished data. 
18. J. C. Mathison, E. Wolfson, R. J. Ulevitch, J. Clin. 

Invest. 81, 1925 (1988). 
19. C. E. Desch et al., Lymphokine Rex. 8, 141 (1989). 
20. J. C. Mathison et al., J. Clin. Invest. 85, 1108 

(1990). 
21. T. N. Kirkland et al., J. Biol. Chem. 265, 9520 

(1990); S. Hara-Kuge, F. Amano, M. Nishijima, Y. 

Akamatsu, ibid., p. 6606; R. Y. Hampton, D. T. 
Golenbock, C. R. H .  Raetz, ibid. 263, 14809 
(1988); M. G. Lei and D. C. Morrison, J. Immunol. 
141, 996 (1988). 

22. Single-letter abbreviations for the amino acid resi- 
dues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H,  His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; 
P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, 
Trp; and Y, Tyr. 

23. T. E. Karplus, R. J. Ulevitch, C. B. Wilson, J. 
Immunol. Methods 105, 211 (1987). 

24. T. Espevik and J. Nissen-Meyer, ibid. 95,99 (1986) 
25. Supported in part by USPHS grants AI 15136, GM 

28485, AI 25563, AI 22003, and AI 24775. This is 
publication number 6355-IMM of the Research 
Institute of Scripps Clinic, Department of Immunol- 
ogy. 

10 April 1990; accepted 3 July 1990 

CD14, a Receptor for Complexes of 
Lipopolysaccharide (LPS) and LPS Binding Protein 

Leukocytes respond to lipopolysaccharide (LPS) at nanogram per milliliter concentra- 
tions with secretion of cytokines such as tumor necrosis factor* (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. 

L IPOPOLYSACCHARIDE BINDING PRO- 

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 coatkd ~ a r t i -  
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 monocvtes 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), CDllblCD18 (CR3), 
CD18, or HLA caused no diminution of the 
binding of ELBPs (Fig. 1). However, three 
separate MAbs to C ~ 1 4  caused strong 
down-modulation of the bindlng of ELBP, 
suggesting that expression of CD14 on the 
apical surface of the macrophage is necessary 
for recognition of ELBPs. 

u 

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 MAbs 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 pglml 
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