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I Introduction 

Endotoxin is part of the Gram-negative bacterial cell wall and can start some of the 
processes that lead in the end to organ failure and death. Higher levels during criti
cal illness, surgery and trauma have been associated with a worse outcome. 

Several natural endogenous substances are thought to be able to neutralize endo
toxin. Many anti-endotoxin trials have failed to show a mortality reduction in sep
sis, and this may be due to the difficulty in intervening once the inflammatory cas
cade has started. 

Current approaches are aimed at reducing endotoxin release, binding free endo
toxin, or altering the cellular response to endotoxin. Elucidation of the endotoxin 
receptor, Toll-like receptor 4 (TLR4), along with the factors that associate with it 
may lead to new theraputic approaches. 

I What is Endotoxin and What Can it do? 

Endotoxin, or lipopolysaccharide ('LPS'), is part of the outer cell wall of Gram-neg
ative bacteria. It consists of 3 parts: a lipid-A region, inner and outer core sugars 
(both of which have similar structures in most Gram-negative bacteria) and a dis
tinct 0 polysaccharide side chain (which varies, acting as the 'fingerprint' of a par
ticular bacterial species). Whilst our own gastrointestinal tracts are sterile when we 
are born [1], once colonized with normal bowel flora, they overwhelmingly repre
sent the largest store of endotoxin. Endotoxin has also been measured at sites of 
Gram-negative infection, in cardiopulmonary bypass circuits and in sterilized drugs 
and fluids. Bacteria can shed endotoxin spontaneously and this process can be ac
celerated by antibiotics ('antibiotic-induced endotoxin release') [2]. 

Endotoxin can Initiate Inflammation 

Endotoxin can initiate many of the pathways thought to cause the changes seen in 
multiple organ dysfunction syndrome (MODS). When given to volunteers in small 
doses (2-4 ng/kg), its effects are similar to those seen in sepsis, but less pro
nounced. These effects include symptoms (headache, chills, myalgia, nausea, 
fatigue, and general malaise) [3] and cardiovascular, respiratory, gastrointestinal, 
immune and hematologic alterations. On a cellular level, these changes in the im-
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Fig. 1. The actions of endotoxin found when human volunteers receive 2-4 ng/kg i.v. BP: blood pressure; 
SVR: systemic vascular resistance; REM: rapid eye movement; CRP: (-reactive protein; ICAM: intercellular 
adhesion molecule 

mune system alert the body to the presence of a foreign substance and activate our 
defense mechanisms (Fig. 1). 

Endotoxin and Organ Failure 

Endotoxin has been found in the blood of surgical patients, patients with pancrea
titis and during Gram-negative, Gram-positive, and fungal sepsis. Several studies 
have found that the degree of trauma is associated with the endotoxin level [ 4]. 
Many studies have found elevated levels are associated with a greater degree of or
gan dysfunction or other measurements of outcome, although this is not a consis
tent finding [5]. According to one theory of organ failure, during critical illness 
and surgery, underperfused gut mucosa becomes permeable allowing bacteria or 
endotoxin contained within the lumen to leak out into the circulation with conse
quent effects [6]. Thus gut-derived endotoxin enters the portal venous and lym
phatic systems, where in health, presumably, much of it is taken up by the liver 
and neutralized by hepatic Kuppfer cells. 
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Fig. 2. A schematic representation of the endotoxin molecule 

Endotoxin Induces Natural Anti-Endotoxin Defenses 

Being a 'foreign' substance, endotoxin induces natural antibodies to the 0-polysac
charide chain, core or lipid-A portions (Fig. 2). As well as antibodies, several blood 
borne substances such as high density lipoprotein cholesterol (HDL-C) and bacteri
cidal permeability increasing protein (BPI, released from neutrophils) bind endo
toxin. Concurrent infusion of these substances reduces the effect of endotoxin in 
volunteers. On the other hand, lipopolysaccharide binding protein (LBP) removes 
endotoxin from HDL-C and presents it to CD14, part of the 'endotoxin receptor 
complex' (including TLR4, MD-2, CD14) on the cell surface, increasing the effect of 
endotoxin [7]. Blocking this pathway reduced endotoxin responsiveness in endotox
in-challenged volunteers [8]. Albumin also binds endotoxin but does not appear to 
reduce its effect: it may facilitate the actions of CD14 and LBP. 

I Endotoxin Receptors 

For a long time, the link between immune stimulation by microorganisms and the 
initiation of host defense was unknown. Recently, a receptor family, homologous to 
the defense receptors called 'Toll' in the fruit fly Drosophila, have been character
ized in mammals [9]. One of these, TLR4, along with the accessory protein MD-2, 
appears to mediate most of the effects of bacterial endotoxin in humans [10]. Two 
TLR4 polymorphisms (Asp299Gly and Thr399Ile) appear to alter endotoxin's effects 
and have been associated with susceptibility to and severity of Gram-negative 
shock [11], urological infections [11, 12] but not meningococcal disease [13]. Fasci
natingly, the Asp299Gly TLR4 polymorphism is associated with a decreased risk of 
atherosclerosis: what you get in one hand is taken away from the other [14]. 

I Previous Anti-Endotoxin Therapies 

The only study that has shown a mortality reduction with a specific anti-endotoxin 
therapy in sepsis was Zeigler's groundbreaking trial [15]. In it, she and her col
leagues took 'control' plasma from young men in San Diego before vaccinating 
them with a mutant JS E. coli endotoxin core-lipid-A preparation. Two weeks later 
they removed more plasma that was used as the 'treatment' plasma. Next, 304 pa
tients were randomized to receive either the 'treatment' or the 'control' antiserum 
for a variety of indications considered to be indicative of Gram-negative sepsis. The 
'treatment' plasma was given to 109 patients with Gram-negative bacteremia whilst 
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103 patients had the 'control'; the treatment group mortality was 22% compared to 
39% in the controls. The main criticism made of this study, published in 1982, was 
that no intention to treat analysis was performed: the outcome data were given only 
for the group subsequently . found to have Gram-negative bacteraemia. In another 
study, the JS E. coli antiserum was reported to lower the rate of Gram-negative 
shock in a surgical ICU population [16]. 

Lipid-A Monoclonal Antibodies HA-1A and ES 

After the JS trials came the anti-lipid-A monoclonal antibodies HA-lA (Centoxin) 
and ES (Xoma). These studies failed to show a reduction in mortality on an 'inten
tion to treat' basis in sepsis. Another monoclonal antibody, T88 (Chiron}, directed 
against the common enterobacterial antigen also showed no overall benefit. Some 
of this may be because HA-1A and ES have little specific endotoxin-binding ability, 
but it might also show the difficulties of attempting to intervene once the inflam
matory cascade has been started [17]. 

Natural Anti-Endotoxin Antibodies are Associated with a Better Outcome 

All humans have endogenous serum antibodies directed against the endotoxin core 
(EndoCAb) the number of which varies between people by over three hundred-fold 
[18]. Several studies have noted that those patients with higher natural levels of an
tibodies to endotoxin 'core' have a better outcome. This finding, in cardiac and 
general surgery, sepsis, and pancreatitis has led to a renewed interest in anti-endo
toxin therapies [19-21]. One of these studies involving 1056 patients undergoing 
major non-cardiac surgery, found low IgM EndoCAb to be a predictor of postoper
ative complications, independent of the patients' general immune status (total IgG 
and total IgM levels) and the Physiological and Operative Severity Score for the 
enUmeration of Mortality and morbidity (POSSUM) surgical risk score [21]. This 
is consistent with the theory that these antibodies are capable of neutralizing endo-
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toxin. However, it is not really known if they act to reduce endotoxin-induced in
flammation or if they are markers of an otherwise healthy immune system (Fig. 3). 

I How can we Intervene: Now and in the Future? 

Once endotoxin is released into the circulation, it can initiate the events outlined 
above. Some investigators have attempted to reduce the gastrointestinal tract's en
dotoxin content with selective digestive decontamination (SDD) [22]. Others, in the 
belief that inadequate gut perfusion increases endotoxin 'leak', have used guided 
pre-operative fluid therapy to improve gastrointestinal perfusion [23]. For planned 
events such as elective surgery, we are able, in theory, to give anti-endotoxin thera
pies before endotoxin exposure. However in patients with sepsis, who present after 
endotoxin exposure when the inflammatory cascade has started, this is not possible 
in the same way. 

Limit Endotoxin Release 

Inhibitors of Lipid-A Synthesis. As lipid-A is integral to endotoxin's function, altering 
the enzymes involved in its manufacture could leave the bacterium more prone to 
lysis and immune cell killing. This can be achieved by either infection with a bac
teriophage (a virus that infects a bacteria) that in turn alters the DNA or RNA en
coding the enzyme, or by direct enzyme inhibition of the lipid-A manufacturing 
enzymes. These approaches are at the pre-clinical stage [24]. 

Reducing Antibiotic-induced Endotoxin Release. As many antibiotics cause bacterial cell 
wall breakdown, they can also release endotoxin into the circulation. One group that 
bind to penicillin-binding protein 2 (PBP-2), a protein in the bacterial cell wall, caus
ing rapid cell death is associated with less endotoxin release compared to those anti
biotics that bind to penicillin-binding protein 3 (PBP-3). This group (which includes 
cefotaxime, piperacillin, ceftazidime and aztreonam) generate long filamentous forms 
that release larger amounts of unbound endotoxin, both in vitro and in vivo. However, 
there is no good prospective trial examining the use of the 'low endotoxin releasing 
group' of antibiotics on a clinical outcome. In one study of 334 trauma patients with 
sepsis [25], the authors examined the effect of PBP-3-specific versus non-PBP-3-spe
cific antibiotics on overall in-hospital mortality. In 78 patients receiving PBP-3-specif
ic antibiotics (aztreonam, cefotaxime, or ceftazidime), mortality was 17% compared 
to 8% in the 256 patients receiving other antimicrobials (p=0.02). But whilst the ini
tial study (designed to test the effect of interferon [IFN]-y in trauma patients) was 
prospective, the analysis of the effects of antibiotic treatment was performed by a post 
hoc examination of patient notes. 

Remove Free Endotoxin 

The observation that elevated endotoxin levels have been associated with a worse 
outcome has give rise to the idea that removing 'free' endotoxin may be beneficial. 
In theory, this could be done by raising the level of 'endogenous' endotoxin-neu
tralizing substances (antibodies, HDL-Cholesterol, BPI) or by novel methods such 
as endotoxin-binding columns. 
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Antibodies: 0-Polysaccharide vs Core. Antibodies to endotoxin occur naturally and act 
to neutralize endotoxin, facilitate endotoxin clearance and complement-dependent 
anti-bacterial activities, and are thought to offer in vivo protection against Gram
negative infection [26]. Antibodies against the 0-polysaccharide portion will be 
more specific to that species of bacteria: protection is in general limited to that or
ganism [27]. Antibodies to the core or lipid-A components, however, being con
served across a range of Gram-negative bacteria show more cross reactivity to a 
greater range of endotoxins [28]. 

Passive or Active. There are two ways to increase antibody levels: passively (giving 
antibodies) or actively. Vaccination requires the patient to be able to mount an 
antibody response, but if successful, levels are sustained for a greater time than 
that acquired by passive immunity. 

Commercial gammaglobulin. Many commercial gammaglobulins have unknown 
quantities of antibodies to endotoxin but some have been found to be useful in 
both prevention [29] and early treatment of sepsis [30]. A Cochrane Systematic 
Review of intravenous immunoglobulin for treating sepsis and septic shock con
cluded that polyclonal gammaglobulin has a promising role as adjuvant therapy 
to reduce mortality in sepsis, but stopped short of recommending its routine use 
in adult practice [31]. 
'Natural' hyperimmune plasma. Plasma can be removed from healthy individuals 
who happen to have high levels of antibodies to endotoxins. One study found 
the resulting hyperimmune gammaglobulin protective in a sheep model of Es
cherichia coli sepsis [32]. Using this approach, a small study in patients with low 
levels of antibodies to endotoxin core having surgery found that length of hospi
tal stay was shortened. This approach is currently being investigated, although 
there are concerns about transfer of prions and other unidentified agents in 
blood products [33]. 

I Vaccinated volunteer serum. Volunteers have been vaccinated with various 
'smooth type' species (endotoxin lacking an 0-polysaccharide tail) to provide 
serum rich in antibodies to that bacteria's endotoxin. As mentioned earlier, one 
mutant, Escherichia coli J5 has been used in both prevention [34] and treatment 
[ 15] of sepsis. 
Monoclonal antibodies. In theory, monoclonal antibodies would yield a plentiful 
source of infection free anti-endotoxin antibodies, which could be used as study 
agents and potential therapies. However as described above, the trials of anti
lipid A monoclonal antibodies E5 and HA-1A in sepsis failed prospectively to 
show a reduction in mortality. 

Endotoxin Vaccines. Vaccines from parts of the 0-polysaccharide or core [34] com
ponents have been given to both patients and potential plasma donors. One endo
toxin 'core' vaccine that included E. coli. J5 mutant [35] was able to protect against 
endotoxin injection and Gram-negative infection in the vaccinated animals. A non
pyrogenic liposomal vaccine consisting of complete-core endotoxins from four 
Gram-negative bacterial strains elicited cross-reactive antibodies to a large panel of 
endotoxins and was protective in mice against a lethal challenge with E. coli 018 
endotoxin [28]. 
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High Density Lipoprotein Cholesterol. Recombinant HDL-C binds to endotoxin, lowers 
cytokine levels and improves survival in animal models of sepsis. In patients un
dergoing surgery, low HDL-C levels are associated with more IL-6 release [36] and 
more surgical infections, mainly attributable to Gram-negative organisms [37]. 
When volunteers are challenged with endotoxin, recombinant HDL-C greatly re
duces the release of tumor necrosis factor (TNF), interleukin (IL)-6, and IL-8, while 
only modestly attenuating the secretion of proinflammatory cytokine inhibitors IL
l receptor antagonist (IL-lra), soluble TNF receptors and IL-10 [38]. No interven
tional clinical studies have yet been published. 

Bactericidal Permeability Increasing Protein. BPI is apart of our innate immune sys
tem. Released from activated neutrophils [39], it neutralizes soluble and mem
brane-bound endotoxin and is cytotoxic for Gram-negative bacteria [40]. It is pro
tective in animal models of sepsis whilst in human volunteers it reduces the cardio
vascular changes and cytokine levels associated with endotoxin [41]. A recombi
nant version has been the subject of 2 large studies. One of these, enrolled 393 chil
dren with a 'clinical picture suggestive of meningococcal sepsis, and with evidence 
of severe disease' to receive either rBPI or placebo. Unfortunately, the study showed 
only a trend towards fewer deaths and multiple amputations, but a significant re
duction in functional deterioration. For practical, logistical reasons the rBPI was 
not given until 6 h after the first antibiotic; most seriously ill children would have 
deteriorated and died leaving a group with a much lower mortality (8.7%) to be 
enrolled [42]. Once again this also shows the ·difficulty of blocking endotoxin when 
the cascade is in full flow. The other large study, in adult trauma, also showed only 
a trend in outcome improvements but a significant reduction (in a post hoc analy
sis) of pneumonia and acute respiratory distress syndrome (ARDS) [43]. 

Endotoxin-binding Columns. Polymyxin B, a synthetic antibiotic is one of the most 
potent endotoxin-binding substances. Renal toxicity prevents its systemic use, but 
it can be complexed to immunoglobulins or bound to a hemoflltration circuit. 
Treatment with immobilized polymyxin fibers lowers endotoxin and cytokine levels 
[44]. In a small prospective, open and randomized trial of 98 septic patients, pa
tients treated with immobilized polymyxin fibers had a better 28-day survival rate 
compared to controls {41 vs 11%) (p=0.002). This was most effective in patients 
with APACHE II scores less than 20 (65% survival in the treatment group vs 19% 
in the controls) than in patients with higher APACHE II scores [45]. 

Stop Endotoxin Action at the Cell Surface 

Anti-CD14 and LBP Monoclonal Antibodies. Endotoxin, when bound to LBP, activates 
the target cell via cell surface receptors, including CD14, the TLR4 and MD-2. 
Whilst monoclonal antibodies against CD14 reduce cell responses to endotoxin in 
animal models of sepsis [46], and in endotoxin-challenged human volunteers [8], 
this approach has not been tried in human clinical trials. 

Lipid-A Analogs. Although lipid-A is thought to impart most of the pathological 
effects of endotoxin, there are both natural and synthetically altered forms of lipid
A that are much less pathogenic than can act as lipid-A antagonists. In animals 
these substances such as MPLA, DPLA, E5531 and E5564 reduce the effects of 
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administered endotoxin and improve survival in experimental sepsis [47]. Phase 1 
trials showed that most of the responses to endotoxin could be reduced or abol
ished (in a dose-dependent manner) in humans given both endotoxin and the lip
id-A antagonist E5531 [48]. 

Stop Endotoxin Action Inside the Cell 

The sequence of events once endotoxin reaches its target cell is not fully known. 
Interest has focused on the endotoxin receptor complex, which in turn alters activ
ity in gene promoters such as (e.g., nuclear factor kappa B [NF-KB]) via myeloid 
differentiation factor 88 (MYD-88), an essential adaptor molecule used as a signal 
transduction pathway by the TLR family [49]. Therapies aimed at this level are at a 
preclinical stage. 

'Neutralize' Products of the Target Cell 

Endotoxin initiates changes once it reaches its 'target cell'. Whilst outside the scope 
of this chapter, therapies directed at the products of endotoxin-induced cell activa
tion are in some ways 'anti-endotoxin therapies'. 

I Conclusion 

Endotoxin is associated with organ failure and death during critical illness, after 
surgery and after trauma. Most anti-endotoxin substances have failed to show a re
duction in mortality in sepsis: this may be due to the difficulty in intervention 
once the inflammatory cascade has started compared to preventing endotoxin-in
duced inflammation. 
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Fig. 4. Possible anti-endotoxin approaches 
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There is no commercial anti-endotoxin agent available for clinical use either in 
sepsis or for before situations where we might expect endotoxin release to occur. 
Experimental approaches have been aimed at reducing endotoxin release, binding
free endotoxin (with anti-endotoxin antibodies, HDL-cholesterol, BPI protein, or 
endotoxin-binding columns) or interfering with the cellular response to endotoxin 
(Fig. 4). Discovery of the endotoxin receptor TLR4 may lead to new therapeutic 
agents. 

References 

1.. Boike E, Jehle PM, Trautmann M, et al (2002) Different acute-phase response in newborns 
and infants undergoing surgery. Pediatr Res 51:333-338 

2. Trautmann M, Zick R, Rukavina T, Cross AS, Marre R (1998) Antibiotic-induced release of 
endotoxin: in-vitro comparison of meropenem and other antibiotics. J Antimicrob Chemo
ther 41:163-169 

3. Suffredini AF, Fromm RE, Parker MM, et al (1989) The cardiovascular response of normal 
humans to the administration of endotoxin. N Engl J Med 321:280-287 

4. Boike E, Jehle PM, Storck M, et al (2001) Endovascular stent-graft placement versus con
ventional open surgery in infrarenal aortic aneurysm: a prospective study on acute phase 
response and clinical outcome. Clin Chim Acta 314:203-207 

5. Hurley JC (1995) Reappraisal with meta-analysis of bacteremia, endotoxemia, and mortal
ity in gram-negative sepsis. J Clin Microbial 33:1278-1282 

6. Pastores SM, Katz DP, Kvetan V (1996) Splanchnic ischemia and gut mucosal injury in sep
sis and the multiple organ dysfunction syndrome. Am J Gastroenterol 91:1697-1710 

7. Dobrovolskaia MA, Vogel SN (2002) Toll receptors, CD14, and macrophage activation and 
deactivation by LPS. Microbes Infect 4:903-914 

8. Verbon A, Dekkers PE, ten Hove T, et al (2001) IC14, an anti-CD14 antibody, inhibits en
dotoxin-mediated symptoms and inflammatory responses in humans. J Immunology 166: 
3599-3605 

9. Medzhitov R, Preston-Hurlburt P, Janeway CA Jr (1997) A human homologue of the Droso
phila Toll protein signals activation of adaptive immunity. Nature 388:394-397 

10. Mancek M, Pristovsek P, Jerala R (2002) Identification of LPS-binding peptide fragment of 
MD-2, a toll-receptor accessory protein. Biochem Biophys Res Commun 292:880-885 

11. Lorenz EP, Mira JPMD, Frees KL, Schwartz DAMD (2002) Relevance of mutations in the 
TLR4 receptor in patients with Gram-negative septic shock. Arch Intern Med 162:1028-
1032 

12. Svanborg C, Frendeus B, Godaly G, et al (2001) Toll-like receptor signaling and chemokine 
receptor expression influence the severity of urinary tract infection. J Infect Dis 183:S61-
S65 

13. Bjerre A, Brusletto B, Mollnes TE, et al (2002) Complement activation induced by purified 
Neisseria meningitidis lipopolysaccharide (LPS), outer membrane vesicles, whole bacteria, 
and an LPS-free mutant. J Infect Dis 185:220-228 

14. Kiechl S, Lorenz E, Reindl M, et al (2002) Toll-like receptor 4 polymorphisms and athero
genesis. N Engl J Med 347:185-192 

15. Ziegler EJ, McCutchan JA, Fierer J, et al (1982) Treatment of gram-negative bacteremia and 
shock with human antiserum to a mutant Escherichia coli. N Engl J Med 307:1225-1230 

16. Baumgartner JD, Glauser MP, McCutchan JA, et al (1985) Prevention of gram·negative 
shock and death in surgical patients by antibody to endotoxin core glycolipid. Lancet 
2:59-63 

17. Wisniewski MA, Kazemi M, Fang IS, et al (1994) Comparison of binding specificity and 
the function of two human IgM anti-lipid A monoclonal antibodies. Circ Shock 44:230-237 

18. Barclay GR (1990) Antibodies to endotoxin in health and disease. Rev Med Microbial 
1:133-142 

19. Bennett-Guerrero E, Ayuso L, Hamilton-Davies C, et al (1997) Relationship of preoperative 
antiendotoxin core antibodies and adverse outcomes following cardiac surgery. JAMA 
277:646-650 



74 R. Stephens and M. Mythen 

20. Hamilton-Davies C, Barclay GR, Cardigan RA, et al (1997) Relationship between pre-opera
tive endotoxin core antibody levels, gut perfusion and outcome following cardiac valve sur
gery. Chest 112:1189-1196 

21. Bennett-Guerrero E, Panah MH, Barclay GR, et al (2001) Decreased endotoxin immunity is 
associated with greater mortality and/or prolonged hospitalization after surgery. Anesthe
siology 94:992-998 

22. Nathens AB, Marshall JC (1999) Selective decontamination of the digestive tract in surgical 
patients: a systematic review of the evidence. Arch Surg 134:170-176 

23. Mythen MG, Webb AR (1995) Perioperative plasma volume expansion reduces the inci
dence of gut mucosal hypoperfusion during cardiac surgery. Arch Surg 130:423-429 

24. Heath RJ, White SW, Rock CO (2001) Lipid biosynthesis as a target for antibacterial agents. 
Prog Lipid Res 40:467-497 

25. Mock CN, Jurkovich GJ, Dries DJ, Maier RV (1995) Clinical significance of antibiotic endo
toxin-releasing properties in trauma patients. Arch Surg 130:1234-1240 

26. Di Padova FE, Mikol V, Barclay GR, et al (1994) Anti-lipopolysaccharide core antibodies. 
Prog Clin Bioi Res 388:85-94 

27. Cryz SJ Jr, Lang A, Rudeberg A, et al (1997) Immunization of cystic fibrosis patients with 
a Pseudomonas aeruginosa 0-polysaccharide-toxin A conjugate vaccine. Behring lnst Mitt 
Feb:345-349 

28. Bennett-Guerrero E, Mcintosh TJ, Barclay GR, et al (2000) Preparation and preclinical eval
uation of a novel liposomal complete-core lipopolysaccharide vaccine. Infect Immun 68: 
6202-6208 

29. Cafiero F, Gipponi M, Bonalumi U, et al (1992) Prophylaxis of infection with intravenous 
immunoglobulins plus antibiotic for patients at risk for sepsis undergoing surgery for col
orectal cancer: results of a randomized, multicenter clinical trial. Surgery 112:24-31 

30. Schedel I, Dreikhausen U, Nentwig B, et al (1991) Treatment of gram-negative septic shock 
with an immunoglobulin preparation: a prospective, randomized clinical trial. Crit Care 
Med 19:1104-1113 

31. Alejandria MM, Lansang MA, Dans LF, Mantaring JB (2001) Intravenous immunoglobulin 
for treating sepsis and septic shock. Cochrane Database Syst Rev CD001090 

32. Hodgson JC, Barclay GR, Hay LA, Moon GM, Poxton IR (1995) Prophylactic use of human 
endotoxin core hyperimmune gammaglobulin to prevent endotoxaemia in colostrum-de
prived gnotobiotic lambs challenged orally with Escherichia coli. FEMS Immunol Med Mi
crobiol11:171-180 

33. Smith A, Bawa P, Royston D, Barclay R, Hamilton-Davies C (1999) Peak preoperative Anti
Endotoxin core Antibody concentration is inversely related to hospital stay in high risk 
cardiac surgical patients. Anesthesiology 91:A88 (abst) 

34. Baumgartner JD, Heumann D, Calandra T, Glauser MP (1991) Antibodies to lipopolysac
charides after immunization of humans with the rough mutant Escherichia coli J5. J Infect 
Dis 163:169-772 

35. Bhattacharjee AK, Opal SM, Taylor R, et al (1996) A noncovalent complex vaccine prepared 
with detoxified Escherichia coli J5 (Rc chemotype) lipopolysaccharide and Neisseria me
ningitidis Group B outer membrane protein produces protective antibodies against gram
negative bacteremia. J Infect Dis 173:1157-1163 

36. Fujita T, Hara A, Yamazaki Y (2001) Relationship between circulating high density lipopro
tein concentrations and interleukin-6 release during abdominal operations. Eur J Surg 
167:347-350 

37. Delgado-Rodriguez M, Medina-Cuadros M, Martinez-Gallego G, Sillero-Arenas M (1997) 
Total cholesterol, HDL-cholesterol, and risk of nosocomial infection: a prospective study in 
surgical patients. Infect Control Hosp Epidemiol18:9-18 

38. Pajkrt D, Doran JE, Koster F, et al (1996) Antiinflammatory effects of reconstituted high
density lipoprotein during human endotoxemia. J Exp Med 184:1601-1608 

39. Giroir BP, Quint PA, Barton P, et al (1997) Preliminary evaluation of recombinant amino
terminal fragment of human bactericidal/permeability-increasing protein in children with 
severe meningococcal sepsis. Lancet 350:1439-1443 

40. Elsbach P, Weiss J {1998) Role of the bactericidal/permeability-increasing protein in host 
defence. Curr Opin Immunol10:45-49 



Update on Anti-Endotoxin Therapies 75 -----
41. Von der Mohlen MAM, Kimmings AN, Wedel Nl, et a! (1995) Inhibition of endotoxin-in

duced cytokine release and neutrophil activation in humans by use of recombinant bacteri
cidal/permeability-increasing protein. J Infect Dis 172:144-151 

42. Levin M, Quint PA, Goldstein B, et a! (2000) Recombinant bactericidal/permeability-in
creasing protein (rBPI21) as adjunctive treatment for children with severe meningococcal 
sepsis: a randomised trial. rBPI21 Meningococcal Sepsis Study Group. Lancet 356:961-967 

43. Demetriades D, Smith JS, Jacobson LE, et a! (1999) Bactericidal/permeability-increasing 
protein (rBPI21) in patients with hemorrhage due to trauma: results of a multicenter phase 
II clinical trial. rBPI21 Acute Hemorrhagic Trauma Study Group. J Trauma 46:667-676 

44. Tani T, Hanasawa K, Endo Y, et a! (1998) Therapeutic apheresis for septic patients with or
gan dysfunction: hemoperfusion using a polymyxin B immobilized column. Artif Organs 
22:1038-1044 

45. Nemoto H, Nakamoto H, Okada H, et a! (2001) Newly developed immobilized polymyxin B 
fibers improve the survival of patients with sepsis. Blood Purif 19:361-368 

46. Schimke J, Mathison J, Morgiewicz J, Ulevitch RJ (1998) Anti-CD14 mAb treatment pro
vides therapeutic benefit after in vivo exposure to endotoxin. Proc Nat! Acad Sci USA 
95:13875-13880 

47. Hawkins LD, Ishizaka ST, McGuinness P, et a! (2002) A novel class of endotoxin receptor 
agonists with simplified structure, toll-like receptor 4-dependent immunostimulatory ac
tion, and adjuvant activity. J Pharmacol Exp Ther 300:655-661 

48. Christ WJ, Asano 0, Robidoux AL, et a! (1995) E5531, a pure endotoxin antagonist of high 
potency. Science 268:80-83 

49. Janssens S, Beyaert R (2002) A universal role for MyD88 in TLR/IL-1R-mediated signaling. 
Trends Biochem Sci 27:474-482 


