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Abstract

Sepsis, defined as a clinical syndrome brought about by an amplified and dysregulated 

inflammatory response to infections, is one of the leading causes of death worldwide. Despite 

persistent attempts to develop treatment strategies to manage sepsis in the clinical setting, the 

basic elements of treatment have not changed since the 1960s. As such, the development of 

effective therapies for reducing inflammatory reactions and end-organ dysfunction in critically ill 

patients with sepsis remains a global priority. Advances in understanding of the immune response 

to sepsis provide the opportunity to develop more effective pharmaceuticals. This article details 

current information on the modulation of the lipopolysaccharide (LPS) receptor complex with 

synthetic Lipid A mimetics. As the initial and most critical event in sepsis pathophysiology, the 

LPS receptor provides an attractive target for antisepsis agents. One of the well-studied 

approaches to sepsis therapy involves the use of derivatives of Lipid A, the membrane-anchor 

portion of an LPS, which is largely responsible for its endotoxic activity. This article describes the 

structural and conformational requirements influencing the ability of Lipid A analogues to 

compete with LPS for binding to the LPS receptor complex and to inhibit the induction of the 

signal transduction pathway by impairing LPS-initiated receptor dimerization.
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I. Introduction

Interactions between the mammalian and microbial worlds are intimate, complex, and vital 

to the good health of both.1 Over the course of almost a billion years, the mutual 

accommodation between microorganisms and multicellular hosts has enabled us both to 

survive and adapt to a changing environment. The evolution of multicellular organisms 

would not have been possible without intracellular microbial parasites, that is, the basic 
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processes of cellular respiration in eukaryotes are possible only because of the presence of a 

microbial parasite in the cell called the mitochondrion.2 However, this intricate, symbiotic 

relationship between humans and microbes has its darker side. From parasitic and acute 

infections to chronic illnesses such as peptic ulcer disease, cancer, and coronary heart 

disease, microorganisms have triggered a plethora of other human diseases.3 In response, the 

innate immunity in humans has evolved into a complex system that enables it to respond to a 

microbial threat and achieve a survival advantage. The latter is often accomplished by 

exploiting features unique to the threat, just as the microbes have used the same defensive 

and subversive strategies to circumvent the human immune system.1

Accurate recognition of pathogen-associated molecular patterns (PAMPs) by pattern-

recognition receptors (PRRs) is the cornerstone of the innate immune response.4 A systemic 

activation of PRRs usually implies loss of control of the host’s immune-response 

mechanisms and a rapid and vast nonspecific response known as the systemic inflammatory 

response syndrome (SIRS) may result. SIRS is a clinical condition defined by at least two of 

the four following criteria: (1) temperature below 36 or above 38 °C, (2) heart rate above 90 

beats/min, (3) respiratory rate above 20 breaths/min or pCO2 above 4.3 kPa, (4) white 

blood-cell count below 4 × 109/L or above 12 × 109/L, or more than 10% immature 

neutrophils.5 When SIRS occurs in response to an infection, it is defined as sepsis. The 

disruption of homeostatic balance as a consequence of sepsis leads to massive production of 

proinflammatory mediators and dysregulation of the anti-inflammatory mechanisms. Sepsis, 

therefore, can be described as a pro- and anti-inflammatory disequilibrium syndrome.6 The 

high mortality from sepsis is mostly due to an evolving multiorgan dysfunction resulting 

from local changes in blood flow, namely, sepsis-induced hypotension, diffuse intravascular 

coagulation, and cytokine-induced abnormalities to microcirculation.7 A study by Angus et 

al. linking hospital discharge records from seven large states in the USA identified 192,980 

cases of severe sepsis out of the 6,621,559 patients admitted.8 The average cost per case was 

$22,100 and it adds to annual total costs of $16.7 billion in the USA alone. Despite many 

attempts to develop treatment strategies to manage sepsis in the clinical setting, the basic 

elements of treatment have not changed since the 1960s. As such, development of effective 

therapies for reducing inflammatory reactions and end-organ dysfunction in critically ill 

patients with sepsis remains a global priority.

Understanding the mechanisms underlying the recognition of invading pathogens through 

PRRs is of great interest when considering potential treatments. In the past four decades, our 

insight into how the immune system senses and identifies infective microorganisms to 

trigger the innate immune response, along with the link between innate and adaptive 

immunity, has improved dramatically. This understanding began with Hoffmann’s 

pioneering discovery of the role of the Toll receptor in the defense against infections of the 

fruit fly Drosophila melanogaster.9 Fruit flies lack an adaptive immune system, and its host 

defense against infections relies solely on the innate immune response. Using flies having 

mutations in genes of the Toll signaling pathway, Hoffmann and coworkers were able to 

demonstrate that Toll controlled the expression of antimicrobial peptide genes, and that 

deficient Toll signaling dramatically reduced survival after fungal infection. Subsequently, 

Toll was also found to be involved in the antibacterial defense of Drosophila.10
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These results were extended to mammals after Beutler’s discovery of homologous receptors, 

named Toll-like receptors (TLRs), in humans and in mice.11 While searching for the 

receptor of the Gram-negative bacterial product involved in endotoxic shock (endotoxins, 

also known as lipopolysaccharides or LPSs), Beutler and coworkers observed that mice 

which displayed resistance to the LPS challenge carried constitutive mutations in a gene 

similar to the Drosophila Toll gene. This gene coded for a receptor now known as TLR4, 

and the latter was found subsequently to be a key player in the LPS receptor complex.

II. Immune Response to LPSs

In the 1890s, Pfeiffer and Centanni independently described a heat-stable pyrogenic toxin 

intrinsic to Vibrio cholerae and Salmonella typhi.12 Pfeiffer initially called it “endotoxin,” 

and in the 1930s, Boivin was able to extract and purify it using trichloroacetic acid.13 

Endotoxin purified through Boivin’s method, however, was essentially a crude fraction 

containing many cell-wall proteins. This slowed the progress towards understanding the role 

of endotoxins and their biological impact remained inconclusive. In 1946, Westphal and 

Lüderitz were finally able to develop a method for obtaining pure active fractions of 

“endotoxin,” which was shown to be LPS.14

LPSs are composed of three genetically, structurally, and antigenically distinct regions 

namely: (1) a hydrophobic membrane anchor called Lipid A; (2) a short chain of sugar 

residues with multiple phosphoryl substituents referred to as the core oligosaccharide; and 

(3) a structurally diverse, serospecific polymer composed of oligosaccharide repeat-units 

called the O-antigen (Fig. 1). While the LPSs of mucosal pathogens, for example, of 

Haemophilus and Neisseria species, lack the typical long-chain repeating O-antigen, the 

basic tripartite LPS framework stands for all characterized Gram-negative bacteria.

Lipid A, the covalently linked lipid component of LPSs, is composed of six or more fatty 

acid residues linked to two phosphorylated glucosamine residues.15 Four of the fatty acids 

have an (R)-3-hydroxyl group and the other two are devoid of it. Each Gram-negative 

bacterial species has a unique Lipid A composition, and the structural features that 

differentiate each molecule are as follows. First, the acylation pattern on each glucosamine 

residue can have either a symmetric (3+3) or an asymmetric (4+2) arrangement. Second, 

three or four different fatty acids can be present in the molecule, with a chain length that can 

be anywhere between 10 and 16 carbon atoms. Finally, a 4-amino-deoxy-L-arabinose and/or 

phosphonoethanolamine can be linked to the C-1 axial or C-4′ phosphate groups on the 

glucosamine residues.

The core region is a short polysaccharide chain showing moderate interbacterial variability. 

The inner core consists of two or more 3-deoxy-D-manno-octulosonic acid (Kdo) residues 

linked to C-6′ of the two glucosamine residues (Lipid A) on one side and two or three L-

glycero-D-manno-heptose residues on the other.16 In should be noted that both Kdo and L-

glycero-D-manno-heptose are unique to bacterial species.17 Under natural conditions, the 

smallest LPS produced by Gram-negative bacteria is Re-LPS—it consists of Lipid A with 

one or two Kdo residues—but longer LPSs are more common.18 The Rd1- and Rd2-LPS 

serotypes contain a complete inner core and an inner core without two heptose residues, 
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respectively.19 The outer core, on the other hand, consists of common sugars and is more 

variable than the inner core. It is normally two to three residues long and has one or more 

covalently bound polysaccharides as side chains.20 LPSs consisting of the Lipid A and the 

complete inner and outer core are denoted Ra-LPS, whereas the Rb- and Rc-LPS serotypes 

only contain a part of the outer core.

The O-antigenic outer-core portion is the most variable part and consists of repeating units 

of oligosaccharides. Attached to the terminal sugar of the inner core, this portion extends 

from the bacterial surface and is highly immunogenic.21 The chemical composition and 

structure of the O-antigen can be strain-specific (interstrain LPS heterogeneity), or it can 

vary within one bacterial strain (intra-strain LPS heterogeneity).22 The inter- and intra-strain 

heterogeneity is characterized by variations at different levels. The first variation can occur 

through nonstoichiometric modification of the O-antigens with sugar moieties, that is, with 

glucosyl and fucosyl residues. The second variation occurs via addition of noncarbohydrate 

substituents—such as acetyl or methyl groups—to the O-antigen. This may arise with 

regularity, although, in most cases, these modifications are also nonstoichiometric. The 

length of the O-antigen may vary from 0 to as many as 40 repeating units, but it generally 

consists of 20 to 40 repeating units.

LPSs participate in physiological functions of the membrane and are therefore essential for 

bacterial growth and viability.23 They contribute to low membrane permeability and 

enhance the resistance toward hydrophobic agents. LPSs are not toxic while they remain 

incorporated in the bacterial outer membrane. When released from the bacterial surface—

either following cell division or death, as a consequence of antibacterial action of the 

immune system, or interaction with antibacterial agents—LPSs may form aggregates and 

interact with the cells of the immune system. Following this interaction, LPSs elicit multiple 

acute pathophysiological effects, such as fever, toxicity, Schwartzman reactivity, 

macrophage, and B-lymphocyte activation, among others.24 In 1954, it was proposed that 

the Lipid A portion alone is responsible for the endotoxic properties of LPSs, and that the 

polysaccharide portion is dispensable.25 After Shiba and coworkers completed the first 

targeted synthesis of the Lipid A of Escherichia coli,26 comparative experiments between 

the natural LPS and the synthetic Lipid A confirmed that it is Lipid A that constitutes the 

source of toxicity of LPSs.27

Under physiological conditions, the immune cells are continuously exposed to low levels of 

LPSs derived from gastrointestinal bacteria. These LPSs are taken up by macrophages and 

may be essential to maintain a basal level of attentiveness of the immune system. It was 

originally believed that LPSs activated the immune cells through a nonspecific mechanism 

that involved intercalation of Lipid A into the mammalian lipid bilayer.28 In the early 1980s, 

reports emerged suggesting that the biological actions of LPSs were facilitated by their 

binding to endogenous proteins. Indeed, the response of a host cell to LPSs is highly 

dependent on whether it encounters the latter in free or bound form.29

Over the past 20 years, one of the major aims in LPS research has been to elucidate the exact 

sequence of events from when the LPS binds to the cell to when it elicits a response from it. 

As mentioned earlier, distinct plasma membrane proteins mediate the initial interaction 
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between LPSs (Lipid A) and phagocytes (monocytes, macrophages, polymorphonuclear 

leukocytes (PMNs)). Some of these interactions may be solely involved in the removal and 

eventual degradation of LPSs, whereas others may play a critical role in transmembrane 

signaling. The receptors involved in transmembrane signaling are shown in Fig. 2 and are 

discussed in the succeeding sections.

III. The LPS Receptor Complex

1. LPS-Binding Protein

While studying binding of LPSs to high-density lipoproteins (HDLs) in normal and acute-

phase rabbit serum, Tobias and coworkers observed that LPS was mainly complexed to a 

protein in the acute-phase serum.31 Isolation of this protein from the rabbit serum led to the 

discovery of the LPS-binding protein (LBP). LBP was recovered as a glycoprotein having 

molecular weight of 58 and 60.5 kDa, wherein the difference in molecular mass reflects 

different degrees of glycosylation.31,32 It is synthesized primarily by hepatocytes and 

released into the bloodstream after glycosylation.33 Other sources of LBP include epithelial 

cells of the skin, the lung, the intestine, and human gingival tissues, as well as the small-

muscle cells of the lung arteries, heart muscle cells, and renal cells.34

Human LBP consists of 452 amino acids and has the characteristic 25-amino acid signal 

sequence of secreted proteins.33 Its amino acid sequence revealed a sequence homology to 

bactericidal/permeability-increasing protein (BPI), cholesteryl ester transfer protein (CETP), 

and phospholipid transfer protein (PLTP) of 45%, 23%, and 25%, respectively. It has also 

suggested a similarity in the tertiary structure of these proteins. After the three-dimensional 

structure of BPI was determined by X-ray crystallography, it provided a useful framework 

for modeling the three-dimensional structure of the LT/LBP family.35 BPI appears as a 

boomerang-shaped molecule and consists of two symmetrical barrel domains connected by a 

proline-rich linker region. Each domain is composed of an antiparallel β-stranded layer 

twisted around a long α-helix and forms a hydrophobic pocket that can incorporate one 

phosphatidyl choline molecule. From these observations, Beamer et al. proposed a simulated 

three-dimensional model for LBP that is very similar to the structurally and functionally 

related BPI.36 Analogously with BPI, the LPS-binding domain of LBP is located at the N-

terminal region. Indeed, the three-dimensional LBP model showed that the cationic cluster 

of the LPS-binding site is fully exposed at the N-terminal tip.36

To verify the veracity of the claim that the LPS-binding site of LBP is at the N-terminus, 

Lamping et al. performed mutagenesis experiments.37 LBP mutants with amino acid 

exchanges within the N-terminal region were expressed and tested in five different 

functional assays—binding to immobilized LPSs, facilitation of binding of LPS aggregates 

to monocytes, transfer of LPS monomers from aggregates to other LPS receptors, transfer of 

LPS monomers to HDL, and enhancement of LPS-induced cell activation. The double 

mutant glutamic acid 94/95 was completely lacking LPS binding, transfer, and cell-

stimulatory activity, indicating that the integrity of amino acids 94 and 95 is required for 

LBP function.37 While mutations of the amino acids Arginine-94 or Lysine-95 into alanine 

diminished the LPS-binding activity of LBP dramatically, the ability to facilitate binding of 

LPS aggregates to membrane-bound cluster of differentiation 14 (mCD14) at the cell surface 
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was retained. These findings emphasize the distinction between binding of LPS aggregates 

to cells and the binding of LPS monomers to CD14—the former is not associated with cell 

stimulation and the latter leads to cell stimulation.

Studies show that LBP has a dual role in interactions with LPSs. At low LPS concentrations, 

LBP enhances LPS signaling by extracting it from the bacterial membranes (LPS 

monomerization) and transferring the LPS monomers to CD14.38 At high concentrations, it 

inhibits the LPS signaling by shuttling the LPS to the serum lipoproteins and by forming 

aggregates with LPS.39 Indeed, the increased secretion of LBP as a result of LPS stimulation 

serves as an inhibitor of excessive response to LPS in the serum of septic patients.

The two domains of LBP have different functions. As with LBP and its homologue BPI, the 

amino-terminal domain has a high affinity for LPSs.40 The C-terminal domain, on the other 

hand, is required for the interaction with CD14 or the cell membrane.41 Adding LBP to a 

serum-free cell system enhances the LPS-mediated stimulation of CD14-positive cells by 

100- to 1000-fold.33,42 In addition, LBP also transfers LPS to soluble CD14 (sCD14), 

resulting in the activation of mCD14-negative cells (endothelial and epithelial cells). Thus, 

the ability of LBP to transfer disaggregated LPS to both mCD14 and sCD14 supports the 

view that LBP has a central role in mediating LPS responses. It was proposed that a single 

LBP molecule is able to transport hundreds of LPS molecules to sCD14, and that LBP is not 

consumed by this reaction.43 Consequently, Yu and Wright demonstrated first-order kinetics 

for this enzymatic transfer and were further able to define catalytic constants for this 

reaction.38b,43 To explain the catalytic reaction mechanism for the transfer of LPS to sCD14, 

two models were proposed. The “binary complex” model proposes that the initial step in the 

transfer involves a bimolar reaction between LBP and an LPS micelle. Following 

dissociation from the micelle with one molecule of LPS bound, LBP then binds to sCD14.43 

The “ternary complex” model, on the other hand, suggests a simultaneous interaction among 

LBP, LPS micelles, and sCD14.44

2. Cluster of Differentiation 14

While it was clear that the CD18 complex interacts with LPS by bridging bacteria to the 

surface of phagocytes,45 it was not clear whether this interaction actually triggers cellular 

responses. To elucidate the exact role that CD18 plays in the cellular activation by LPS, 

Wright et al. performed experiments on mononuclear cells from CD18-deficient patients.46 

From these experiments, it became clear that CD18-deficient cells can bind LPS and that the 

binding event can result in cellular activation. Clearly, additional receptors must be present 

on the surface of macrophages and PMNs. Subsequently, Wright and coworkers identified 

this unknown receptor to be CD14—a differentiation antigen of monocytes.47 Based on their 

report, CD14 binds complexes of LPS and LBP, and the blockade of CD14 with anti-CD14 

antibodies prevents further binding of LPS-coated erythrocytes to macrophages. With the 

absence of a binding event, macrophages are unable to produce an LPS-induced 

inflammatory response. Golenbock and coworkers corroborated these findings by 

demonstrating that LPS-induced responsiveness can be transferred to a heterologous 

nonresponder cell type by expression of a single leukocyte-specific gene product.48 Thus, 

transfection of human CD14 into Chinese hamster ovary (CHO) fibroblasts and treatment of 
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CD14-bearing CHO cells with LPS led to a macrophage-like responsiveness in otherwise 

LPS-unresponsive cells. Similarly, Lee and coworkers showed that CD14-bearing 70Z/3 

cells bind LPS, and when LPS is complexed with LBP, the binding activity is even higher.49 

Consequently, Kirkland and coworkers determined the binding affinity of the LPS–LBP 

complex to CD14-transfected CHO cells and THP-1 cells and found Kd values of 2.7 × 10−8 

to 4.8 × 10−8 M.50

CD14, a serum/cell surface glycoprotein and the first PRR to be described, is usually found 

in two forms: membrane bound (mCD14) and soluble (sCD14).47,51 Since sCD14 lacks the 

glycosyl phosphatidylinositol (GPI) anchor, mCD14 and sCD14 have molecular masses of 

53 and 48 kDa, respectively.52 To determine the amino acid composition of CD14, Ferrero 

and Goyert cloned the CD14 gene and revealed a transcript encoding a 356-amino acid 

protein.53 It was also found to have high leucine content (15.5%) and four putative N-

glycosylation sites.53,54 The site involved with LPS binding, as well as the sites involved in 

the interaction of human CD14 with supposed accessory receptors, has been identified in the 

N-terminal part of CD14.55 This was determined by generating and transfecting 23 mutants 

in the N-terminal 152 amino acids of human CD14.56 In each mutant, a block of 5 amino 

acids was substituted with Ala. Thus, Stelter and coworkers found that the region between 

amino acids 39 and 44 forms an essential part of the LPS-binding site of human CD14.56 

Moreover, for human sCD14, two other regions were found to be essential for eliciting LPS-

induced responses from endothelial and smooth muscle cells: aa 9–13 and aa 91–101.57

CD14 is expressed by various cells such as cells of the myeloid lineage (monocytes, 

macrophages, PMNs), B cells, parenchymal cells of the liver, gingival fibroblasts, and 

microglial cells.58 Each source expresses CD14 differentially: peritoneal and pleural 

macrophages exhibit a high level of constitutive CD14 expression, while (murine) Kupffer 

cells, alveolar macrophages, monocytes, and PMNs have a low level of constitutive CD14 

expression.58a,59 In addition, LPS and tumor necrosis factor-α (TNFα) induce the release of 

sCD14 by mononuclear cells and PMNs in a dose-dependent manner, whereas interferon-γ 

(IFN-γ) and interleukin 4 (IL-4) inhibit the release of sCD14.60 In the steady state, human 

serum contains 2–6 μg/mL of sCD14.61 This level increases in response to the presence of 

LPS, and consequently, Landmann et al. suggested the use of sCD14 levels as a diagnostic 

marker in patients with severe infections.62 The level of sCD14 in human milk also explains 

why newborn infants are innately immune to bacteria with their hitherto sterile intestines. 

Thus, Labeta and coworkers found that the concentration of sCD14 is 10-fold higher in 

human milk than that in serum.63

Binding of LPS to a cell does not result in immediate response—a time lapse of 15–30 min 

is usually observed between LPS binding and LPS-induced cellular responses. Detmers and 

coworkers, along with Lichtman and coworkers, suggested that monomeric LPS is 

internalized in vesicles, and uptake may be required for signaling.64 Indeed, several studies 

have revealed that blocking the internalization or endosome fusion also blocks LPS-induced 

signaling.64,65 Although the precise mechanisms of this blocking event are not completely 

understood, it has been shown that monomeric LPS is transported into the cell to the Golgi 

complex and activates the cell from there on.66 To determine if mCD14 directs the 

movement of LPS to the Golgi apparatus, Vasselon and coworkers used an mCD14 chimera 
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containing enhanced green fluorescent protein (mCD14-EGFP) to follow trafficking of 

mCD14 in stable transfectants.67 It was found that monomeric LPS is transferred out of 

mCD14 at the plasma membrane and traffics within the cell independently of mCD14 

involvement. In contrast, particulate (bacterium) and aggregated (micelles) LPSs were 

internalized to the lysosomes via a CD14-dependent pathway called macropinocytosis—a 

process resembling that of phagocytosis.65b After internalization, LPS induces mononuclear 

phagocytes (MPs) to produce three groups of powerful mediators: the reactive oxygen 

intermediates (O2, H2O2, OH, and singlet oxygen), the proinflammatory cytokines, and a 

number of arachidonic acid metabolites, including prostaglandins and leukotrienes.

Since CD14 is a glycophosphatidylinositol-linked receptor that lacks a transmembrane 

domain, it was anticipated that it requires an accessory molecule for signal transduction.68 

This hypothesis was confirmed using different anti-CD14 antibodies that either blocked LPS 

binding to CD14 or did not block LPS binding while preventing LPS-induced cell 

activation.44,69 This accessory receptor has been identified as a member of the TLR family.

3. Toll-Like Receptor 4

Nearly a decade after the importance of LBP and CD14 was initially delineated in seminal 

discoveries, the next main advance in understanding the mechanism of innate immunity 

emerged—the identification of the putative transmembrane protein that acted with CD14 to 

generate a transmembrane signal for LPS-induced cell activation. Two highly original and 

influential discoveries gave the impetus for this advance. First, it was found that TLRs play 

an important role in the innate immune response of Drosophila flies.9,70 Second, a TLR 

homologue was identified as the gene responsible for LPS responses in two natural mouse 

mutants.11,71 These results formed the basis for understanding how the innate immune 

system regulates responses to infection and how plasma membrane receptors control 

adaptive immune responses.30

It was well known that, despite the lack of an adaptive immune system, Drosophila flies are 

very resistant to microbial infections. The only rationale for this attribute, at the time, had 

been its demonstrated ability to synthesize potent antimicrobial peptides. Then, in the early 

1980s, Anderson and coworkers conducted a mutagenesis screen for genes involved in 

dorsoventral patterning of the Drosophila embryo.72 Their studies revealed a mutant gene 

that had an unusual appearance. Consequently, the authors named this gene “Toll,” meaning 

weird. The Toll gene, which encodes a single-pass transmembrane receptor, became highly 

important after it was found that it activates the signaling pathways that induce the synthesis 

of drosomycin, an antifungal peptide in Drosophila flies.9,72

Twelve years after Anderson’s discovery, Williams et al. showed that 18-wheeler, another 

TLR gene found in Drosophila, could induce the release of attacin,70 one of the potent 

antibacterial peptides synthesized by Drosophila. As a result, it was established that the 

activation of a proteolytic cascade that produces peptidic ligands for the TLRs leads to the 

induction of these antimicrobial responses. It remains unanswered whether this mechanism 

is unique to Drosophila, or whether it is conserved in mammalian cells. What was 

remarkably inferred from these results, however, was that Drosophila TLRs were capable of 

discriminating between fungi and bacteria and, consequently, of inducing an appropriate and 

White and Demchenko Page 8

Adv Carbohydr Chem Biochem. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



distinct antimicrobial response. Subsequently, Imler and coworkers showed that the 

activation of TLR-induced pathways in Drosophila initiates an intracellular kinase cascade 

that ultimately produces a translocation of transcription factors, Dif and Relish, from 

cytoplasm to nucleus.73 Dif and Relish are homologous to nuclear factor-kappa B (NF-κB), 

a transcription factor known to activate inflammatory mediators in humans, thereby linking 

Drosophila TLRs to the study of LPS biology.72

The apparent importance of TLRs, as well as the observation that the Toll gene shares a 

certain homology with the human IL-1 receptor, provided impetus for the field of Toll 

biology to move beyond flies.74 Thus, in the mid-1990s, Janeway and coworkers began a 

search for dToll-related proteins in mammalian gene sequences. As a result of their efforts, 

the first human homologue of Drosophila Toll, initially termed human Toll and 

subsequently termed TLR4, was identified.75 Human TLR is an 841-amino acid protein with 

a molecular mass of 92 kDa.75 After cloning and characterization, human Toll was found to 

be a type I transmembrane protein, the cytoplasmic domain of which bears a structural 

homology to the human IL-1 receptor. Janeway and coworkers also determined that 

similarly with Drosophila Toll, human Toll could induce activation of NF-κB and 

subsequently induce the expression of NF-κB-controlled genes for the inflammatory 

cytokines. Finally, their observation that TLR4 could induce members of the B7 family—

molecules that are required for the activation of naive T cells by antigen-presenting cells—

provided a potentially important link between pathogen detection and induction of the 

adaptive immune response.

Other compelling evidence on the importance of TLRs in LPS-induced responses came 

when TLRs addressed the issue of why some strains of mice were unresponsive to LPS. For 

years, LPS has been known to be a very active mediator of inflammation in most 

mammalian system.76 It was found, however, that LPS is relatively ineffective at inducing 

responses in the C3H/HeJ or C57BL/10ScCr strains of mice.77 Then in 1998, Beutler and 

coworkers showed via positional cloning techniques that mutations of a gene termed the 

“LPS gene” selectively reduced the ability of C3H/HeJ and C57BL/10ScCr mice to sense 

LPS. The codominant Lpsd allele of the C3H/HeJ strain was a result of a mis-sense mutation 

in the third exon of TLR4, a mutation that was predicted to result in a Pro712→His 

substitution.11,71a When this mutation was introduced into wild-type TLR4, the receptor was 

converted into a dominant-negative mutant that inhibited LPS-dependent responses in a 

transfected macrophage cell line.78 Similarly, Hoshino et al. demonstrated that C3H/HeJ 

mice have a single-point mutation of the amino acid that is conserved among the IL-1/Toll 

receptor family.71b Using genetically modified mice in which the TLR4 gene was deleted, 

the latter showed that TLR4 was essential for sensing LPS and mutations in this gene 

explained the lack of responsiveness in C3H/HeJ mice. Together, these seminal publications 

provided the first direct connection between TLRs and the physiological responses to LPS. 

Heine and coworkers provided further proof of this connection by showing that Chinese 

hamsters respond normally to LPS even though they carry a null allele for TLR2.79 Their 

results implied that expression of TLR2 is sufficient, but not essential, for mammalian 

responses to endotoxin. Finally, it was shown that a dominant-negative mutant of TLR2 did 

not cause LPS responsiveness in transfected macrophages.78
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4. Myeloid Differentiation Antigen 2

Despite the fact that several groups have already shown evidence of LPS-induced signal 

transduction through TLRs, direct binding of LPS to the latter is yet to be demonstrated.80 

Moreover, it was found that in vitro transfection of TLR4 cDNA did not confer LPS 

responsiveness on two LPS-unresponsive cell lines: human embryonic kidney-derived and a 

mouse IL-3-dependent pro-B cell-line Ba/F3.81 Then in 1999, Shimazu and coworkers 

reported and characterized a novel LBP called myeloid differentiation antigen-2 (MD-2).81b 

In a series of experiments, they showed that MD-2 physically associated with TLR4 on the 

cell surface and confers responsiveness to LPS. In a similar fashion, Da Silva Correia 

determined that LPS binds directly to each of the members of a tripartite LPS receptor 

complex.80b Using modified and radio-iodinated LPS, they showed that LPS is cross-linked 

specifically to TLR4 and MD-2 when coexpressed with CD14. Thus, maximal cellular 

activation by LPS must be a cascade of events that likely involves transferring of LPS by 

LBP to CD14 and then to TLR4-MD-2. Moreover, although CD14 and LBP enhance 

cellular activation, activation of TLR4 by LPS was found to absolutely require MD-2.82

MD-2 is a 20- to 25-kDa extracellular glycoprotein that belongs to the MD-2-related lipid-

recognition family of lipid-binding receptors.83 Since MD-2 lacks a transmembrane domain 

that would anchor it to the cell membrane, several groups performed studies to verify the 

process by which MD-2 associates with TLR4—whether it is a soluble intracellular protein 

that binds to TLRs in the endoplasmic reticulum (ER) or it is first secreted into the medium 

and then binds to TLRs on the cell surface. To this end, Visintin et al. found that, in some 

cells, MD-2 is synthesized in large excess to TLR4 and it saturates all available TLR4 

molecules in the ER. The excess MD-2 is then secreted into the medium.84 Although proper 

glycosylation and trafficking of TLR4 to the cell surface require intracellular association 

with MD-2,85 functional TLR4 can be presented on the cell surface without MD-2 in both 

transfected86 and epithelial cells of the human airway.87 For reporter cells that expressed 

TLR4, but not MD-2, secreted MD-2 (sMD2) was found to restore LPS responsiveness.84 

Thus, even at concentrations as low as 50 pM, Visintin and colleagues showed that MD-2 

significantly enhances LPS reactivity and suggested that TLR4 has a functional affinity 

constant for MD-2 in the range of 50–500 pM.84

Human MD-2 contains 160 amino acid residues, prominent regions of which are the 17-

amino acid sequence at the N-terminus, 7 cysteine residues, and 2 N-glycosylation sites.88 

To identify the regions of functional importance on human and mouse MD-2, common 

analytical methods—namely, analysis of peptide fragments,89 mutation analysis,90 and 

computational modeling91—have been utilized. Computer modeling suggests that MD-2 is 

capable of forming a barrel-like structure with a hydrophobic cavity sufficient to 

accommodate the fatty acid moieties of Lipid A.91,92 In addition, Visintin and coworkers 

reported that a positively charged region flanking the hypothetical hydrophobic cavity of 

MD-2 is required for stable binding to LPS.93 On the other hand, site-directed mutagenesis 

identified the regions of human MD-2 involved in TLR binding, and consequently, in 

conferring LPS responsiveness.90d Thus, Re and coworkers found that MD-2 binding to 

TLR4 took place via Cys95 and Cys105, probably through the formation of an 

intermolecular disulfide bond.90d Several studies predict that Cys95 is located on the surface 
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of the hypothetical barrel, along with the other Cys residues, except for Cys133.84,94 This 

prediction is consistent with the idea that MD-2 is capable of forming covalently bound 

oligomers, but it does not preclude the existence of a monomeric form. Indeed, monomeric 

MD-2 has been reported to bind preferentially to a recombinant soluble TLR4 ectodomain.95 

Hydrophilic and charged residues surrounding this area, such as R90, K91, D100, and Y102, 

also contributed to the formation of the TLR4–MD-2 complex.90d Re and Strominger found, 

however, that a different region of MD-2 was responsible for conferring LPS 

responsiveness.90d This region is not involved in TLR4 binding and is rich in basic and 

aromatic residues, several of which contribute to LPS responsiveness and might represent an 

LPS-binding site. Consequently, mutations in the lysine residues of this region are correlated 

with the loss of LPS binding and, as a result, the loss of activity.

Finally, it was found that binding of MD-2 by Lipid A was greatly enhanced by serum 

components that had long been known to enhance LPS responses, namely, sCD14 and 

LBP.86,94a,96 MD-2 is unstable at 37 °C, but the binding of LPS to MD-2 has been reported 

to dramatically stabilize its activity.97 Overall, the evidence supports a model in which LPS 

interacts with the MD-2/TLR4 surface heterodimer. The interaction of LPS with the receptor 

complex occurs with high affinity, and the Kd is estimated to be 3–10 nM.98 The binding of 

LPS to MD-2 is then responsible for the aggregation of TLR4 and the recruitment of 

intracellular signal transducers.

IV. Host-Derived Mediators and the Pathogenesis of Sepsis

Once TLR4 binds to its LPS ligand, two possible pathways of cellular activation can occur

—either through the myeloid differentiation factor 88 (MyD88) or through the TLR-domain-

containing adapter-inducing interferon-β (TRIF) pathway.99 In each pathway, signaling 

events lead to the sequential activation of specific tyrosine and threonine/serine kinases. 

This signaling cascade ultimately results in phosphorylation, ubiquitination, and degradation 

of inhibitory kappa-B (IκB) and other transcriptional activators. IκB degradation leads to 

translocation of NF-κB into the nucleus. Once NF-κB is translocated into the nucleus, it 

binds to specific DNA sequences located in the promoter regions and participates in the 

activation of a large variety of genes including cytokines, chemokines, stress-response 

proteins, and antimicrobial and antiapoptotic peptides.100 The outpouring of inflammatory 

cytokines and other inflammatory mediators after LPS exposure contributes to generalized 

inflammation, procoagulant activity, tissue injury, and septic shock.101

In macrophages, Lipid A activation of TLR4 triggers the biosynthesis of diverse mediators 

of inflammation and activates the production of costimulatory molecules required for the 

adaptive immune response.4 Once activated, macrophages are the fundamental secretory 

cells of the immune system.102 To date, more than 100 macrophage products have been 

identified—with molecular weights ranging from 32 (superoxide anion) to 440,000 Da 

(fibronectin).103 Among these, inflammatory cytokines such as TNFα, IL-1β, and IL-6 are 

the most studied.
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1. The Cytokine Networks

The cytokine TNFα, an endogenous monocyte/macrophage-derived protein, is one of the 

most important soluble mediators of inflammation. It is mainly synthesized by activated 

monocytes/macrophages and is responsible for a wide range of signaling events within cells. 

In response to an LPS challenge, TNFα is synthesized very quickly and the production 

peaks in a matter of 1.5 h.104 Secretion of this molecule triggers a proinflammatory response 

in neutrophils and endothelial cells and leads to cell damage.105 TNFα exerts most of its 

effects by binding, as a trimer, to either a 55-kDa cell membrane receptor called TNFR-1 or 

the 75 kDa cell membrane receptor TNFR-2; both are members of the TNF receptor 

superfamily.106 In animal studies, the administration of TNFα has been shown to have lethal 

consequences.107 In human volunteers, dramatic hemodynamic, metabolic, and hematologic 

changes are observed after administration of TNFα. Perhaps the most dramatic 

demonstration of the pathophysiologic significance of systemic cytokine release was 

observed recently in a phase I study of an experimental anti-CD28 monoclonal antibody.101a 

The antibody was well tolerated in animal studies, but was found to be markedly toxic to 

humans. Within a few hours of receiving the antibody, all six healthy human volunteers 

developed shock, disseminated intravascular coagulation (DIC), and multiorgan failure. The 

“cytokine storm” that often accompanies septic shock was clearly demonstrated by the 

striking elevations in IL-1, TNF, IL-8, IFN-γ, and other cytokines and chemokines that were 

released almost immediately into the patient’s bloodstream.

Another important cytokine in host defense during sepsis is the IL-1 gene family.108 This 

family consists of three members: IL-1α, IL-1β (both agonists with proinflammatory 

character), and the IL-1 receptor antagonist (IL-1ra, anti-inflammatory counterpart). While 

IL-1β is solely active in its processed and secreted form, IL-1α is active in its intracellular 

precursor, membrane-associated, or secreted form.109 The activation of numerous cell types 

by IL-α and IL-β leads to diverse proinflammatory events.110

Both IL-1 and TNFα act synergistically in the initiation of the inflammatory cascade in 

sepsis, leading to the expression of further factors.111 These factors include other 

proinflammatory cytokines (IL-12, IL-18),71b,112 and chemokines (IL-8, monocyte 

chemoattractant protein-1/MCP-1).113 The chemokines IL-8 and MCP-1 are key factors in 

chemotaxis—IL-8 is involved in neutrophil chemotaxis, while MCP-1 is involved in the 

chemotaxis of monocytes. IL-8 also causes neutrophils to degranulate and cause tissue 

damage.114

2. The Coagulation Cascade

Activation of the coagulation cascade has traditionally been synonymous with the need for 

hemostasis (stoppage of bleeding) at sites of injury. Over the past several decades, however, 

it has been increasingly recognized that initiation of coagulation is an integral and consistent 

element of the local and systemic response to inflammatory stimuli. The precise mechanism 

whereby coagulation contributes to the full expression of inflammation is an area of active 

study.
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Tissue factor (TF) expression on the surface of endothelial cells and monocytes—induced 

by the presence of endotoxins or inflammatory cytokines—initiates the coagulation 

process.115 Thus, TF on the cell surface activates factor VII, and the resulting complex of 

factor VIIa and TF converts factor X into factor Xa. In concert with factor Va, factor Xa 

converts prothrombin into thrombin, which in turn results in the cleavage of fibrinogen to 

fibrin. Deposition of fibrin plays a critical role in hemostasis and in the localization of 

microorganisms within an abscess cavity. This process, however, can impede delivery of 

oxygen to tissues and can induce further inflammatory injury indirectly through the response 

to hypoxia (lack of oxygen) and directly through signals delivered to the thrombin receptor. 

Engagement of the thrombin receptor activates the nuclear transcription factor NF-κB,116 

causing the transcription of a broad array of proinflammatory gene products and resulting in 

release of nitric oxide.117 The thrombin receptor is not a unique mechanism through which 

an inflammatory response is amplified. Clustering of TF has also been shown to initiate gene 

expression for proinflammatory cytokines, including TNF.118

In general, the activation of the coagulation pathway induces anticoagulant mechanisms that 

function to limit progression of the coagulation cascade. During sepsis, however, an 

imbalance of the procoagulant and anticoagulant systems occurs, resulting in a sustained 

hypercoagulable state. The specific abnormalities of the coagulation system that occur 

following endotoxemia and cytokinemia have been documented in detailed studies involving 

human volunteers and septic patients. Thus, in human volunteers injected with small doses 

of TNFα or LPS, there is gradual activation of coagulation, as shown by increases in 

thrombin–antithrombin (TAT) complexes, prothrombin activation fragments, and 

fibrinopeptide A.119 This process begins by the second hour, peaks at 4–5 h, and persists for 

6–12 h. There is also an early increase in plasma fibrinolytic activity (1–2 h) due to the 

presence of plasminogen activators, which leads to plasmin generation. The anticoagulant 

effect of the latter, however, is rapidly neutralized by an increase in the amount of 

antifibrinolytic plasminogen activator inhibitor-1 protein (PAI-1) released into the 

bloodstream. Both ATIII and protein C are also rapidly consumed during the septic state.120 

Additionally, the downregulation of thrombomodulin due to both local and systemic release 

of such cytokines as TNF and IL-1 results in impaired activation of the anticoagulant APC–

protein S complex.121

The increased procoagulant activity, decreased anticoagulant activity, and impaired 

fibrinolysis in septic patients lead to the development of the clinical syndrome called DIC. 

DIC is clinically defined as an overexuberant systemic clotting that depletes coagulation 

proteins and platelets from the blood and leads to bleeding complications.122 It becomes 

increasingly common as patients advance from sepsis (SIRS) to septic shock.123 The 

microvascular thrombosis that develops concomitantly results in organ injury, partly on an 

ischemic basis. As such, while DIC is considered in terms of bleeding complications, the 

clinical outcome is ultimately decided by the accompanying microvascular thrombosis and 

end-organ damage.

In summary, multiple and diverse pathways lead to activation of the cytokine networks and 

the coagulation cascade. To alleviate the fatal outcome of sepsis and septic shock, many 

therapeutic interventions have been targeted toward the later stages of endotoxin response: 
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(a) blocking cytokine synthesis/release by interfering with the transduction of cell surface 

signals,124 (b) neutralizing released cytokines by passive immunization125 and soluble 

receptors,126 and (c) blocking cytokine cell surface receptors with a specific receptor 

antagonist.127 The majority of these approaches have demonstrated efficacy in both in vitro 

and animal models, but none has proven to be effective at treating human sepsis. Due to the 

large diversity and quantity of cytokines released by activated cells, it is likely that the 

approach of blocking only a single cytokine may be inadequate. Since no single therapeutic 

agent has proven to be unequivocally beneficial for managing the abnormalities of sepsis, it 

has become increasingly clear that the therapeutic path to sepsis does not lie on the treatment 

of the downstream events. Under the assumption that end-organ damage ensues from an 

exuberant or hyperactivated immunological response that becomes unresponsive to 

supervening counter-regulatory mechanisms, the approach to treatment of sepsis lies in 

interrupting the cascading inflammatory response by blocking the initial signaling events. 

Current progress towards this goal is discussed next.

V. Modulation of the LPS Receptor Complex by Lipid A Analogues

It is understood, thus far, that endotoxin is essentially a signaling molecule that alerts the 

vertebrate host to the presence of a Gram-negative pathogen. While the endotoxin molecule 

itself is not intrinsically toxic, the exaggerated host response to endotoxin accounts for 

septic shock from Gram-negative bacterial organisms. To summarize from the foregoing, 

endotoxin mediates its injurious effects through systemic activation of host-derived 

inflammatory mediators.

While the evolution of organ dysfunction in septic shock is a complex, highly variable and 

multifactorial process involving many mediators, the past few decades have seen enormous 

advances toward understanding the cellular and molecular basis of the initial events in this 

process. The thorough characterization of these events has allowed researchers to design 

rational therapies directed at blocking the initial signaling events in LPS-induced sepsis.

A successful approach to downregulating LPS signaling involves the use of compounds that 

compete with LPS binding to MD-2 and inhibit the induction of the signal transduction 

pathway by impairing LPS-initiated receptor dimerization. To date, several Lipid A variants 

that specifically block the LPS-binding site on human (h) MD-2 have been identified: lipid 

IVA (a biosynthetic precursor of the Lipid A of E. coli, 1, Fig. 3)128 and a nonpathogenic 

Lipid A from Rhodopseudomonas sphaeroides (2),129 which served as the structural basis 

for the synthetic antisepsis drug candidate Eritoran (E5564, 3).130

The central structure of Lipid A, as exemplified by the E. coli Lipid A structure (4), is a 

highly conserved glycosidically β-(1→6)-linked di-D-glucosamine backbone 

bisphosphorylated at the 1-O- and 4′-O-positions.131 As mentioned earlier, LPS and Lipid A 

trigger innate immune responses through the TLR4/MD-2 complex, the activation of which 

leads to two distinct signaling pathways—the Myd88-dependent pathway and the TRIF-

dependent pathway.132 The Myd88-dependent pathway results in the production of 

proinflammatory cytokines such as TNFα, IL-1β, and IL-6. The TRIF-dependent pathway, 

on the other hand, results in interferon-β and nitric oxide production.
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Despite considerable data on the activity of both isolated133 and synthetic Lipid A 

derivatives,134 there is no universal correlation between the chemical structure of Lipid A 

and its activity in the TLR4/MD-2 complex. An important approach to understanding how a 

receptor system functions is to define its pharmacology. Recent work on the crystal structure 

of the TLR4/MD-2 complex, bound to either agonistic LPS135 or antagonistic Lipid IVA
128 

(1), provided a deeper understanding of the structural requirements of the LPS receptor 

complex. Thus, a large hydrophobic cavity is noted in MD-2, whereby all four lipid chains 

of compound 1 are contained, as opposed to five of the six lipid chains of LPS. The 

remaining chain of LPS is exposed to the surface of MD-2 and forms hydrophobic 

interactions with conserved phenylalanine residues in TLR4. Consequently, it is speculated 

that structural properties of MD-2 play a critical role in differentiating among varying Lipid 

A structures and potentiating a biological response.

Subtle differences in the length and distribution pattern of acyl chains, the phosphorylation 

status of the di-glucosamine backbone, and changes in the di-glucosamine backbone of 

Lipid A are known to profoundly affect its biological activity.134b–d The following sections 

summarize the effect of these variables on the agonistic or antagonistic activity of Lipid A 

derivatives.

1. Length and Distribution of Acyl Chains

The acyl chains of Lipid A, particularly its number, length, symmetry, and saturation, have 

been shown to be a major determinant of the potency of LPS in eliciting TLR4-dependent 

host responses.136 The relationship between acyl-chain length and bioactivity has been 

investigated to some extent with tetraacyl disaccharide analogues137 of lipid IVA (1). 

Recently, having demonstrated that the toxic effects of Lipid A of Salmonella minnesota 

R595 (5, Fig. 4) could be ameliorated by selective hydrolysis of the 1-O-phosphono and 

(R)-3-hydroxytetradecanoyl groups (6),138 Johnson and coworkers proceeded to clarify the 

importance of normal fatty acid chain length by preparing and evaluating chain-length 

homologues of 5 (also known as monophosphoryl Lipid A, MPL). Thus, derivatives 7a–f 
were synthesized and evaluated against MPL 6 for induction of nitric oxide synthase (iNOS) 

in murine macrophages and production of cytokine in human peripheral monocytes.139 It 

was found that the induction of both iNOS and proinflammatory cytokines exhibit a 

profound bimodal dependence on the length of the normal fatty acid chains, reaching a 

maximum when n=8 (7d) in each case. The iNOS response is more sensitive than cytokine 

induction to variations in chain length, showing a 100-fold difference in potency between 

7d, which possesses a greater macrophage-stimulating ability, and 7f. However, both models 

show a similar threshold chain length for activity—iNOS and cytokine responses are 

abolished when n=4 (7b) and n=6 (7c), respectively, and for shorter chain derivatives.

In general, increasing or decreasing the number of acyl residues present in disaccharide 

Lipid A derivatives from the optimum of six diminishes endotoxic activity.140 The 

known141 monosaccharide GLA-47, corresponding to the (tetraacylated) non-reducing sugar 

portion of compound 7f, is devoid of activity in both the iNOS and cytokine models.142 

These observations are consistent with the hypothesis that subtle modifications to the 

hydrophobic side chains of Lipid A derivatives induce conformations that dramatically 
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affect cellular activation and the expression of endotoxic activities.143 Indeed, Lipid A 

having six lipid chains has optimal inflammatory activity, Lipid A molecules with five lipid 

chains are 100-fold less active, and those with four lipid chains, such as Eritoran, lack 

agonistic activity completely.144

The contribution of acyl chains on ligand specificity and receptor activation mechanism of 

the TLR4–MD-2–LPS complex is evident in the crystal structure.135 Thus, Park and 

coworkers demonstrated that binding of LPS induced the formation of an m-shaped receptor 

multimer composed of two copies of the TLR4–MD-2–LPS complex arranged 

symmetrically. LPS interacts with a large hydrophobic pocket in MD-2, whereby five of the 

six lipid chains of LPS are buried deep inside the pocket, and the remaining chain is exposed 

to the surface of MD-2. The latter forms a hydrophobic interaction with the conserved 

phenylalanine residues of TLR4. The F126 loop of MD-2 undergoes localized structural 

change and supports this core hydrophobic interface by making hydrophilic interactions with 

TLR4. Comparison with the structures of Eritoran (3, Fig. 3) and Lipid IVA (1) bound to 

MD-2 indicates that two lipid chains in LPS displace the phosphorylated glucosamine 

backbone by 5 Å towards the solvent area.128,145 This structural shift allows phosphate 

groups of LPS to contribute to receptor multimerization by forming ionic interactions with a 

cluster of positively charged residues in TLR4 and MD-2. Thus, the bioactivity of Lipid A is 

mainly influenced by the length, number, and symmetry of acyl chains, as well as the 

number and distribution of negative charges.146

Lipid A from the LPS of Rhizobium sin-1 (8, Fig. 5), a nitrogen-fixing bacterial species, is 

structurally unusual and differs in almost every aspect from endotoxic Lipid A molecules.147 

R. sin-1 Lipid A is devoid of phosphates, and a 2-amino-2-deoxy-D-gluconolactone moiety 

is present at the reducing end. In particular, it contains a very long-chain fatty acid, 27-

hydroxyoctacosanoic acid, which can be esterified by 2-hydroxybutanoate. Since Lipid A of 

R. sin-1 (8) prevents the induction of TNFα by Lipid A of E. coli, Boons and coworkers 

decided to investigate the contribution of the unusual acyl chain to the antagonistic activity 

of 8, and they synthesized derivatives 9a and 9b.148 Their data show that the hydroxyl 

moiety of the 27-hydroxyoctacosanoic acid moiety of R. sin-1 Lipid A is not important for 

antagonistic properties, whereas shortening the octacosanoic acid moiety (9b) decreases the 

inhibitory potential. Derivative 9a, which contains the octacosanoic acid moiety without the 

hydroxyl group, exhibits the same LPS-antagonistic activity as Lipid A of R. sin-1 (8). It 
should also be noted that while performing detailed biological evaluations on synthetic R. 

sin-1 Lipid A derivatives, Boons and coworkers149 observed that the ester group at C-3 of 

the reducing-end residue in 9a is prone to elimination and readily produces enone derivative 

10. Also obtained was compound 11, wherein the β-hydroxy ester at C-3 of the proximal 

sugar unit has been replaced by an ether-linked moiety. Interestingly, compound 11, which 

has a much improved chemical stability in comparison to that of 9a, was found to be as 

potent as 9a in antagonizing LPS-induced cytokine production by a human monocytic cell 

line. Moreover, compound 11 was found to inhibit both MyD88- and TRIF-dependent cell-

signaling events.

The chemical and biological properties of Porphyromonas gingivalis LPS and its Lipid A 

are different from those of enterobacterial LPSs and their Lipid A structures.150 The Lipid A 
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moiety of the LPS of P. gingivalis also displays considerable heterogeneity. The elucidated 

structures of four Lipid A molecules from P. gingivalis (12–15, Fig. 6) differ in their fatty 

acid substitution pattern. A common structural feature of these derivatives is the presence of 

unusual branched fatty acids, such as (R)-3-hydroxy-13-methyltetradecanoic acid and (R)-3-

hydroxy-15-methyl hexadecanoic acid. In a recent report, innate host responses to Lipid A 

species from P. gingivalis LPS were found to be unusual in that these Lipid A molecules 

were able to function as an agonist for TLR2 and also as an antagonist or agonist for 

TLR4.151 In order to identify the P. gingivalis Lipid A capable of antagonizing E. coli Lipid 

A, compounds 12–15 were chemically synthesized.152 Thus, Ogawa and coworkers152a 

demonstrated that compounds 12 and 13 were agonists for TLR4 but not TLR2, and that 

both compounds were antagonists for E. coli Lipid A. On the other hand, Boons et al. 

showed that while compound 14 was a potent LPS antagonist, compound 15 showed 

significantly diminished activity.152b This prompted their conclusion that the acylation 

pattern of 14 is critical for optimal antagonistic activity.

2. Degree of Phosphorylation of the Di-Glucosamine Backbone

As mentioned earlier, the phosphorylation status of the di-glucosamine backbone is known 

to profoundly affects the biological activity of Lipid A.134b–d At the same time, it has been 

identified that Lipid A from R. sin-1, which lacks phosphate groups, does not stimulate 

production of TNFα by human monocytes153 and prevents the induction of TNFα by E. coli 

LPS. The Lipid A of R. sin-1 is perhaps the most structurally unusual Lipid A reported to 

date; its structure (8, Fig. 5) differs in almost every aspect from those known to contribute to 

the toxicity of enteric Lipid A.147 In particular, the disaccharide moiety of rhizobial Lipid A 

is devoid of phosphate groups and the glucosamine phosphate is replaced by 2-amino-2-

deoxy-D-glucono-1,5-lactone. The microheterogeneity of rhizobial Lipid A limits the 

identification of specific structural features that make it an antagonist rather than an agonist. 

To study the contribution of the reducing-end phosphate group to the antagonistic activity of 

R. sin-1 Lipid A, Boons and coworkers153a synthesized compounds 16 and 17 (Fig. 7) and 

compared their biological activity. Thus, they found that 17 was able to antagonize E. coli 

LPS, while 16 was devoid of this activity. These results suggest that the gluconolactone 

moiety is important for this property. Compound 17 is the first example of a synthetic Lipid 

A derivative that lacks phosphate groups and inhibits production of cytokine initiated by E. 

coli LPS.

On a similar note, Ribi and coworkers154 found an LPS-mimetic compound that exhibits 

potent adjuvant activity, but is 100- to 10,000-fold less toxic than LPS.154,155 This 

compound, MPL,156 is a Lipid A derivative that lacks the phosphate moiety at the reducing-

end glucosamine residue. To understand the molecular mechanism underlying the low 

toxicity of MPL, Nishijima and coworkers157 examined the effects of E. coli Lipid A and 

MPL on the production of IL-1β and the activation of caspase-1 in mouse peritoneal 

macrophages. They found that MPL is defective in the induction of IL-1β secretion and is 

incapable of activating caspase-1. Since caspase-1 has been shown to be essential for the 

induction of endotoxin shock (via caspase-1-deficient mice),158 these results suggest that the 

lack of caspase-1 activation in MPL-stimulated macrophages contributes to the low toxicity 

of MPL. Similarly, Mitchell and coworkers159 reported that the low toxicity of MPL in mice 
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is associated with a bias toward TRIF signaling. To determine whether alteration of a single 

phosphate group can cause TRIF-biased signaling, Mitchell and coworkers160 performed 

extensive comparisons of the signaling activities of synthetic MPL (sMPL) and diphosphate 

Lipid A (sDPL), in the context of an E. coli-type Lipid A structure. They found that sMPL 

largely retained their TRIF bias as compared to sDPL of E. coli, indicating that the loss of a 

single phosphoryl group is sufficient to bring about TRIF-biased activation of TLR4.

3. Changes in the β-(1→6)-Linked-Di-Glucosamine Backbone

Partial structures of Lipid A have been useful in investigating the mechanism of LPS 

binding and cell activation. These include LPS antagonists such as deacylated LPS, lipid 

IVA, and R. sphaeroides Lipid A,161 as well as several unnatural synthetic Lipid A-like 

structures.162 An example for the latter are derivatives synthesized by Shiozaki and 

coworkers,163 whereby they altered the β-(1→6)-linked di-glucosamine backbone common 

to natural Lipid A structures with a β-(1→6)-linked glucosamine-glucose disaccharide. They 

found that these novel derivatives, based on the structure of Eritoran (3, Fig. 3), had almost 

the same (or stronger) LPS-antagonistic activities toward both human blood cells and 

murine macrophages, as compared to classic Lipid A-type disaccharides having the 

glucosamine–glucosamine moiety. Following their initial success, Shiozaki’s group decided 

to reverse their aforementioned backbone design and created Lipid A derivatives featuring 

β-(1→6)-linked glucose-glucosamine backbones (18–23, Fig. 8).164 Thus, they found that, 

except for compound 21, these synthetic derivatives exhibited LPS-antagonistic activity 

comparable to R. sphaeroides Lipid A. Compounds 20 and 23 were even more potent than 

E5564 (3) in inhibiting production of TNFα in LPS-challenged mice, while compound 19 
was more potent than 3 in protecting mice from lethal LPS challenge.

Peri and coworkers165 developed synthetic Lipid A derivatives that, on the other hand, 

largely depart from natural Lipid A structural motifs. Thus, compound 24 (Fig. 9) features a 

β-(1→6)-N(OMe)-linked di-glucose backbone, four linear C-14 hydrophobic alkyl chains, 

and no phosphate groups, while compound 25 is the β-O-linked analogue of 24. Compounds 

24 and 25 antagonized the inflammatory effect of E. coli Lipid A on MT2 macrophages and 

did not exhibit proinflammatory effects on the same cell lines. Their most significant result, 

however, is the observation that N- and O-linked disaccharides have very similar activities. 

It indicates that the chemical nature of the interglycosidic bridge does not influence LPS 

antagonist activity.

In another example of exploring structure–function relationships in the LPS receptor 

complex with nonnatural Lipid A derivatives, Zamyatina and coworkers166 synthesized 

Lipid A mimetics featuring a β,α−(1→1′)-linked di-glucosamine scaffold (26–32, Fig. 9). 

With the restricted internal flexibility imposed on the di-glucosamine backbone, these 

trehalose-type derivatives aim to elucidate the parameters whereby the three-dimensional 

molecular shape of MD-2-bound Lipid A/Lipid IVA determines endotoxicity. Thus, they 

found that the variably acylated Lipid A mimetics 26–32 lacked proinflammatory activities 

in hTLR4/MD-2-transfected HEK293 cells. Except for compound 26, which is a 

conformationally constrained counterpart of Lipid IVA, the compounds were shown to 

potently inhibit proinflammatory responses in TLR4-transfected HEK293 cells stimulated 
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with E. coli Lipid A (4, Fig. 3). The failure of 26 to compete with 4 for the binding site on 

MD-2 could be due to an increase in the hydrophobic volume of the lipid chains, which 

would prevent the ligand from entering the binding groove of MD-2. These Lipid A mimics 

were further examined for their capacity to inhibit E. coli O111 LPS-induced activation of 

the TLR4/MD-2 complex in TLR4-transfected HEK293 cells. Upon application of 27 and 

29 at a concentration of 500 ng/mL, the inflammatory responses to E. coli LPS were entirely 

abrogated. The shorter chain Lipid A mimetics 31, 29, and 30 allowed for 50% inhibition at 

the submolar concentration of 5 ng/mL. Compound 32, which contains four (R)-3-

hydroxydecanoic acid groups, was shown to suppress cell activation elicited by 4, but did 

not antagonize E. coli LPS. Thus, with its smaller hydrophobic volume, compound 32 is 

capable of competing with Lipid A for the binding site on hMD-2, but is incapable of 

displacing LPS, which possesses a higher affinity for the MD-2/TLR4 complex than the 

corresponding Lipid A.167 Overall, these results define a crucial role of the inherent 

plasticity of the carbohydrate backbone of Lipid A—it decides the relocation of a single 

lipid chain onto the surface of MD-2 in the ligand–receptor structure–function relationships. 

Replacement of the flexible (1→6)-linked Lipid A backbone by a conformationally 

constrained trehalose-type scaffold resulted in abrogation of species-specific agonistic 

activity of lipid IVA. Consequently, manipulating conformational flexibility of the 

carbohydrate backbone of Lipid A is a useful tool in the rational design of 

immunomodulating therapeutics targeting the LPS receptor complex.

Lipid A analogues that lack the disaccharide backbone, that is to say monosaccharide Lipid 

A mimetics, have also been used to study the structure–activity relationship of the LPS 

receptor complex. The structural simplicity of these truncated molecules allows for abridged 

synthetic routes and easier access to a broad library of analogues for chemical genetics. 

GLA-60 (33, Fig. 10)—a synthetic monosaccharide Lipid A analogue having an ester-

branched acyl group—has been used extensively as a model structure for structure–activity 

studies of this type on account of its broad endotoxic activities. To this end, Matsuura and 

coworkers168 altered the ester-branched acyl group of GLA-60 into alkyl-branched types 

(34–40, Fig. 10) and evaluated the biological activities of the corresponding analogues to 

determine the role of a branched side-chain in the expression of endotoxic activities. In 

terms of ability to induce TNFα production, compounds 34 and 35 were found to be more 

potent than 33, but not as potent as E. coli Lipid A. Compound 36 was found to be less 

potent than 33 in inducing production of TNFα, and 37 was even weaker. Similar results 

were obtained when compounds 33–37 were tested for (1) ability to activate macrophages 

from LPS-nonresponsive C3H/HeJ mice and (2) tolerance-inducing potency against LPS-

stimulated macrophage activation. Compounds 38–40, on the other hand, were found to be 

more potent than 33 in terms of induction of TNFα expression, mitogenic activity, and LPS 

lethality. Since the results were comparable to that of 36 and 37, it can be concluded that 

branching position has a very slight contribution in the expression of endotoxic activities. 

These studies demonstrate that the usual ester-branched acyl groups in Lipid A analogues 

can be replaced by alkyl-branched acyl groups with no great consequence to endotoxic 

activities.
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Subsequently, Matsuura and coworkers proceeded to clarify the structure–activity 

relationship of monosaccharide Lipid A analogues having different acylation patterns in 

terms of production of nitric oxide (NO) and cytokine (TNFα, IL-6) in murine macrophages. 

Briefly, the stimulatory effects of analogues 41–45 (Fig. 10) on the production of NO varied 

from strongly positive to negative, depending on their structure, and the intensity of activity 

correlated well with cytokine production. These results strongly suggest the existence of 

closely related regulatory mechanisms and signaling pathways for the three inflammatory 

mediators studied. Compound 43 was previously reported169 to possess the ability to protect 

mice from LPS lethality under D-galactosamine-sensitized conditions (in vivo protective 

activity) and the potency to induce a hyporesponsive state to LPS stimulation in 

macrophages. In this study, compound 43 also demonstrated antagonistic activity against 

LPS, E. coli Lipid A, and 33 for induction of NO, TNFα, and IL-6 when it coexisted with 

the stimulants.

Following the lead of compound 43,170 as well as their previous work with 

nonphosphorylated N(OMe)-linked disaccharides,165 Peri, Nicotra, and coworkers 

synthesized monosaccharide Lipid A analogues that featured no phosphate groups, a glucose 

backbone, and an amine (46), ammonium species (47), and hydroxylamine (48) moiety (Fig. 

11).171 In terms of inhibiting Lipid A-induced TNFα expression in bone-marrow derived 

macrophages and dendritic cells, compounds 46 and 47 interfered with Lipid A activity in a 

dose-dependent manner, while compound 48 showed consistently lower activity. Compound 

47 was more potent than 46, which in turn was more potent than 48. The activity of the most 

promising lead, compound 47, was then analyzed in more detail by monitoring the 

production of another inflammatory cytokine, IL-1β. Thus, 47 inhibited IL-1β and TNFα 

expression in macrophages and dendritic cells, and the inhibitory effect was proportional to 

the concentration of the inhibitor. To evaluate the selectivity for TLR4, compound 47 was 

investigated for TNFα expression in response to stimulation by the CpG motif of bacterial 

DNA (TLR9 ligand) and trihexadecanoyl cysteine (Pam3Cys-SK4, TLR2 ligand). 

Production of cytokine was not inhibited by 47 in either the TLR9- or the TLR2-mediated 

inflammatory cascade, indicating a relevant level of selectivity. Further direct evidence that 

the activity of compound 47 is selective for the TLR4 receptor was obtained with 

experiments on a TLR4- and TLR9-transfected HEK 293 cell system. Thus, 47 was able to 

counteract significantly the effect of Lipid A in TLR4-transfected cells, whereas it was 

inactive at the maximal dose of 50 mm in influencing the effect of CpG on TLR9-

transfected HEK 293.

In another example of rational designs for monosaccharide Lipid A analogues, Fukase and 

coworkers134a synthesized a series of Lipid A analogues to investigate the structure–activity 

relationships governing the biological activity of triacyl-type Lipid A analogue 49, which 

was found to be an LPS antagonist (Fig. 12). In analogues 50–55, the nonreducing end of 

Lipid A (3-phosphorylated glucosamine) was substituted with an acidic amino acid, such as 

aspartic acid or phosphoserine, and the acylation arrangement was varied. These analogues 

were evaluated for induction of human cytokines and inhibitory activities against LPS. In 

terms of cytokine induction, most analogues exhibited no induction of IL-6, whereas 

tetraacylated 54a exhibited concentration-dependent induction at ≥100 ng/mL. Compound 
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54b also exhibited IL-6 induction at 10 μg/mL concentration, although the activity was 

about 100-fold weaker than that of 54a. As for inhibition of LPS-induced cytokine 

production, only analogues 53a and 54a failed to exhibit inhibitory activities. The 

phosphoserine-containing analogues showed stronger inhibitory activities than the 

corresponding aspartic acid-containing analogues that feature the same acylation pattern.

Obvious trends were also observed between the inhibitory activities and the acylation 

patterns. In either enantiomeric form (D- and L-phosphoserine), the acylation pattern of 

compound 51 gave the highest inhibitory activity. The acylation pattern in 50 allowed for 

slightly weaker activity than that of 51, but it was slightly stronger than that of 52. For the 

aspartic acid analogues, the L-form showed stronger inhibition than the D-form, whereas the 

D- and L-phosphoserine analogues showed no significant differences. In the Limulus test, 

the expression of Limulus activity was dramatically influenced by the acylation patterns. 

This result clearly showed that structural requirements for expression of the Limulus activity 

are different from cytokine-inducing activities or LPS-antagonistic activities.

Following Peri’s171 and Fukase’s lead,134a Demchenko and coworkers172 proceeded to 

synthesize Lipid A analogues containing a glucopyranoside core, hydrophobic ether 

substituents, and an amino acid moiety to provide ionic character to the constructs. The 

inhibitory activity of compounds 56 and 57 (Fig. 13) on LPS-induced TNFα expression was 

investigated in vitro using THP-1 macrophages. Compounds 56a, 57a, and 57b exhibited no 

inhibitory activity against LPS-induced TNFα expression in the concentration range of 0.1–

10 mM. Compound 56b, which has a free carboxylic group, was able to significantly inhibit 

LPS-induced expression of TNFα at concentrations greater than 10 μM. Unfortunately, cell 

viability measurements indicated that compound 56b was toxic to the cells in the 30–100 

mM range. Indeed, the similarities between the inhibition and toxicity curves suggested that 

much of the antagonistic activity by 56b was related to toxicity. With compound 47 as a 

positive control, lipidated compound 58 displayed a marked enhancement in LPS-

antagonistic ability (550 nM range). It was able to inhibit 80% of the LPS response at a 

concentration of 5 mM, with no observable toxicity. Cell viability began to be compromised 

at 10 mM, and some agonist activity was found in the 10–30 mM range. Alkylated 

compound 59, on the other hand, demonstrated 70% inhibition of LPS-induced TNFα 

expression at a concentration of 1 mM and reached 90% inhibition at 40 mM. Compound 59 
exhibited no toxicity or agonist activity within the 0.2–40 mM range. These results were 

better than those obtained with compound 47, which had an inhibition range of 3–10 mM 

and began to show agonist activity at concentrations >10 mM. Overall, these studies validate 

the conclusion that Lipid A analogues that lack the di-glucosamine backbone, phosphate 

moieties, and typical acylation patters can still demonstrate significant antagonistic activity 

toward LPS-induced cytokine production.

In a similar effort to define the parameters of antagonistic activity by monosaccharide Lipid 

A analogues, Johnson and coworkers134d identified a new class of potent monosaccharide 

immunomodulators called aminoalkyl glucosaminide 4-phosphates (AGPs), wherein the 

less-conserved reducing-sugar unit of Lipid A is substituted with a flexible N-acyloxyacyl 

aglycone unit.142 The flexible AGP motif permits energetically favored close packing173 of 

fatty acid moieties, facilitating intercalation of the lipids into the hydrophobic pocket of 
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MD-2. In addition, the carboxyl group of seryl-based AGPs serves as a stable bioisostere of 

the labile anomeric phosphate of Lipid A, which, along with phosphate groups, presumably 

binds electrostatically to lysine residues along the edge of the hydrophobic pocket of 

MD-2.95 Among seryl-based AGPs, compounds 60 and 61 (Fig. 14) containing 10-carbon 

and 6-carbon secondary acyl residues, respectively, have been found to exhibit potent TLR4 

agonist and antagonist activity, respectively, in both murine and human models.174 In order 

to overcome the inherent chemical and metabolic instability of the ester-linked secondary 

fatty acids present in 60 and 61, and to further evaluate structural modifications in the AGP 

series, the corresponding ether-linked lipid analogues 62 and 63 (Fig. 14) were 

synthesized.134d Thus, it was found that 60 and its ether analogue 62 exhibited similar 

abilities in inducing TNFα expression in human monocytes, diminishing splenic bacteria 

following a Listeria challenge, and providing protection from a lethal influenza challenge. In 

contrast, neither 61 nor its ether analogue 63 induced detectable cytokines in human cell 

assays. However, both compounds 61 and 63 were able to inhibit LPS-induced expression of 

TNFα in human monocytes. Compound 61 effectively inhibited expression of serum TNFα 

when coadministered intravenously with LPS, but 63 did not demonstrate any antagonist 

activity. The weak TLR4 agonist activity of ether analogue 63 in vivo is further exemplified 

by its ability to induce TNFα when administered intravenously to mice—a dose–response 

comparison of serum TNFα levels induced by 60 and 63 showed that 63 was between 10 

and 100 times less active than 61. Overall, ether lipids 62 and 63 exhibited similar TLR4 

agonist and antagonist activities, respectively, as compared to their ester analogs 60 and 61. 

Unlike the potent TLR4 antagonist 61, the ether lipid 63 was a weak agonist in murine 

models, suggesting that one or more of the ester carbonyl groups in 61 play a pivotal role in 

binding to murine MD-2 and preventing TLR4 activation.

Following Johnson’s lead,134d Jiang and coworkers132 synthesized Lipid A mimics (64–66, 

Fig. 14) wherein the reducing glucosamine residue of the archetypal disaccharide scaffold in 

Lipid A has been replaced by an acylated diethanolamine moiety. The design of mimics 64–
66 was based on the following considerations: (a) conservation of essential functional 

groups involved in TLR4/MD-2 ligand binding, namely, the phosphate and fatty acid chains; 

(b) conservation of the glycosidic linkage; and (c) the appropriate location of each functional 

group through the diethanolamine moiety. Thus, it was found that all three compounds (64–

66) showed no cell toxicity at the highest concentrations tested for each, as measured via 

Trypan Blue exclusion. Compound 64 and 66 increased ICAM-1 expression in human 

THP-1 cells, but 66 was found to be less potent than 64. The maximum ICAM-1 expression 

level was achieved at a concentration of 2.0 mM for both. In contrast, no significant increase 

in ICAM-1 expression level is noted for the octa-acylated analogue 65 at the highest 

concentration tested (4.0 mM). To further characterize the immunostimulatory properties of 

64–66, production of TNFα, IL-6, and IL-1β cytokines was also measured. In general, the 

responses measured for all three cytokines mirror that of the response for ICAM-1 

expression—compound 64 showed the greatest potency, compound 66 showed a slightly 

decreased potency, and compound 65 induced very little to no response. While the octa-

acylated analogue 65 is inactive in the induction of ICAM-1 and other cytokines tested, it 

induces a significant level of IL-1β at the concentration of 9 mM. Building on the results of 

64, Jiang and coworkers175 synthesized compounds 67 and 68 (Fig. 14) with the view of 
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improving the potency of 64 as a TLR4 agonist. Thus, compounds 67 and 68 showed 

increased potency over 64; mimic 68 showed the greatest potency for stimulating production 

of all three cytokines (TNFα, IL-6, and IL-1β). In comparison with the terminal free 

hydroxyl group in 64, the terminal phosphate group in 67 and the terminal acidic moiety in 

68 increased the potency of the immunostimulatory response, with the terminal acidic 

moiety contributing more toward enhancing the potency. Competitive-inhibition studies 

with lipid IVa, a known human TLR4 antagonist, confirm TLR4 as the target of 

diethanolamine-containing Lipid A mimics.

To further define structure–activity relationships that influence the LPS-antagonistic activity 

of compounds 46 and 47 (Fig. 11), Peri and coworkers176 synthesized compounds 69–73 
(Fig. 15). The activity of compounds 46, 47, and 69–73 as inhibitors of the TLR4 signal 

pathway was tested in vitro using a HEK-Blue LPS Detection Kit. They found that 

compounds 47, 71, 72, and 73 exhibited significant inhibition of Lipid A activity in a 

concentration-dependent manner. The cytotoxic potentials of 47, 71, 72, and 73 were also 

measured and it was found that 47, 71 and 72 showed no inhibitory effects on cell viability. 

Compound 73, in contrast, showed a diminution of the cell viability of about 17%. Finally, 

they tested compounds 46, 47, 71, and 73 for protective capacity against LPS-induced 

lethality in vivo. The administration of 10 mg/kg of 47, 71, and 73 significantly increased 

survival of mice against LPS-induced lethality. In particular, compound 47 increased the 

survival rate from 0% to 25%, compound 73 from 0% to 67%, and all mice that received 

compound 71 survived. Indeed, at a smaller dose of 3 mg/kg, compound 71 evoked a 100% 

survival of mice treated with LPS. Compound 46, which has the weakest TLR4 antagonistic 

activity in vitro, was found to be ineffective in the lethal endotoxin-shock model. In order to 

clarify the mode of action of 47 and 71, Peri and coworkers176b analyzed possible 

interactions with the extracellular components that bind and shuttle endotoxin to TLR4, 

namely, LBP, CD14, and MD-2. Briefly, their data strongly suggest that compounds 47 and 

71 inhibit TLR4 activation by competitively occupying CD14, thereby inhibiting the 

delivery of active endotoxin to the MD-2/TLR4 complex.

VI. Summary and Conclusions

Mortality from Gram-negative sepsis remains a serious problem and the concomitant 

challenges continue to be intimidating. After several decades of vigorous research in the 

field, several carefully designed pharmaceutical approaches to modifying the clinical 

outcome of sepsis have failed. As with any illness, a true understanding of the 

pathophysiology of disease is a critical step in designing effective remedies. The recent 

determination of crystal structures of the dimeric TLR4–MD-2 complex with bound 

endotoxic E. coli Lipid A or LPS antagonists (Eritoran, Lipid IVA) clarified important 

aspects of the structure–activity relationship in bacterial Lipid A, the endotoxic principle of 

LPS. Investigations on compounds that can modulate the LPS–receptor complex, such as the 

synthetic Lipid A analogues outlined in this chapter, not only offer novel pharmacological 

targets but also contribute to the clarification of basic structural and mechanistic aspects of 

TLR4 signaling, including the role of LBP, CD14, and MD-2 coreceptors. The identification 

of new pharmacological targets for LPS-mediated diseases should lead to renewed optimism 

that effective therapies against Gram-negative sepsis will ultimately be achieved.
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Abbreviations

AGPs aminoalkyl glucosaminide 4-phosphates

BPI bactericidal/permeability-increasing protein

CD cluster of differentiation

CETP cholesteryl ester transfer protein

CHO Chinese hamster ovary

DIC disseminated intravascular coagulation

EGFP enhanced green fluorescent protein

GPI glycosyl phosphatidylinositol

HDL high-density lipoprotein

iNOS nitric oxide synthase

IRAK interleukin-1 receptor-associated kinase

LBP lipopolysaccharide-binding protein

MCP monocyte chemoattractant protein

MD myeloid differentiation antigen

MPL monophosphoryl Lipid A

MPs mononuclear phagocytes

MyD88 myeloid differentiation factor 88

NF-κB nuclear factor-kappa B

PAI-1 plasminogen activator inhibitor-1 protein

PAMPs pathogen-associated molecular patterns

PLTP phospholipid transfer protein

PMNs polymorphonuclear leukocytes

PRRs pattern-recognition receptors

SIRS systemic inflammatory response syndrome

TAT thrombin–antithrombin

TF tissue factor

TLR Toll-like receptor

TRIF TLR-domain-containing adapter-inducing interferon-β
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Fig. 1. 
Structure of LPS and its typical antigenic regions: Lipid A, core oligosaccharide, and O-

antigen.
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Fig. 2. 
Recognition of LPS on the surface of phagocytes. LPS is opsonized by lipopolysaccharide-

binding protein (LBP), and the LPS–LBP complex is recognized by cluster of differentiation 

14 (CD14). CD14 is incapable of generating a transmembrane signal, and subsequently, the 

LPS–LBP–CD14 ternary complex activates toll-like receptor 4 (TLR4). TLR4, in turn, 

signals through the Myeloid differentiation primary response gene (88) (MyD88) and the 

interleukin-1 receptor-associated kinase (IRAK). Myeloid differentiation 2 (MD-2) is a 

secreted protein that binds to the extracellular domain of TLR4 and is an important 

component of its signaling pathway.30 (See the color plate.)
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Fig. 3. 
Structure of Lipid IVA (1), Lipid A of R. sphaeroides (2), Eritoran (3), and Lipid A of E. 

coli (4).
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Fig. 4. 
Monophosphoryl Lipid A from S. minnesota 5, and its chain-length homologues 6 and 7a–f.
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Fig. 5. 
Rhizobium sin -1 Lipid A 8 and its derivatives 9–11.
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Fig. 6. 
Lipid A structures from Porphyromonas gingivalis 12–15.
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Fig. 7. 
R. sin-1 Lipid A derivatives.
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Fig. 8. 
Unnatural Lipid A derivatives 18–23 based on Eritoran (3).
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Fig. 9. 
Nonnatural Lipid A derivatives.
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Fig. 10. 
Monosaccharide Lipid A analogues 34–45 based on GLA-60 (33).
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Fig. 11. 
Methyl α-D-glucopyranoside-derived monosaccharide Lipid A analogues 46–48.
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Fig. 12. 
Triacylated Lipid A 49 and its monosaccharide analogues 50–55 containing acidic N-acyl 

amino acids.
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Fig. 13. 
Monosaccharide Lipid A analogues 56–59 with glucopyranoside-spacer–amino acid motifs.
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Fig. 14. 
AGP class of Lipid A mimetics 60–68.
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Fig. 15. 
Glycolipid-based (69–72) and benzylammonium lipid-based (73) Lipid A mimics.
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