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Innate immunity recognition relies on a diverse set of germ line encoded receptors, termed
pattern recognition receptors (PRR), which recognize broad classes of molecular structures
common to groups of microorganisms. One of the largest and best studied families of PRR
are the Toll family of receptors (Toll-like receptors, TLRs) that detect microbial components
with high sensitivity and selectivity[1]. Among TLRs, TLR4 selectively responds to bacterial
endotoxin (E) (Gram-negative bacterial lipopolysaccharides (LPS) or lipooligosaccharides
(LOS)),[2] resulting in the rapid triggering of pro-inflammatory processes necessary for
optimal host immune responses to invading Gram-negative bacteria (GNB). TLR4 does not
bind directly to endotoxin: LBP,[3] CD14,[4] MD-2[5] are required for efficient extraction
and transfer of endotoxin monomers from the GNB outer membrane or aggregates of
purified endotoxin to MD-2. The resulting monomeric E·MD-2 complex is the ligand that,
depending on the structural properties of E and MD-2, specifies TLR4 activation or
antagonism.[6] Although TLR4 plays a key physiologic role in host response to Gram-
negative bacterial infection, an excessively potent and/or prolonged TLR4 response can
promote life-threatening pathology such as septic shock.[7] TLR4 activation has also been
associated with certain autoimmune diseases, non-infectious inflammatory disorders, and
neuropathic pain, suggesting a wide range of possible clinical settings for application of
TLR4 antagonists.[8] Conversely, agonists of TLR4 can be useful as adjuvants in vaccine
development and in cancer immunotherapy [9]. Lipid A[10] (Scheme 1), the hydrophobic part
of LPS, is responsible for TLR4-dependent proinflammatory activity.[11] Underacylated
lipid A variants, such as tetraacylated lipid IVa[12] and E5564 (Eritoran)[13] are potent LPS
antagonists (Scheme 1). The β(1→6) diglucosamine backbone of lipid A can be replaced by
an aminoalkyl glucosamine moiety in aminoalkyl glucosaminide 4-phosphates (AGPs)[14] or
by other non-carbohydrate structures[15] and the lipid A analogue retains TLR4 agonist or
antagonist activity. One or two phosphates are typically present in synthetic lipid A mimics,
but these groups could be, in principle, substituted by negatively charged isosteres. A
carboxylic acid group replaces the C-1 phosphate in AGP derivatives,[14a] while a sulfate
group is present in the monosaccharide lipid A mimic ONO-4007 (Scheme 1) developed by
Ono Pharmaceutical Co (Osaka, Japan).[16] This compound showed TLR4 agonist activity
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inducing TNF-α production in tumour cells, but further clinical development was precluded
by the compound's limited water solubility.

Here we present two innovative lipid A analogues (synthetic compounds D1 and D7)
(Scheme 1), in which two methyl α-D-glucopyranoside units are bridged through a (6→6′)
succinic diamide linker. In compound D7 two phosphates in C-4 and C-4′ positions mimic
the phosphates in the C-1 and C-4′ position of natural lipid A, while in 1 two sulfates
replace phosphates. The sulfate group, negatively charged at neutral pH, is a bioisoster of
phosphate that has rarely been exploited in the design of lipid A mimetics.[16] In contrast
with natural lipid A, compounds D1 and D7 are symmetric molecules (2-fold rotational
symmetry C2). Four linear ether chains (C14H29) replace acyl esters (COC13H27 or
COC11H23) found in lipid A and synthetic antagonists. Ether chains are more resistant to
enzyme hydrolysis than esters and improve pharmacokinetic properties of the molecules
and, for this reason, have been used in TLR4 antagonists previously developed by our group
that target the CD14 receptor.[17]

Both lipid A mimetics D1 and D7 were rationally designed according to the recently
resolved X-ray structures of lipid A[18], and antagonists lipid IVa[19] and Eritoran[20] bound
to MD-2. Eritoran and lipid IVa bind to the hydrophobic pocket in human MD-2 and there is
no direct interaction between both antagonists and TLR4. The structure formed by the four
acyl chains of eritoran and lipid IVa complement the shape of hydrophobic cavity,
occupying almost 90% of the solvent-accessible volume of the pocket (Figure 1). According
to preliminary simulations, both molecules D1 and D7 can bind to MD-2 in a manner similar
to that of lipid IVa,[12] with the four fatty acid chains deeply confined in the MD-2 cavity
and the phosphate and sugar groups interacting with conserved residues at the cavity rim
(Figure 1).

In both D1 and D7, the conformational flexibility of the succinic diamide linker allows the
two negatively charged groups (phosphates or sulfates) to be placed at a distance of about 12
Å, similar to the distance between the phosphates of MD-2-bound lipid IVa[12] (Figure 1).

Because of their symmetric structures, both molecules D1 and D7 can be prepared through
the convergent and efficient synthesis shown in Scheme 2, starting from the common
precursor 3.

The 6-deoxy-6-amino-4-O-(4′-methoxybenzyl)-2,3-di-O-tetradecyl-α-D-glucopyranoside 2
was prepared in gram quantities according to published procedures.[17b] Monosaccharide 2
with a primary amino group on C-6 was reacted with succinic anhydride to produce
compound 3 (97% yield), that was condensed with 2 by treatment with
hydroxybenzotriazole (HOBt), O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HBTU), N,N′-diisopropylcarbodiimide (DIC) in the presence of the
Hunig's base N,N-diisopropylethylamine (DIPEA) resulting in production of disaccharide 4
in 70% yield. The p-metoxybenzyl ethers in positions C-4 and C-4′ were cleaved by
treatment with trifluoroacetic acid (TFA) solution 1:1 in CH2Cl2 affording 5 in 86% yield.
To obtain the sulfated disaccharide D1, the free hydroxyl in C-4 and C-4′ position were
sulfated by reaction with the SO3.pyridine complex (50% yield). Alternatively, disaccharide
5 was reacted with (iPr)2NP(OBn)2 in the presence of imidazolium trifluoroacetate and the
di-benzyl phosphite was oxidized in situ to the corresponding phosphate 6 using m-
chloroperbenzoic acid (43%). Treatment of compound 6 with H2 and Pd-C as catalysts
followed by neutralization with Et3N[21] gave 7 as the triethylammonium salt in 71% yield.
The solubility in water of D1 and D7 was surprisingly different: D1 was soluble in the
aqueous buffers used for biological characterization up to a concentration of about 50 μM,
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while diphosphate D7 was insoluble under these conditions, precluding its biological
characterization.

The ability of D1 to inhibit endotoxin-stimulated TLR4 activation was tested using stable
transformants of HEK293 cells expressing TLR4 (HEK-TLR4 cells). These cells express
fully functional transmembrane TLR4 but do not produce MD-2. Supplementation of the
cell incubation mixture with sMD-2 as well as LBP and sCD14 was required for these cells
to respond to pM amounts of added endotoxin (e.g., purified aggregates of N. meningitidis
lipooligosaccharides (LOSagg)).[22] As shown in Figure 2, added D1 produced dose-
dependent inhibition of cell activation (i.e., extracellular accumulation of IL-8) induced by
200 pM LOSagg.[22] Maximum inhibition was seen at 5-10 μM 1 but was incomplete,
raising the possibility that D1 was itself a partial agonist of TLR4. Indeed, in the absence of
added LOSagg, D1 caused dose-dependent activation of HEK-TLR4 cells (Figure 2), but not
of parental HEK293 cells (Figure S1). TLR4-dependent cell activation by D1 was not due to
endotoxin contamination; LAL testing (Lonza Bio-Whittaker, Walkersville, MD) with a
detection limit of 10 pg endotoxin/mL, did not detect LPS contamination in the preparations
of D1 used in our experiments. In sum, these data strongly suggest that molecule D1
interacts with MD-2-TLR4 and acts as a weak TLR4 agonist/partial antagonist. The limited
TLR4-dependent cell activation observed when HEK-TLR4 cells were exposed to 0.2 nM
LOS + 10 μM D1 most likely reflects occupation of MD-2·TLR4 by D1 rather than LOS.

To test more directly the ability of D1 to inhibit LBP/sCD14-dependent extraction and
transfer of endotoxin (LOS) monomers to MD-2.TLR4, the effects of 10 μM D1 were
examined using uniformly radiolabeled LOS aggregates ([3H]LOSagg) plus purified
recombinant LBP, sCD14, and conditioned medium containing MD-2.TLR4ecd. Molar
concentrations of added MD-2·TLR4ecd, relative to LOS, were limited so as to permit
detection of effects of D1 on both LBP-catalyzed extraction and transfer of LOS monomers
to sCD14 (yielding monomeric [3H]LOS·sCD14; Mr ∼60,000) and transfer of [3H]LOS
from [3H]LOS·sCD14 to MD-2·TLR4ecd (yielding ([3H]LOS·MD-2·TLR4ecd)2; Mr
∼190,000). Figure 3 shows that under these experimental conditions addition of 10 μM D1
partially inhibited formation of [3H]LOS·sCD14 and nearly completely inhibited transfer of
[3H]LOS from [3H]LOS·sCD14 to MD-2·TLR4ecd (i.e., formation of
([3H]LOS·MD-2·TLR4ecd)2). In support of this view, D1 inhibited transfer of [3H]LOS from
pre-formed [3H]LOS·sCD14 to His6-MD-2 as shown by reduced co-capture of [3H]LOS (as
[3H]LOS·MD-2) to the Ni2+ HISLINK resin (Figure 4A). In contrast, at the same
concentrations, 1 did not promote displacement of LOS from MD-2 (Figure 4B) nor
inhibited HEK-TLR4 cells activation by pre-formed LOS·MD-2 (Figure 5).

In summary, compound D1, much like other tetraacylated lipid A analogues[12-13, 23]

inhibits activation of TLR4 by endotoxin by inhibiting interaction of endotoxin with both
CD14 and MD-2(·TLR4). By analogy to the described interactions of lipid IVA, eritoran,
and tetraacylated LPS,[11,12,19] D1 presumably acts by competitively occupying CD14 and
MD-2(·TLR4). Lipid IVA has weak TLR4 agonist properties toward mouse
MD-2·TLR4.[24] However, the weak TLR4 agonist properties toward human MD-2·TLR4
observed for D1 (Figure 1) is not shared by lipid IVA[20][24a], implying unique interactions
of D1 with human MD-2·TLR4. Whether or not this is a consequence of the substitution of
the phosphates typically present in lipid A with sulfates or other unique structural features of
D1 awaits further study. Whatever the precise structural basis of the unique functional
properties of D1, these properties may make these and related compounds valuable new
immuno-pharmacologic agents. Under-acylated and under-phosphorylated, derivatives of
lipid A that have partial TLR4 agonist properties are currently lead compounds as vaccine
adjuvants, providing apparently sufficient TLR4-dependent immune boosting while
tempering potential TLR4-mediated toxicity.[25] In sepsis, where immune dysregulation may
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be manifest as a systemic inflammatory syndrome and/or subsequent immune paralysis,[26] a
compound that has both partial agonist and antagonist properties may be more advantageous
than the more pure TLR4 antagonists that have been developed and tested to date. Work is
in progress to characterize the pharmacodynamic and pharmacokinetic properties of D1 and
to study molecular details of its interaction with the TLR4-MD-2 complex.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Lipid IVa (right) and molecule D1 (left) bound to the MD-2 pocket.
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Figure 2.
Compound D1 acts as weak TLR4 agonist, partial TLR4 antagonist. Results shown
represent mean ± SEM of at least three determinations.

Piazza et al. Page 7

ChemMedChem. Author manuscript; available in PMC 2013 April 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effect of D1 (10μM) on LBP/sCD14-dependent extraction and transfer of [3H]LOS
monomers from [3H]LOS aggregates to sCD14 and to MD-2·TLR4ecd (denoted as
MD-2·TLR4).
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Figure 4.
A) [3H]LOS monomer transfer from [3H]LOS·sCD14 to His6·MD-2 resulting in co-capture
of [3H]LOS to Ni2+ HISLINK resin. B) [3H]LOS·MD-2 stability in presence of increasing
concentration of D1. Results shown represent mean ± SEM of at least three determinations.
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Figure 5.
Compound D1 does not inhibit TLR4 activation by LOS·MD-2 complex. Results shown
represent mean ± SEM of at least 3 determinations.
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Scheme 1.
Chemical structures of E. coli lipid A, synthetic antagonist E 5564 (Eritoran), synthetic
agonist ONO-4007 and synthetic compounds D1 and D7.
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Scheme 2.
Synthesis of lipid A mimetics D1 and D7: a) succinic anhydride, dry py, RT, 97%; b)
compound 2, HOBt, DIC, DIPEA, DMF, 0°C→RT, 70%; c) 1:1 TFA in CH2Cl2, RT, 86%;
d) SO3.py, CH2Cl2 dry, 50% e) (iPr)2NP(OBn)2, imidazolium trifluorocaetate, then
oxidation with m-chloroperbenzoic acid, 43%; f) H2/Pd-C in MeOH-THF-AcOH (71%).
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