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Strategies for the control of LPS-
mediated pathophysiological

disorders

Richard Chaby

Lipopolysaccharides released from Gram-negative
bacteria after infection initiate an alarm response in
the host, which has supposedly evolved to protect it.
However, an exaggerated response leads to a cas-
cade of pathophysiological events termed sepsis. In
the USA alone, the annual number of deaths caused
by sepsis (~70,000) is comparable with that caused by
AIDS. The author describes the major advances of
knowledge in this field and the attempts to convert
this into successful therapeutics. Anti-endotoxin and
anti-inflammatory agents have been disappointing, but

new strategies might result in effective treatments in

the forthcoming years.

hen a host recognizes a component of a po-
tential pathogen as ‘non-self’, an efficient
alert system triggers the innate immune re-
sponse. This rather primitive and nonspecific
mechanism! is able to destroy invading pathogens, but it
can also, if over stimulated, initiate toxic effects against the
host. The toxic effects of Gram-negative bacteria are due to
a non-secreted, heat-stable endotoxin, also termed
lipopolysaccharide (LPS) because it consists of carbohy-
drates and lipids. LPS is a unique glycolipid found exclu-
sively in the outer leaflet of the outer membrane of Gram-
negative bacteria. The structure of LPS was elucidated in
the 1980s by different groups®3; it consists of three regions:

the lipid region (termed lipid A); the core oligosaccharide,
which is linked to the lipid A via the acidic deoxysugar 3-
deoxy-p-manno-octulosonic acid (Kdo); and a repeating
oligosaccharide polymer (termed O antigen) that extends
from the polysaccharide core (Fig. 1). Lipid A consists of a
glucosaminyl-B1'-6-glucosamine disaccharide, which is
phosphorylated at positions 1 and 4', and acylated with hy-
droxylated and non-hydroxylated fatty acids. One Gram-
negative bacterium carries ~2 X 10° LPS/lipid A molecules,
which contain 25% of the fatty acyl chains of the envelope.
The minimal LPS structure required for the growth of
Gram-negative bacteria (termed Re-LPS) consists of lipid A
and two Kdo moieties. LPS derived from wild-type isolates
(smooth-type LPS) also contain additional sugars (6-8) that
constitute the nonrepeating core region, and an O-antigen
side chain consisting of 1 to 50 repeats of an oligosac-
charide (1-5 sugars) (Fig. 1.

The introduction of bacterial components to the circu-
lation is caused by infections, frequently nosocomial, that
occur in immunocompromised individuals, such as the
elderly, patients under immunosuppressive therapy and
those suffering from severe burn or trauma. The bacterial
components released in the bloodstream can then lead to
a fatal syndrome known as septic shock. There are
~500,000 new episodes of septic shock each year in the
USA, with an associated mortality of 35% (death rate of 7.9
per 100,000 population). This mortality has escalated over
the past four decades and now represents the 13th major
cause of death in the USA (80,000-100,000 deaths per
year). Approximately 50-60% of septic-shock episodes are
associated with Gram-negative bacteremia, and particu-
larly with their LPS component?. The dramatic effect of
LPS in humans has been definitely demonstrated by the
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Figure 1. Typical lipopolysaccharide (LPS) that can induce
endotoxic shock from Salmonella typhimurium. Re-LPS (arrow)
represents the minimal LPS found in Gram-negative bacteria.
Kdo, 3-deoxy-p-manno-octulosonic acid; Hep, L-glycero-p-
manno-heptose; Gal, bD-galactose; Glc, D-glucose; GIcNAc,
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cade have been clearly identified. In the blood-
stream, LPS exerts humoral and cellular effects.
At the humoral level, LPS activates the comple-
ment cascade and modifies different pathways
of the coagulation system. It enhances fibrin
formation (via activation of tissue factor and
factor X, and consumption of antithrombin IIT)
and reduces fibrin removal (by increasing the
plasma levels of plasminogen activator inhibitor
type 1). The clinical picture resulting from
these derangements of the coagulation system,
with simultaneous occurrence of thrombosis
and bleeding is called disseminated intravascu-
lar coagulation. In addition to its humoral ef-
fects, LPS stimulates several cell types to se-
crete active molecules. After interaction with
LPS: B cells are polyclonally activated and se-
crete immunoglobulins; mast cells and ba-
sophils produce chemotactic factors, histamine
and serotonin; platelets secrete growth and co-
agulation factors; and neutrophilic granulocytes
release active oxygen species. Inflammatory
cytokines [tumor necrosis factor a (TNF-a),
interleukin 18 (IL-1B) and IL-6] — the major
class of multipotent mediators of LPS effects —
are essentially produced by monocytes, macro-
phages and endothelial cells.

The central role of monocytes and
macrophages raises two basic questions: how
are picogram quantities of LPS recognized by
these cells, and how are the signals necessary
for the production of cytokines transduced? Tt
has been recognized for some time that sensi-
tive responses of monocytes and macrophages

N-acetyl-D-glucosamine.

to LPS require at least two biochemical el-
ements: an LPS-binding protein (LBP), which is

severe shock that affected a laboratory worker, three hours
after intravenous auto-administration of 1 mg purified LPS,
in a suicide attempt. The dose was 3750 times higher than
that usually used with human volunteers (4 ng kg™). The
patient survived but needed treatment with fluid and epi-
nephrine for 50 hours®. All of the pathological effects seen
with LPS can be induced by its lipid region alone, as
demonstrated with chemically synthesized lipid A (Ref. 3).

Sequence of molecular, cellular and physiological
events

Although many gaps still remain in our knowledge of the
responses to LPS, some of the events involved in this cas-
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an acute-phase reactant, and a cell receptor
known as CD14 (Ref. 6). Because of the amphipathic na-
ture of LPS and its tendency to form micelles in an aque-
ous environment, circulating endotoxin is often an aggre-
gate of LPS molecules. LBP, the high-affinity LPS-binding
plasma component, dissociates LPS aggregates for presen-
tation of the resulting LPS-LBP complex to CD14 (Ref. 7;
Fig. 2). However, CD14 is a glycoprotein tethered to the
membrane of myeloid cells by a glycosyl-phosphatidyl-
inositol (GPD) anchor. Because the GPI tail does not
traverse the cell membrane for direct connection to the
signal-transduction apparatus, another cell membrane
component acting as a co-receptor must be involved.
Recently, Janeway and colleagues® found a homolog of a
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Figure 2. Activation of monocytes and macrophages
by lipopolysaccharide (LPS). LBP, LPS-binding
protein; TLR2, toll-like receptor 2; IRAK, interleukin
1-receptor accessory protein kinase.

Drosophila receptor called Toll on cells of the human im-
mune system. Five human Toll-like receptors (TLR1 to
TLR5) have been identified, and one of these (TLR4) can
activate nuclear factor k-binding (NF-kB) and induce the
expression of cytokines. Subsequently, Yang and col-
leagues® demonstrated that another protein of this family,
TLR2, which is expressed in all lymphoid tissues, binds
LPS by its extracellular domain, and transduces LPS re-
sponsiveness by a region of its intracellular domain re-
quired for association with the IL-1-receptor accessory pro-
tein kinase. Therefore, TLR2 appears to be the co-receptor
of CD14 and the direct mediator of signaling by LPS and
induction of cytokine production (Fig. 2).

Another important participant in the septic shock cas-
cade is neutral endopeptidase (NEP), a metalloproteinase
expressed by inflammatory cells that terminates the action
of various proinflammatory cytokines. NEP-deficient mice
show an increased sensitivity to TNF-a and IL-1, and an
enhanced lethality to endotoxic shock!.

Once released from LPS-stimulated cells, cytokines can
activate cells of different tissues and organs (leukocytes,
brain, adrenals and liver), inducing metabolic, hormonal
and neuroendocrine alterations. Cytokines, hormones and
neurotransmitters are, thus, the primary mediators of the
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Figure 3. Simplified scheme of the endotoxic shock
cascade.

cascade of events that occur after endotoxemia. Secondary
mediators, such as prostaglandins and leukotrienes re-
leased from neutrophils, and nitric oxide produced in large
amounts by monocytes and macrophages, also play a key
role because of their potent local action on the microvas-
culature. Many vascular beds are dilated whereas others
are constricted.

The conjunction of vascular abnormalities and intravas-
cular coagulation result in the abnormal distribution of

21



REVIEWS

blood flow, inadequate perfusion and reduced oxygen de-
livery to various tissues. This might contribute to cell dys-
function and the progressive failure of different organs,
termed multi-organ failure or multi-organ dysfunction syn-
drome. The organ systems affected are the brain (sequen-
tial alterations of mental status, with agitation, stupor and
coma), heart (myocardial depression), kidneys (acute renal
failure), liver (hepatic failure) and lungs (acute respiratory
distress syndrome, ARDS).

A simplified linear model of the cascade of events asso-
ciated with Gram-negative bacteremia is represented in
Fig. 3. Although the real cascade is certainly much more
complex, with intricate loops and great redundancy, the
linear model in Fig. 3 can help to identify the potential tar-
gets for therapeutic intervention, and to understand the
principles supporting the various strategies!! that have
been investigated.

Inhibition of bacterial LPS biosynthesis

or LPS release

Because endotoxemia is the consequence of the prolifer-
ation of Gram-negative bacteria at a site of infection, early
antibacterial therapy is required. A late treatment with con-
ventional antibiotics is not useful because it accelerates the
release of LPS, which, in turn, aggravates the disease!2
However, the observation that mutations in LPS biosynthe-
sis render Gram-negative bacteria more susceptible to
clearance by the host suggested to some investigators that
inhibitors of LPS biosynthesis could be more effective than
other antibiotics against endotoxic shock. An inhibitor that
interferes with the synthesis of the core region of LPS has
been designed'. It is an «-C-(1,5-anhydro-7-amino-2,7-
dideoxy-p-manno-heptopyranosyl)-carboxylate attached to
the carboxyl terminus of a dipeptide by an amide linkage
(Fig. 4). This compound blocks LPS synthesis by inhibiting
CMP-Kdo synthetase. Thus, bacterial growth is inhibited
and they become strikingly more susceptible to comple-
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Figure 4. Inbibitor of the biosynthesis of 3-deoxy-p-
manno-octulosonic acid, a component that links
the polysaccharide and lipid A regions of
lipopolysaccharide.
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ment killing. Another agent, L161240, that interferes with
the synthesis of the lipid A region of LPS, has been devel-
oped. This compound inhibits the UDP-3-O-acyl-N-acetyl-
glucosamine deacetylase, is bactericidal against various
Gram-negative bacteria, and protects mice from a lethal
dose of Escherichia coli*'. However, clinical trials with
these two inhibitors of LPS biosynthesis, or investigations
on their influence on the release of LPS, have not been
reported.

Detoxification or removal of endotoxin

Once in the bloodstream, the natural route of clearance of
endotoxin is its degradation in the liver, particularly by
Kupffer cells!®. This natural mechanism can be enhanced
by administration of triglyceride-rich lipoproteins!®
boxymethyl-1-B-1,3-glucan, a ligand of the scavenger
receptor?”.

Direct removal of LPS from the circulation can also be
attempted. Although endotoxins have relatively low
molecular size, they are inefficiently removed by hemo-
dialysis, but the use of blood or plasma exchange pro-
cedures (plasmapheresis) improves the survival rate'®. More
specific procedures to remove LPS, such as extracorporeal
filtration over polymyxin B immobilized fibers, also reduce
organic disorders'. This direct hemoperfusion technique is
currently in clinical use in Japan.

or car-

Neutralization of circulating LPS

Anti-LPS antibodies

Early therapy targeting the neutralization of LPS before its
interaction with responsive cells is probably the best ap-
proach for preventing endotoxic shock. By analogy with
the neutralization of other non-self components, consider-
able efforts have been focused on antibodies. It appeared
that antibodies directed to the outer polysaccharide region
(O antigen) of LPS are very efficient against shock, but are
specific to a bacterial strain. Therefore, because of the dif-
ficulty in early identification of the infectious agent, the
utility of a therapy with such specific antibodies is consid-
erably reduced. However, because only a few common
Gram-negative bacteria cause the majority of human infec-
tions, the prophylactic administration of a polyvalent anti-
serum, consisting of a mixture of specific antibodies, is
sometimes useful in selected patients®.

To provide a broad cross-protection against LPS from
various bacteria, another strategy is to use antibodies di-
rected towards the more conserved core and/or lipid A re-
gions of LPS. It is noteworthy that all sera contain such
antibodies. It has been shown that a high level of pre-existing
anti-core/lipid A IgM is associated with reduced mortality
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from sepsis among surgical patients?'. The level of these anti-
bodies can be enhanced by vaccination with detoxified LPS
preparations from rough mutants of Gram-negative bacteria?,
or by prophylactic administration of polyclonal antibodies.
However, it has been shown that the protection of septic
patients treated with a human anti-E.coli J5 antiserum did
not correlate with hemagglutinating antibody titers?.

As the efficiency of polyclonal anti-LPS antibodies is
low, and their exact role in the protection is not clear, an-
other strategy has been to develop monoclonal antibodies
(mAbs) against the core or lipid A regions. One of the first
mAbs directed against lipid A has been developed by
Girard and Chaby?*. After this, anti-Kdo (Ref. 25) and sev-
eral other anti-core/lipid A mAbs were described, includ-
ing HA-1A, ES, T88, SdJ5 1.17.15, D6B3, 8-2/26-20, GL11
and MLA-1 (Ref. 26). Among these, only HA-1A (human
IgM from Centocor, Leiden, The Netherlands), E5 (murine
IgM from Xoma, Berkeley, CA, USA) and T88 (human IgM
from Chiron, Emeryville, CA, USA) have been evaluated in
large-scale clinical trials. The clinical studies documented a
lack of benefit with these mAbs, and none of them can
now be recommended for the treatment of Gram-negative
sepsis. A chimeric IgG1 mAb (SDZ219800) has also been
developed by Sandoz (Basel, Switzerland), but awaits in-
vestigations in large clinical trials.

One possible explanation for these disappointing results
could be that the biologically active lipid A region of LPS is
often inaccessible to the antibodies. On intact Gram-nega-
tive bacteria, lipid A is inserted into the outer membrane.
In the bloodstream, LPS is found either as LPS aggregates,
or associated to circulating lipoproteins or acute-phase re-
actants. Therefore, in all these situations, lipid A is in a
cryptic position and cannot be easily reached by anti-
bodies. Furthermore, even when the mAb actually binds to
lipid A, neutralization of the endotoxic action does not
necessarily follow. For example, neutralization could not
be proven for the anti-lipid A mAb E5 (Ref. 27).

Agents from bacteria, insects, crabs and amphibians

Instead of antibodies, exogenous or endogenous LPS-bind-
ing proteins and peptides can also be used as potential
LPS-neutralizing agents. LPS-binding proteins produced by
bacteria, or present in the hemolymph of insects and
crabs, and in amphibians, are potential candidates for neu-
tralization of LPS. Polymyxin B is a cyclic polycationic
decapeptide from Bacillus polymyxa (a Gram-positive bac-
terium), which interacts via its positively charged primary
amines (hydrophilic interactions) and its fatty acid (hy-
drophobic interactions) with the negatively charged Kdo-
lipid A region of LPS. However, toxic effects limit its clinical
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use. In insect hemolymph, lipophorin (a lipoprotein),
and cecropin peptides, can bind LPS, probably by its
lipid A region?®. Anti-LPS factors from the amebocytes of
the horseshoe crab Limulus polyphemus also bind avidly to
LPS (Ref. 29). One of these, an 11.8 kDa molecule termed
endotoxin-neutralizing protein (ENP), can protect rabbits
from Gram-negative sepsis®®. In amphibians, magainins
isolated from Xenopus skin are other polycationic peptides
that can interact with LPS and reduce some of its effects?!.
The drawback with all these exogenous proteins is that
they are highly immunogenic. This limits their potential
therapeutic utility.

Host components from serum or leukocytes

There are several host-derived molecules described that
can bind LPS. Whereas some of these endogenous mol-
ecules (albumin, transferrin, lactoferrin, hemoglobin,
lysozyme and mannose-binding protein) do not modify
LPS bioactivity, others do. These include: serum compo-
nents such as lipoproteins (LDL, HDL) and serum amyloid
P (SAP); acute-phase proteins produced by the liver, such
as the LPS-binding protein (LBP)3%; and granulocyte pro-
teins such as indolicidins®®, defensins®*, an 18 kDa cationic
antimicrobial protein (CAP18)%, azurocidin (CAP37)3 and
the bactericidal permeability-increasing protein (BPI, also
termed CAP57)%,

Various lipoproteins, including chylomicrons, VLDL, LDL
and HDL, bind and inactivate LPS. Administration of HDL
to human volunteers blocked LPS-induced inflammation
efficiently®®, probably via hepatic clearance of HDL-LPS
complexes. The soluble form of CD14, which shuttles LPS
to HDL (Ref. 39), can also be used to enhance LPS clear-
ance, but might also enhance LPS-induced production of
inflammatory cytokines by endothelial cells.
Amyloid P (SAP), and a 13-amino-acid peptide derived
from it (SAP,, ,)) can also neutralize LPS (Ref. 40). The
granulocyte-derived protein CAP18 can bind LPS and in-
hibit several of its activities. It has been shown recently*!
that a synthetic 27-amino-acid peptide (CAP18,, ,..) from
the C-terminal LPS-binding domain of CAP18, protects
mice from LPS-induced death. But the most promising
host-derived factor for the treatment of endotoxic shock is
probably BPI. This 55-60 kDa azurophilic granule protein
has a 45% sequence homology with LBP (Ref. 42).
However, LBP enhances LPS activities whereas BPI blocks
these activities. A chimeric molecule devised to exhibit a
longer circulating half-live, and consisting of an LBP—BPI
fusion protein, retained the LPS-neutralizing capacity in an
animal model of endotoxic shock. Recently, an evaluation
of the 21 kDa N-terminal portion of recombinant human

Serum
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BPI (rBPI-21) suggested overall benefit in children with
meningococcal sepsis®® — it is now under controlled Phase
I clinical trial.

Prevention of the presentation and binding of LPS to

its receptors

Anti-LBP and anti-CD14 antibodies

By contrast with LBP, which disperses LPS aggregates, BPI
enhances the apparent size of LPS aggregates. Moreover,
BPI has a stronger affinity for LPS than does LBP and, thus,
inhibits LPS-LBP binding and its presentation to mem-
brane CD14 (Ref. 44). Therefore, BPI can reduce endotoxic
shock either by direct neutralization of LPS, as mentioned
above, or by inhibition of the presentation of LPS to cells
by appropriate shuttles, such as LBP or soluble CD14.

A second strategy to prevent LBP/CD14-mediated bind-
ing of LPS to cells is to use anti-LBP or anti-CD14 anti-
bodies. Anti-LBP antibodies protect against endotoxic shock
either by preventing the binding of LPS to LBP, or by me-
diating the binding of LPS-LBP complexes to complement
or Fc receptors on phagocytic cells. Direct inhibition of
LPS binding with anti-CD14 antibodies is also possible.
This potential clinical treatment is under evaluation.
However, it should be pointed out that soluble forms of
CD14 shuttle LPS to HDL and thus participate in LPS clear-
ance. One possible drawback of the use of anti-CD14 anti-
bodies would be to inhibit this clearance pathway.

Natural and synthetic LPS antagonists

Because activation of some LPS-responsive cells is not, or
not exclusively, mediated by CD14, a less restrictive strat-
egy to prevent LPS binding consists of the occupancy of
LPS receptors with inactive competitors (antagonists) of
LPS. To obtain molecules that can interact with lipid A re-
ceptors while being devoid of agonistic activity, variations
in the lipid A structure are required. Such compounds
(Fig. 5) can be:

e Found among the biosynthetic precursors of lipid A
(lipid X, lipid V)

e Produced by chemical or enzymic modification of a ma-
ture, active form of lipid A (monophosphoryl lipid A,
deacylated lipid A)

e Found in some natural LPS molecules with atypical
lipid A structures (Rhodobacter capsulatus, Rhodobacter
sphaeroides)

e Chemically synthesized (synthetic lipid A analogs)

The two precursors of lipid A biosynthesis, lipid X and
lipid IV, (Refs 45,40) were the first reported competitive
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antagonists of LPS. Another incomplete lipid A derivative,
monophosphoryl lipid A, confers marked protection when
administered before live E. coli /. Complete LPSs from
R. capsulatus and R. sphaeroides, and their diphosphoryl
lipid A fragments, are also potent LPS antagonists*.

The difficulty with all the naturally derived antagonists
listed above is to obtain sufficient amounts of material with
pharmaceutically acceptable purity, reproducibility and
stability. Another way to obtain these molecules is to use
organic synthesis. Several monosaccharide or disaccharide
analogs of lipid A have been synthesized by our group*->
and in other laboratories®. Among diglucosamine-based
compounds, PE4 (Ref. 46) and DT5461 (Ref. 52) are
analogs of E. colilipid A, whereas E5531 (Ref. 53) is based
on the structure of R. capsulatus. The complete absence of
agonistic activity of the latter compound is because of the
presence of stable ether-linked chains at the C3 and C3’
positions of the molecule (Fig. 5). These three compounds
reduce endotoxin shock in different animal models. E5531,
which also blocks systemic and cardiovascular effects of
LPS in human volunteers, seems particularly promising and
is presently under clinical evaluation. Among monosacchar-
ide-based lipids, a Phase I trial of SDZMRL953 indicated
that pretreatment with this compound downregulates the
human cytokine response to LPS (Ref. 54). Another syn-
thetic glycophospholipid, compound SDZ880431 (also
termed PPDm?2) is based on the atypical structure of the
lipid A of Rbhodopseudomonas viridis, which contains 2,3-
diaminoglucose instead of glucosamine. PPDm2 was
shown to be a good inhibitor of LPS effects in vitro’!. A
derivative of PPDm2, termed PPDm2B and bearing a 6-
aminocaproyl side chain as spacer arm, has been synthe-
sized®. Unpublished observations suggest that PPDm2B
could be a promising tool for studies of LPS receptors
present on B cells and granulocytes.

Inhibition of plasma cascades activated by LPS

Kinins

Interaction of lipid A with a Hageman factor—prekallikrein
complex initiates the generation of bradykinin, a nonapep-
tide that induces vascular pathophysiological events such
as enhancement of vascular permeability. The bradykinin
antagonist CP0127 showed protective activity in septic ani-
mals®. Two receptors, Bl and B2, are involved in
bradykinin-induced effects. It has been shown that up-
regulation of receptor B1, or blockade of receptor B2, at-
tenuates LPS-induced organ failure, lung dysfunction and
mortality. Therefore, induction of B1 upregulation by
administration of a B1 agonist can also be of therapeutic
benefit®.
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Figure 5. Natural and synthetic antagonists of lipopolysaccharide.
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Coagulation

The coagulation system is also activated by LPS, either via
the extrinsic (tissue factor) or the intrinsic (factor XII) path-
ways — this is why heparin reduces mortality in some
animal models. As a cascade of proteases is involved in
the coagulation pathways, antiproteases might also have
beneficial effects. Protease inhibitors, such as hirudin,
antithrombin II1, eglin C and aprotinin, can partly prevent
endotoxic shock in pigs®. Synthetic protease inhibitors,
such as gabexate mesilate and nafamstat mesilate, have
also been designed to reduce some of the pathophysiologi-
cal effects of LPS. When administred intraperitoneally in
rats, the latter (6-amidino-2-naphthyl-p-guanidinobenzoate
dimethylsulfonate) inhibits coagulation factors VIIa and
thrombin, and prevents the pulmonary vascular injury and
coagulation abnormalities induced by LPS (Ref. 58).

Complement

The complement system (predominantly the alternative path-
way) is also activated in septic shock patients. C1q has been
reported to interact with the Kdo region of LPS, but not
with lipid A (Ref. 59). Activation of C3a, C4a, C5a and C5b-9
is also observed. It has been shown that the third component
C3 actually protects against endotoxic shock®. On the other
hand, some components, such as C5a, when activated, can
attract neutrophils and trigger the release of locally active
agents such as leukotrienes. Therefore, neutralization of
C5a by polyclonal antibodies attenuates the septic state®.

Inhibitors of signal transduction

The problem with the use of LPS receptor antagonists is
that they must be given very early, because antagonists are
more efficient before the binding of LPS to effector cells.
Another approach is to block LPS signal transduction. This
action takes place before signal amplification and could,
thus, be very potent. Several signaling pathways, implicat-
ing various protein kinases (PKC, PTK, MAP kinases and
proline-directed protein kinases) have been described in
signal transduction by LPS (Ref. 62). These transduction
cascades generate proinflammatory cytokines (IL-1f3, IL-6,
TNF-a) and other mediators (nitric oxide, NO) that, in
turn, trigger secondary cascades in target cells. Such sec-
ondary cascades include activation of phospholipases
[PLA,, phosphatidylcholine (PC)-PLC, PLD, phosphatidic
acid (PA) hydrolase] and subsequent release of lipid medi-
ators that can activate another set of protein kinases, lead-
ing to cytotoxicity via a signaling route implicating diacyl-
glycerol (DAG), sphingomyelinase, ceramide and NF-kB
activation®. Some inhibitors of these intracellular signal
mechanisms can be potential therapeutic agents.
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protective effects on endotoxic shock. Tyrphostins
AG126 and AG556 are tyrosine kinase inhibitors.
SB203580 is an inhibitor of the p38 mitogen-
activated protein kinase. PPM18 is a stabilizer of the
nuclear factor k-binding inhibitor Ik Ba.
Pentoxifylline is an inhibitor of phosphodiesterases.
Lisofylline blocks excessive production of
phosphatidic acid. GP1515 is an adenosine kinase
inhibitor, and MDL201112 inhibits S-adenosyl
homocysteine hydrolase.

Inhibitors of protein kinases, NF-«B

and phosphodiesterases

Because a number of kinases are involved in LPS intracel-
lular signal transduction, several kinase inhibitors have
good therapeutic value. This is particularly true for the
PKC inhibitor H-7 (Ref. 64), the tyrosine kinase inhibitors
genistein and tyrphostins AG126 and AG556 (Ref. 65), and
the p38 MAP kinase inhibitor SB203580 (Ref. 66; Fig. 6).

DDT Vol. 4, No. 5 May 1999



therapeutic focus

NF-kB participates in the regulation of multiple cellular
genes involved in the inflammatory responses. Pyrrolidine
dithiocarbamate, an inhibitor of NF-kB (Ref. 67), and a-
benzoylamino-1,4-naphthoquinone (PPM18), a stabilizer of
the NF-kB inhibitor IkBa (Ref. 68; Fig. 6), both exert ben-
eficial effects in sepsis models.

Inhibition of phosphodiesterases with several xanthine
derivatives results in increased intracellular levels of cAMP
and, by an undetermined mechanism, in decreased ex-
pression of TNF-a mRNA. Among phosphodiesterase in-
hibitors of this type, pentoxifylline has been reported to
inhibit the release of TNF-a induced by LPS in human vol-
unteers® and to increase survival in animal models of
endotoxic shock. However, the high doses of pentoxi-
fylline required for reduction of TNF-«a levels lead to some
toxic effects. Although intravenous preparations of pentoxi-
fylline are available in Europe, they are not licensed in the
USA, and this might limit the design of future clinical trials
with this agent.

Adenine derivatives

In several studies, direct or indirect crosstalk between
purinoceptor-mediated signaling and LPS signaling have
been reported™. In this connection, compounds containing
the adenine base appeared able to modulate LPS effects. It
has been shown that the purine analog 2-methylthio-ATP
protected mice from LPS in mortality studies’!. Protective
effects of 2-chloro-ATP and other adenosine derivatives’?
including the adenosine kinase inhibitor GP1515 (Ref. 73;
Fig. 6), have also been reported. The adenyl carbocyclic
nucleoside MDL201112 (a synthetic analog of adenosine
and of the fungal metabolite aristeromycin; Fig. 6) has
been reported to protect mice from the lethal effect of LPS
(Ref. 72), presumably via inhibition of the S-adenosyl
homocysteine hydrolase, and further inhibition of tran-
scription of the TNF-a gene.

Inhibitors of lipid-mediated pathways

The activation of phospholipases and PA hydrolase by LPS
generates lipid mediators, such as free arachidonate,
lysophospholipids, PA and DAG. Inhibition of PC catab-
olism by tricyclodecan-9-yl-xanthogenate (compound
D609), a selective PC-PLC inhibitor’#, and of PA production
by lisofylline” (Fig. 6), can furnish protection against
endotoxic shock. The free arachidonate generated by
phospholipases can in turn be used in the 5-lipoxygenase
pathway to generate leukotrienes (C,, D, and E) that alter
vascular permeability. A highly potent inhibitor of leuko-
triene biosynthesis, compound MK886, appeared to be
beneficial against endotoxic shock?.
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Anti-inflammatory strategies

Therapeutics directed against cytokines

The levels of several cytokines (IL-1, IL-6, IL-8 and TNF-a)
are enhanced during sepsis. The best correlation of plasma
cytokine levels with mortality from septic shock has been
found with IL-6. Actually, elevated levels of IL-6 are strictly
determined by biologically active IL-1 and TNF-a, which
cannot be directly measured because plasma contains in-
hibitors of IL-1 (IL-1Ra) and TNF-a (soluble TNF-a recep-
tors p55 and p75). Many of the biological effects observed
during sepsis can be mimicked by IL-1 and TNF-q,
whereas IL-6 can be given to humans in very high concen-
trations without effects other than headache and fever,
thus supporting the concept that IL-6 does not have a
causal role in septic shock. However, its involvement in
conjunction with other factors cannot be excluded. IL-8,
which is also controlled by TNF-a, has neutrophil-activat-
ing and chemoattractant properties and, as such, is in-
volved in neutrophil-mediated events associated with sep-
sis, although its exact contribution remains unclear.

Among drugs that suppress the production of cytokines,
the most studied are corticosteroids. However, controlled
clinical trials have now clearly demonstrated that cortico-
steroids do not improve survival in humans’’. Other in-
hibitors of cytokine production are natural agents, such as
anti-inflammatory cytokines (IL-4 and IL-10), or inhibitors of
enzymes required for the processing of cytokines to their
mature forms (calpain for IL-1a, IL-1B-converting enzyme
for IL-1B and zinc metalloproteinases for TNF-a). Agents
able to neutralize cytokines can also be used, such as the IL-1
receptor antagonist (IL-1Ra), soluble forms of the TNF-«
receptors (p55 and p75) and neutralizing antibodies to 1L-1
and TNF-a. Finally, because the neuroendocrine system is a
powerful regulator of immune and inflammatory reactions,
neurohormones of the hypothalamus—pituitary—adrenal axis
are also natural modulators of the actions of cytokines. The
adrenocorticotropic hormone inhibits cytokines via gluco-
corticoid production, and the a-melanocyte-stimulating hor-
mone (a-MSH), which antagonizes the pyrogenic and pro-
inflammatory effects of cytokines, was found to prevent
endotoxic shock. A synthetic heptapeptide analog of a-MSH
(HP-228) has been shown to be even more protective in
animal models’®.

However, inhibitors of cytokines must be administered
with caution because cytokine effects are complex and inter-
dependent. Removal of cytokines might be more harmful
than beneficial because they often represent a compensatory
response of the host, with salutary effects. For example, sub-
lethal injections of TNF-a induce a kind of endotoxin toler-
ance that protects animals against subsequent administration
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of LPS (Ref. 79). Furthermore, removal of TNF-a and IL-1
leave the host immunocompromised. This might explain
why, in clinical situations, therapeutics directed against in-
flammatory cytokines have been so disappointing.

NO production and NO synthase antagonists

Nitric oxide is produced in large quantities by inducible NO
synthase (iNOS) in endothelial and smooth vascular muscle
cells a few hours after exposure to LPS (Ref. 80). The central
pathophysiological role of iNOS expression in sepsis has
been demonstrated in recent studies showing that iNOS
knockout mice are significantly resistant to LPS-induced
septic shock®!. NO synthase inhibitors such as aminoguani-
dine® and NS-monomethyl-t-arginine® improved survival in
models of endotoxin shock. The major problem in the use of
NOS inhibitors is that intact endothelial NOS (eNOS) activ-
ity is necessary to counteract platelet aggregation, vaso-
constriction and decreased cardiac performance. Therefore,
only selective iNOS inhibitors that do not block eNOS should
be used. A potent endogenous inhibitor of this type is trans-
forming growth factor B (TGF-B) (Ref. 84). This agent does
not inhibit the enzyme activity of iNOS, but reduces its induc-
tion. Therefore, treatment with TGF- is only useful early in
the induction phase. However, its systemic administration
causes tissue fibrosis, which limits its clinical use. Another
promising agent is 2,4-diamino-6-hydroxypyrimidine (DAHP).
This agent inhibits the synthesis of tetrahydrobiopterin, which
is required for assembly of active iNOS dimers. Treatments
with DAHP significantly improve the survival of septic rats®.
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Figure 7. Platelet activating factor antagonists that
have protective effects on endotoxic shock.
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PAF antagonists

Platelet activating factor (PAF) is an endogenous phospho-
lipid [1- O-alkyl-2-(R)-acetyl-sn-glyceryl-3-phosphono-
choline] synthesized by a variety of inflammatory and non-
inflammatory cells. Elevated levels of PAF in the blood of
LPS-treated rats and septic patients, induction of a sepsis
state after administration of PAF, and attenuation of sepsis
with PAF antagonists, clearly implicate PAF as an important
mediator of sepsis. The PAF antagonist BN52021, dosed in
the mg kg~! range, significantly reduces the mortality of
septic patients with documented Gram-negative infections,
but appears to be ineffective on Gram-positive infections®.
The newer antagonists ABT299 (Ref. 87) and CL184005
(Ref. 88; Fig.7) appear to be 10-100-times more potent in
animal models.

Strategies directed against tissue damage

Cytotoxic molecules released by activated neutrophils after
their migration into target tissues cause tissue damage and
organ failure. TNF-a and IL-1 can promote the expression
of adhesion molecules on endothelial cells, such as ICAM-1,
ELAM-1 and VCAM-1. Receptors on neutrophils and endo-
thelial cells are involved in the margination, rolling and
adherence of the neutrophils to the epithelium. This is fol-
lowed by the transmigration of the neutrophilic granulo-
cytes to inflammatory sites (liver and alveolar cavity), their
adhesion to target tissues and further degranulation with
release of destructive molecules such as superoxides, free
radicals and enzymes. The inhibition of cell-cell interac-
tions through adhesion molecules, involved in the adher-
ence of neutrophils to the endothelium, or to their target
tissue after transmigration can, thus, be expected to abro-
gate tissue damage. In this connection it has been shown
that an anti-ICAM-1 antibody prevented LPS-induced acute
lethality®, and an anti-CD31 antibody reduced granulo-
cyte-mediated hepatotoxicity induced by LPS (Ref. 90).
Sulfated glycolipids (sulfatides), which are natural antagon-
ists for L- and P-selectins, also prevented LPS-induced
lethality in mice®'. Thus, therapeutics directed against ad-
hesion molecules are promising for prevention of organ
dysfunctions such as hepatic failure and ARDS.

Agents that can inactivate the destructive molecules re-
leased during neutrophil degranulation (proteolytic en-
zymes, superoxides and free radicals) can also be used. The
beneficial effects of some protease inhibitors have been
mentioned above. A large panel of antioxidants has been
tested and some of them might be of value®?. In this regard,
it has been shown very recently that treatment of rats with the
new antioxidant US3836E reduced several LPS-induced effects
including hypotension, serum TNF-a levels and lethality®3.
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Conclusions and perspectives

In spite of considerable efforts made during several
decades to develop strategies directed against Gram-nega-
tive sepsis, all the therapeutics proposed up to now, which
tirst appeared promising in animals or in simplified human
models, have been very disappointing when large and
careful clinical trials were carried out. At the present time,
none of these therapies can be considered as effective in
clinical situations. This is very discouraging for pharma-
ceutical companies, and detrimental to patients for whom
the prevalence of septic shock has been increasing, with
an unacceptably high risk of death.

In the author’s opinion, this failure is due mainly to
basic gaps in our knowledge of LPS receptors, signaling
pathways via these receptors and crosstalk between these
pathways. In this regard, although the discovery of the
LBP/CD14 signaling pathway has been a considerable con-
ceptual progress in this field, its real importance in the
pathology of endotoxic shock has probably been overesti-
mated, whereas the role of co-receptors and other LPS re-
ceptors has not been sufficiently considered. Different ob-
servations indicate that the LBP/CD14 pathway is not
specific for LPS and does not account for all of its effects:

e CD14, which was initially defined as a specific receptor
for LPS, is now considered as a pattern-recognition re-
ceptor that can react with several components from
Gram-negative and Gram-positive bacteria, and from
yeast, such as peptidoglycan, lipoteichoic acid, lipoara-
binomannan and various polysaccharides and amphi-
philic molecules®;

e CD14 is not necessarily required for responses to LPS
because anti-CD14 antibodies do not abolish the re-
sponses of monocytes to high doses of LPS (Ref. 95),
and because the LPS-induced produc-
tion of acute phase proteins is not
modified in CD14 knockout mice®;

REVIEWS

LPS receptors (Table 1), including a low-affinity receptor
sparsely expressed on bone marrow granulocytes!®,
and the recently discovered toll-like receptor-2 ex-
pressed on all lymphoid tissues®.

In spite of these recent advances, other LPS receptors re-
main unknown. Significant progress in the fight against
Gram-negative sepsis presupposes that this gap in our
knowledge is filled. Therefore, investigators should go
back to basics and perform fundamental biochemical stud-
ies on LPS receptors and LPS signaling.

In addition to these fundamental studies, already ex-
plored therapeutic strategies must be improved by taking
into account experienced pitfalls. Preventive therapies for
patients at risk should preferentially make use of natural
defence systems. Stimulation of neurohormonal mecha-
nisms with neuropeptide analogs, and induction of toler-
ance to endotoxin with appropriate analogs of lipid A are
potential candidates. However, if the inflammatory process
is already initiated, the interruption of the pathogenic cas-
cade at multiple sites by a cocktail of drugs can be ex-
pected to overcome the redundancy of the system and,
thus, be much more effective than any single drug.
Actually, the advantage of combined drug therapy has al-
ready been observed in an animal model'!.

In the author’s opinion, there are three components that
an active drug cocktail should have. The first is an early-
active agent, such as a synthetic antagonist of LPS signal-
ing, that is structurally related to lipid A and able to block
both CD14-mediated and non-CD14-mediated signaling.
PPDm2 and related structures are promising candidates.
The second is an agent that acts at intermediate stages and
is able to neutralize the release of large amounts of LPS.
Optimal neutralization should associate binding, aggregation

Table 1. Cell surface LPS-binding molecules

e In certain LPS-responsive cells, CD14
is neither constitutively expressed on
the cell surface, nor involved in the

LPS-induced
signaling

Cell surface molecules

Cell types Refs

responses. This has been clearly No CD18 Neutrophils, macrophages 102
shown by Lichtman and colleagues in Scavenger receptor Macrophages 103
97 18, 25, 38, 40, 80 kDa proteins Leukocytes 104

rat Kupffer cells?’, and by our group Yes cDI14 Myeloid cells 7
in bone marrow granulocytes”; CD11¢c Macrophages, phagocytes 105

e Crosstalk between LPS receptors and Low-affinity receptor Bone marrow granulocytes 100
other receptors such as purinocep- P-selectin Platelets, neutrophils 106,
tors’ or the PAF receptor” have been _ 107
reported: 216 kDa protein Monocytes, astrocytes, 108

p ’ ) ] endothelial, epithelial cells

* Several molecules other than CD14 TollHike receptor 2 Lymphoid tissues 9
have been recognized as signaling
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and enzymatic deactivation of LPS. Enzymes that can de-
acylate or dephosphorylate the lipid A region of LPS could
be linked to a potent LPS-binding molecule such as BPI, to
give an efficient neutralizing hybrid molecule. The third
component should intervene at later stages, by blocking

the

neutrophil degranulation and cellular damage that pro-

ceed from it. A compound acting at the level of the adhe-
sion molecules of neutrophils, or an efficient antioxidant,
can be used for this purpose. Given the marked interest in
this field, we can be reasonably optimistic about devising
adequate therapeutics in the near future.
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In short...

A new report produced by Datamonitor for Reuters Business Insight reveals the increasing importance of alliances,
rather than acquisitions, between biotechnology companies and major pharmaceutical firms in the effort to improve
R&D productivity.

According to the report, Integrating genomics, the next generation, the rising cost of R&D is now a major concern
within the pharmaceutical industry, and the exploitation of key enabling technologies, including genomics, will help to
provide an answer to this problem and allow for growth in the next decade.

Key findings of the report include:

¢ the value of biotechnology alliances will waver as pharmaceutical companies look to tighten their R&D expenditures;
e consolidation is likely to occur among genomics companies;

e genetic diagnostic tests are likely to be some of the first products generated by genomics.

A major finding of the report is that, in the drive to rapidly discover new drugs, pharmaceutical companies are looking
to initiate large numbers of alliances with a range of specialist biotechnology companies. The report claims that al-
liances offer pharmaceutical companies the opportunity to ‘tap into’ established expertise in key areas such as gen-
omics, whilst also maintaining flexible arrangements. Of these alliances, the report found that many of the new deals
involve 3-5 year collaborations with pharmaceutical companies increasingly including ‘get out’ clauses in the contracts,
allowing them to terminate the agreement early if the project proves unsuccessful and thus enabling them to refocus
their resources elsewhere.

The report also points out, however, that the value of these deals is likely to decrease, as pharmaceutical companies
become more selective in their choice of partners and the technologies that they are accessing. The report also high-
lighted the fact that, in the future, the perceived success of biotechnology firms may be increasingly based on the abil-
ity of the company to form alliances with major pharmaceutical players.

For further information contact: Reuters Business Insight, tel: +44 171 675 0990, fax: +44 171 675 0991, Website:
http:/www.reuters.com/rbb
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