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Abstract In recent years, the concept has emerged that the host’s inflammatory response
contributes substantially to the development of septic shock and organ failure.
Experimental observations prompted large scale randomised clinical trials with a
variety of agents such as glucocorticoids, ibuprofen, antiendotoxin monoclonal
antibodies, antagonists of platelet-activating factor, of bradykinin or of interleu-
kin-1 receptor, and monoclonal anti–tumour necrosis factor (TNF) antibodies or
soluble dimeric TNF receptor fusion proteins.

All these major studies of immunomodulators in sepsis have yielded disap-
pointing results despite showing promise during preliminary clinical studies.
However, these recent failures do not mean that septic shock will forever remain
an insurmountable medical challenge. Many lessons have been learned from these
studies. and certain mistakes in their study design will be avoided in the future.
Our understanding of the pathophysiology of sepsis and septic shock is increasing
markedly; potential new treatment strategies are available and could be explored
to improve the outcome of patients with sepsis.
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Our understanding of the pathophysiology of
sepsis and septic shock has increased markedly
over the past few years.[1-5] Sepsis begins when
bacteria cross host barriers, overwhelming host
defences, and release toxic bacterial products that
activate plasma factors (complement and clotting
molecules) and cells of the immune system (mono-
cytes/macrophages, polymorphonuclear cells and
lymphocytes). Cell receptors for toxic microbial
products and serum factors that enhance host re-
sponses to bacterial products have been charac-
terised. Upon activation by bacterial products, host
cells release a complex array of mediators, includ-
ing cytokines. Cytokines are autocrine and para-
crine molecules that act locally at their site of
production and serve to orchestrate the cellular and
humoral host responses. By influencing coagula-

tion and leucocyte transmigration, and by activat-
ing professional phagocytes, cytokines assist the
host to contain a local infection.

However, in septic shock, this process is out of
control. The synthesis of pro-inflammatory mole-
cules, especially tumour necrosis factor (TNF) and
interleukin (IL)-1, upregulates the expression of
adhesion molecules on endothelial cells, promoting
the accumulation of activated polymorphonuclear
cells. This leads to further cytokine production
and release of toxic molecules from polymorpho-
nuclear cells, resulting in endothelial necrosis and
vascular permeability. Septic shock is a manifesta-
tion of a dysregulated inflammatory response
during which the counter-regulatory systems, in-
cluding anti-inflammatory cytokines (IL-4, IL-10,
IL-13, transforming growth factor β, granulocyte



colony–stimulating factor) soluble TNF receptors,
IL-1 receptor antagonist and glucocorticoids, are
overwhelmed. The pro-inflammatory response
affects vascular permeability and resistance and
cardiac function, and induces many metabolic de-
rangements often leading to multiorgan failure and
death.

1. Where Are We Now?

In recent years, the concept has thus emerged
that the host’s inflammatory response contributes
substantially to the development of shock and
organ failure. Although many experimental studies
have focused on Gram-negative septic shock, we
now know that endotoxin is not the universal trig-
ger of septic shock that it was once believed to be.
Gram-positive bacteria also can cause a clinical
syndrome that is similar to Gram-negative septic
shock, but the cellular and molecular mechanisms
of Gram-positive shock have not been fully eluci-
dated. Systemic fungal infections can also produce
sepsis and septic shock, yet the pathophysiology of
fungal sepsis remains largely unknown.

The current strategies of adjunctive therapy for
sepsis are mainly derived from observations made
in animal models. Promising experimental results
prompted large scale randomised clinical trials
with a variety of agents such as antiendotoxin (anti-
lipid A) monoclonal antibodies,[6-9] glucocorti-
coids[10,11] or ibuprofen[12] for nonspecific down-
regulation of inflammation, antagonists of platelet
activating factor,[13,14] of bradykinin[15] or of IL-1
receptor,[16,17] and monoclonal anti-TNF antibod-
ies[18-21] or soluble dimeric TNF receptor fusion
proteins.[22,23] Unfortunately, despite some prom-
ising results during preliminary trials, all the major
clinical studies of immunomodulators in sepsis
have yielded disappointing results (for discussion
see, for example, Bone,[24] Abraham and Raffin[25]

and Zeni et al.[26]). A phase III study of a p55 TNF
receptor IgG1 fusion protein was recently termi-
nated after inclusion of 1342 patients. The prelim-
inary results showed no difference in the 28-day
mortality rates between the patients receiving the
fusion protein and placebo, respectively. Analysis

of subgroups showed that no subgroup showed
convincing benefit (E. Abraham, personal commu-
nication).

There are several explanations for the discor-
dant results observed between animal models and
in clinical trials. Major differences exist between
animal models of sepsis and clinical septic shock.
In animal models, the cascade of events is perfectly
synchronised and follows a predictable and brief
course usually ranging from a few hours to a few
days. The initial stimulus is usually given as a sin-
gle, titrated dose, via the same route, to healthy
animals with the same genetic background. The
infections or toxic challenges are accompanied by
the release of a transient and usually single burst of
each cytokine. Experimental protocols aimed at
blocking a single cytokine cascade are thus rela-
tively straightforward. In animal models, cytokine
blockade is efficient only when performed prophy-
lactically or very early after challenge, which is
obviously not feasible in humans.

In contrast, the sequence of events leading to
septic shock in humans is much more complex,
asynchronised, and extends over a prolonged peri-
od of time, usually many days. Therefore, immu-
nological interventions have to work in a very
complex environment in which opposing pro- and
anti-inflammatory forces are in action. In fact, in late
shock, it might even be that the pro-inflammatory
burst is over and that the patient is in a state of
hyporesponsiveness which would require stimula-
tion rather than inhibition.

Furthermore, the design of the clinical trials
themselves raises several unresolved issues, such
as the criteria used for the selection of the end-
points (for example, mortality versus morbidity,
all-cause death versus death due to septic shock
only, 28-day mortality versus early mortality), and
the existence of confounding factors (for example,
decision not to resuscitate, inadequacy of treat-
ment, underlying diseases).

However, perhaps the major issue is the selec-
tion of patients. Indeed, in all recent clinical trials,
the selection of patients was based on the sepsis
criteria proposed by Bone et al.,[27] a method that
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has been criticised.[28] The concept of sepsis
syndrome relies on the belief that the pathophysi-
ology of sepsis and organ dysfunction is similar
whatever the microbial aetiology and primary fo-
cus of infection may be. However, there are 2 ma-
jor problems with this concept. First, the systemic
manifestations of infection that can be readily re-
corded are highly nonspecific and can also occur
with many noninfectious illnesses. Secondly, the
assumption that the pathophysiology of sepsis is
similar for all micro-organisms and primary foci of
infections is doubtful. The concept of sepsis syn-
drome became very popular because it allows the
inclusion of a substantial number of intensive care
unit patients in clinical trials, allowing the perfor-
mance of the large-scale randomised trials that
are required for statistical reasons. However, the
power of these studies was lower than expected
because the selection of patients was based on the
nonspecific criteria of the sepsis syndrome.

Although the clinical studies performed so far
have not allowed the conclusion that, for instance,
TNF or IL-1 blockade is effective in patients with
sepsis or septic shock, we do not yet really know
whether these agents have some protective efficacy
or not. Future clinical trials in this field should
have carefully designed entry criteria no longer
based on the single concept of sepsis syndrome.
These trials should also select more homogenous
patient populations, such as for example those with
intra-abdominal infections, nosocomial pneumonia
or fulminant meningococcaemia. Timing of inter-
vention is also crucial. In fact, in the recently com-
pleted anti–TNF multicentre studies,[23,29,30] only
a small proportion of the patients had detectable
circulating TNF levels at entry, raising the possi-
bility that treatment might have been administered
too late, after peak TNF release in the blood. This
stresses the need for laboratory tests to help clini-
cians identify at the bedside those patients who are
likely to benefit from the experimental drug.

2. Where Do We Go?

The fact that all recent clinical trials of anti-
inflammatory agents have yielded disappointing

results does not mean that septic shock will for-
ever remain an insurmountable medical challenge.
Many lessons have been learned from previous
studies and the failure of the current approaches
should stimulate researchers to find new treatment
modalities. As shown in table I, many strategies are
available to interrupt the cascade of events that
occurs during septic shock. Although some of
these treatment approaches are still at a preclinical
stage, others are, or will soon be, in clinical devel-
opment. It is beyond the scope of this article to
review all these treatment options, and therefore
only some will be considered.

Despite the lack of efficacy of antiendotoxin
antibodies, one approach worth pursuing is to block
the ability of microbial agents to activate target
cells. Candidate molecules are lipid A antago-
nists,[31-34] acyloxyacyl hydrolase,[34] bactericidal/
permeability-increasing protein,[35] cationic anti-
microbial proteins (CAP18 and 37),[36] antilipopoly-
saccharide factor[37] and high density lipoproteins
(HDL). Lipoproteins are natural antagonists of
endotoxin (lipopolysaccharide; LPS). Recently, it
was found that LPS binding protein (LBP) and sol-
uble CD14 also catalyse the transfer of LPS to
HDL.[38,39] Administration of lipoproteins de-
creases cytokine production in vitro and in vivo
and protects animals from endotoxic shock.[40-44]

A phase II study of reconstituted HDL for the treat-
ment of peritonitis will soon be initiated in Europe.

Another treatment option is to prevent the acti-
vation of responsive cells by microbial products.
LBP and CD14 (both its membrane-bound and sol-
uble forms) are 2 critical components of the acti-
vation of host cells by LPS. Recent investigations
have shown that CD14 is also involved in the
recognition of many other micro-organisms, in-
cluding Gram-positive bacteria, mycobacteria and
yeasts, and is thus an integral component of innate
immunity.[45] In animal models, blockade of LBP
has been shown to prevent death from shock in-
duced by endotoxin or by Gram-negative bacte-
ria,[46] and transgenic mice overexpressing human
CD14 were found to be hypersensitive to LPS.[47]

Recent experiments with LBP- or CD14-knockout
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mice confirmed the importance of these 2 mole-
cules in the pathophysiology of septic shock.[48,49]

No data are yet available on the effect of anti-LBP
or anti-CD14 antibodies in humans with sepsis.

The elucidation of the signalling pathways in-
volved in gene expression after the activation of
the cell membrane receptor by LPS or other micro-
bial agents has been an area of intensive research
in recent years. Several signalling cascades have
been identified, including the mitogen-activated pro-
tein (MAP) kinase superfamily.[50] Each compo-
nent of these pathways is a potential target for drug
development. Small inhibitors of these signalling
molecules should soon be available for testing in
experimental animal models of sepsis. Further
downstream targets are the transcription factors
nuclear factor (NF)-κB and activator protein (AP)-1,
which play a critical role in the expression of many
pro-inflammatory mediators and acute phase pro-
teins.

The inhibition of secondary mediators, such as
the cytokines, nitric oxide or the lipid mediators,
has been extensively studied in the last 15 years.
New mediators of inflammation continue to be
identified. The sequencing of the human genome
will also provide scientists with many new mole-
cules likely to be involved in the pathogenesis of
septic shock; each one may be a target for novel
therapies. On the other hand, old cytokines may be
‘rediscovered’. For example, the biological role of
macrophage migration inhibitory factor (MIF), one
of the first lymphocyte cytokines described (in the
late 1960s), has been uncovered recently. MIF was
found to be a pro-inflammatory macrophage and
pituitary mediator that plays a critical role in septic
shock.[51,52] Surprisingly, MIF production is also
induced by glucocorticoids and it functions as a
counter-regulator of the anti-inflammatory and
immunosuppressive effects of steroids on macro-
phages and T cells.[53,54] More recent experiments
have shown that MIF plays an important role in
animal models of glomerulonephritis, arthritis and
allograft rejection, indicating that it is a critical
mediator of acute inflammation. Anti–MIF strate-
gies may find utility in the management of septic
shock or other inflammatory diseases.

Many systems are activated during septic shock.
Blocking the coagulation, complement or kinin
cascades is another attractive approach for the

Table I.  Present and future strategies for the treatment of patients
with sepsis

1. Blocking the release or the action of microbial products

Neutralisation of lipopolysaccharide

 lipid A antagonists

 acyloxyacyl hydrolase

 antilipopolysaccharide factor

 bactericidal/permeability-increasing protein

 cationic antimicrobial proteins

 reconstituted high density lipoprotein

Neutralisation of bacterial toxins or microbial cell walls with
inhibitors or antibodies

2. Preventing the activation of responsive cells

Blocking lipopolysaccharide–binding protein or CD14

Interfering with intracellular signalling cascades

 tyrosine kinases

 mitogen-activated protein kinase superfamily

 lipid mediators (phospholipases, diacylglycerols,
 phosphatidylinositol 3,4,5-trisphosphate, protein kinase C,
 sphingomyelin, ceramide)

Inhibiting the action of transcription factors (nuclear factor-κB,
activator protein-1)

3. Inhibiting secondary mediators

Cytokines

 inhibition of cytokine synthesis and release (steroids,
 interleukin-10, phosphodiesterase inhibitors, thalidomide,
 CNI-1493, inhibitors of tumour necrosis factor converting
 enzyme)

 neutralisation of cytokine activity (monoclonal antibodies,
 soluble receptors, receptor antagonists)

Nitric oxide

 specific and nonspecific inhibitors of inducible nitric oxide
 synthase

Lipid mediators

 platelet-activating factor antagonists

 blockade of the cyclo-oxygenase–dependent and the
 lipoxygenase-dependent pathways

4. Blocking the activation of humoral pathways

Inhibition of coagulation (antithrombin III, inhibition of tissue
factor pathway)

Inhibition of complement

Inhibition of kinin (bradykinin antagonists)

5. Preventing the activation of target cells

Neutralisation of adhesion molecules (selectins, integrins)

6. Immunostimulation

Interferon-γ, granulocyte colony–stimulating factor,
granulocyte-macrophage colony–stimulating factor,
interleukin-12, interleukin-18
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management of patients with sepsis. Studies using
antithrombin III or inhibitors of the tissue factor
pathway are currently in progress. Inhibition of
the selectins or integrins is yet another potential
strategy for preventing the activation of inflamma-
tory or immune cells.

Conversely, several studies have shown that the
immune cells of patients with sepsis are hypo-
responsive or deactivated, suggesting that criti-
cally ill patients may be immunosuppressed, espe-
cially in the post-acute phase of septic shock.[55]

These observations have led some investigators to
promote an alternative strategy using agents such
as interferon-γ, granulocyte colony–stimulating fac-
tor or granulocyte-macrophage colony–stimulating
factor to boost immune function and reverse cellu-
lar deactivation in these patients. Preliminary data
suggest that treatment with interferon-γ may im-
prove immune function in selected medical and
surgical intensive care unit patients, but double-
blind placebo-controlled studies are needed to
examine further the efficacy and tolerability of
such interventions.[56]

3. Conclusions

Although the results of recent clinical trials of
adjunctive therapy for sepsis have been discourag-
ing, several potential treatment strategies are avail-
able and could be explored to improve the outcome
of such patients. The success of these approaches
will rely both on improvement of our scientific
knowledge and ability to develop agents for clini-
cal trials, and on improved selection of suitable
patients for these trials.
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