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INNATE IMMUNE RESPONSES TO BACTERIALINFECTIONS:
A PARADIGM FOR EXPLORING THE PATHOGENESIS
OF SEPTIC SHOCK
Dr Thierry Calandra

Severe sepsis and septic shock are life-threatening complications of
infections and the most common cause of death in intensive care units.
Yet, it has been difficult to obtain accurate estimates of the frequency
of sepsis, severe sepsis and septic shock, mainly because of a lack of
authoritative case definitions of these heterogenous clinical syndromes.
Recent data suggest that the frequency of septic complications may be
increasing. A study published in 1990 by the Center for Diseases
Controls in the United Stated indicated that the incidence of septicemia
had increased from 73.6 per 100,000 patients in 1979 to 175.9 per
100,000 patients in 1987. Based on several recent US and European
hospital-based surveys, it is estimated that severe sepsis accounts for
2% to 11% of all hospital or ICU admissions (1). Unfortunately, there
are no data on the incidence of severe sepsis and septic shock in Swiss
hospitals. Population-based epidemiological studies are thus needed to
obtain a more precise appreciation of the true incidence of sepsis in the
general population.
Over the last twenty years, considerable progress has been made in the
understanding of the pathogenesis of inflammation and sepsis (2).
Bacteria, mainly Gram-negative bacilli and Gram-positive cocci, are
the most frequent microbial agents isolated from patients with septic
shock. However, other microorganisms such as spirochetes, rickettsia,
viruses, fungi or parasites also may occasionally cause septic shock. A
pathogen can be isolated from blood or the primary site of infection in
more than two thirds of the patients with severe sepsis (3). Whereas
Gram-negative infections were predominant in the 1960s and early
1970s, the frequency of Gram-positive infections has increased during
the last two decades and are now responsible for about half of all cases
of severe sepsis. Gram-positive bacteria are even more frequent than
Gram-negative bacteria in certain centers. Fungal infections are also
55
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increasing in many countries. One of the most significant achievement
in the understanding of the pathogenesis of sepsis has been the recognition of the central role played by the innate immune system in the
host defenses against invasive pathogens. Sadly, however, despite better supportive care, the hospital mortality of severe sepsis and septic
shock has not changed significantly over the last decades and much
remained to be accomplished to improve the poor outcome of these
patients. In fact, death rates of sepsis still range between 20% to 80%
depending upon the severity of the sepsis syndrome.
For about two decades, one of the research domains of our laboratory
has been the study of the pathophysiology of septic shock. Over the last
15 years, I have had the privilege to participate, both in the laboratory
and in the clinic, in the investigations of the role played by microbial
products (endotoxin and Gram-positive cell walls), acute phase proteins (the LPS-binding protein, LBP), receptors (CD14 and recently the
Toll-like receptors) and cytokines in the pathogenesis of sepsis. This
review article will describe the central role played by the innate immune system in the host defenses against invasive pathogens. We will
focus our attention on the components of the innate immune system
involved in the recognition of microbial products. Once activated by
the microbes, immune cells release a broad-range of effectors molecules, including cytokines. We will examine how cytokines contribute to
the host defenses and pathogenesis of sepsis. Finally, we will discuss
what might be future therapeutic strategies for the management of
severely ill septic patients.

1. Innate Immunity
Across species of the plant and the animal taxa, the innate immune
system plays an essential role in the host defenses against invasive
pathogens (4-6). This ancient defense system constitutes the first line
of the host defenses. Evolutionary, the innate immune system has
appeared before the separation of vertebrates and invertebrates, whereas the acquired immune system has emerged approximately 450 millions years ago. The innate immune system comprises both soluble fac56
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tors (such as the alternative and the mannan-binding lectin pathways of
the complement, acute phase proteins and cytokines) and cellular components (such as monocytes, macrophages, granulocytes, dendritic
cells and NK cells), that are activated as soon as a pathogen crosses the
host defense barriers (Fig. 1). The host innate immune response lasts
for a few hours and usually results in the elimination of the micro-

Figure 1. Schematic representation of the host defenses against infections. Invasive
microbial pathogens crossing the epithelial or mucosal surfaces of the host instantly
encounter cellular (phagocytes) and soluble (alternative and mannan-binding lectin
pathways of the complement) components that will mount the host defensive innate
immune response. Binding of common molecular motifs of pathogens to cell surface
receptors activates phagocytes to engulf and eliminate the microorganism and to release
mediators that will initiate the inflammatory response. In most instances, the host innate
immune response will result in the removal of the microorganism. Occasionally, however, the pathogen resists to this initial attack and may cause severe sepsis or septic shock.
Persistence of the pathogen triggers an adaptive immune response with activation of T
and B lymphocytes.

organisms. A fundamental characteristic of innate immunity is its capacity to recognize and eliminate a broad range of microorganisms.
Recognition of microbial pathogens is mediated by germ-line encoded
pattern recognition receptors expressed on the surface of innate immune cells that recognize pathogen-associated molecular motifs. Upon
57
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binding of the ligand, these receptors activate a cascade of intracellular
events resulting in the production of a large array of effectors molecules, including pro-inflammatory mediators. Among these, the cytokines
play an essential role in orchestrating the cellular and humoral responses designed to eradicate the pathogens. A precise understanding of the
molecular and cellular basis of host-pathogen interactions is an essential step for the development of new treatment modalities for patients
with sepsis. Let us first review how the innate immune system senses
the presence of invasive pathogens, such as the Gram-negative and
Gram-positive bacteria.

2. Interaction between Microbial Products, Plasma Proteins and
Immune Cells Receptors
2.1. Gram-negative sepsis. Considerable progress has been made in
recent years in understanding how bacterial products initiate sepsis. In
the case of Gram-negative infections, the endoxin (lipopolysaccharide,
LPS) moeity of the outer membrane is a pivotal activator of both
immune and non-immune cells (7). The exploration of the interaction
between LPS and host cells has led to the identification of key molecules such as the LPS binding protein (LBP) and the CD14 receptor
(8;9). LBP and CD14 have been shown to work in concert to alarm the
host to the presence of LPS or Gram-negative bacteria and to initiate
the inflammatory response. LBP belongs to a group of lipid-binding
and transferring molecule. It binds LPS monomer from LPS aggregates and transfers LPS either to lipoproteins, which results in the inactivation of LPS, or to CD14 on the surface of myeloid cells, which
results in cellular activation and cytokine production (Figure 2). LPS
may also bind to a soluble form of CD14 that serves to activate CD14negative cells, such as epithelial or endothelial cells. Thus, LBP functions as an opsonin and amplifies the host response to LPS.
Neutralization of LBP or CD14 prevents cellular activation, cytokine
production and protects animals from lethal experimental shock (10).
CD14 is an important component of the LPS receptor complex.
However, CD14 is a glycosylphosphatidylinositol-anchored ligandbinding membrane protein and therefore is not in direct communicati58
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on with the signal transduction host cellular system. Accordingly, LPS
must interact, directly or indirectly, with a trans-membrane molecule to
initiate signal transduction. Hence the hypothesis made years ago that
CD14 was part of a multiprotein receptor complex. Many research
efforts have been devoted to the identification of the signal-transducing
molecule to which LPS binds.

Figure 2. Host response to endotoxin and Gram-negative bacteria. This schematic representation describes the events involved in the recognition of and the response to endotoxin (lipopolysaccharide, LPS) and Gram-negative bacteria by immune cells. LBP: lipopolysaccharide-binding protein; CD14: receptor expressed on myeloid cells that binds
the LPS-LBP complex; TLR4: Toll-like receptor 4 : signal transducing molecule of the
LPS receptor complex. MD-2: a secreted protein that associates with the extracellular
domain of TLR4 and augments the cellular response to LPS.

Important clues regarding the identity of this molecule came from studies of the innate immunity of Drosophila melanogaster (5). In a series
of fascinating studies investigators uncovered that a family of proteins
related to the Drosophila Toll receptor were critically involved in innate immune responses. Originally, the Toll receptor had been discovered
for their central role in dorso-ventral polarity during embryogenesis in
Drosophila. Subsequently, Toll was found to be an essential element
59
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of the innate host defenses of flies. In 1996, Lemaitre et al. reported
that the Toll receptor and downstream elements of the Toll signaling
pathway were implicated in the control of the expression of antifungal
peptides in Drosophila (11). The signaling pathways activated by the
Toll receptor showed striking analogy with a mammalian signaling cascade activating the transcription factor NF- B, that was known to play
an important role in the activation of pro-inflammatory and immunoregulatory genes. A human homologue of the Drosophila Toll (hToll),
subsequently referred to as Toll-like receptor 4 (TLR4), was first reported by Medzhitov et al. in 1997 (12). Expression of hToll mRNA was
detected in many tissues and human cell-lines and was shown to participate in the activation of the transcription factor NF- B and release of
pro-inflammatory cytokines. Today, 10 Tlr genes have been identified
in mammals. Human TLRs are type I transmembrane protein with an
extracellular leucine-rich repeat domain and an intracellular domain
homologous to the interleukin 1 (IL-1) receptor. TLR4 has been shown
to be the LPS signal transducing molecule of the LPS receptor complex
(Fig. 2). Indeed, Beutler and colleagues provided powerful genetic evidence linking resistance of C3H/HeJ or C57Bl/10ScCr mice to LPS to
mutations in the Tlr4 gene (13). This critical observation and a series
of studies in mice and humans have unequivocally demonstrated that
TLR4 is an essential component of the LPS receptor complex (14-17).
MD-2, a secreted protein that associates with the extracellular domain
of TLR4 has been shown to augment responses to LPS (18;19). Thus,
strong evidence supports a critical role for LBP, CD14, TLR4 and MD2 in cellular response to LPS and Gram-negative bacteria (Fig. 2).
2.2. Gram-positive Sepsis. Staphylococcal and streptococcal toxicshock syndromes (TSS) are examples of fulminant and often fatal complications of Gram-positive sepsis. In comparison with Gram-negative
sepsis, less is known about how Gram-positive bacteria stimulate
immune cells. Gram-positive bacteria can provoke severe sepsis and
septic shock by at least two distinct mechanisms. Firstly, staphylococci or streptococci have been shown to release exotoxins that act as
superantigens (20;21). Secondly, cell wall components of Gram-positive bacteria were found to activate monocytes and macrophages to
release pro-inflammatory mediators (22;23).
60
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In 1984, Ikejima et al. showed that filtrate from TSS-associated
Staphylococcus aureus strains was capable of inducing IL-1 production
by monocytes (24). A staphylococcal exotoxin referred to as toxicshock syndrome toxin 1 (TSST-1) was then found to stimulate tumor
necrosis factor alpha (TNF- ) and IL-1 secretion from human
mononuclear cells and to cause a shock-like syndrome when injected
in rabbits. Later, exotoxins of Gram-positive bacteria (the staphylococcal enterotoxins, exfoliating toxins or TSST-1, and the streptococcal
pyrogenic exotoxins) have been identified to act as superantigens.
They stimulate a large pool of T cell by cross-linking class II MHC proteins of antigen-presenting cells to particular V chains of the T cell
receptor (20). Activation of macrophages and these T cells lead to an
abundant production of pro-inflammatory cytokines (TNF- , IL-1,
lymphotoxin, IL-2, and IFN ), producing the fulminant clinical manifestations of the toxic shock syndromes with severe and often prolonged shock and multiorgan failure. However, as not all Gram-positive
bacteria isolated from patients with septic shock produce exotoxins,
other pathogenic mechanisms are likely to also play an important role
in the pathogenesis of Gram-positive sepsis.
By analogy with Gram-negative bacteria, it was postulated that cell
walls of Gram-positive bacteria might contain moieties capable of
interacting with pattern recognition receptors on myeloid cells to induce signal transducing events resulting in the release of pro-inflammatory mediators. Recent studies conducted by various research groups
have shown that peptidoglycan (PGN), a large mesh-like polymer
structure composed of glycan chains, consisting of repeating units of
N-acetylglucosamine and N-acetylmuramic acid, cross-linked by tetrapeptides, and lipoteichoic acids (LTA), a similar type of polymer linked
to plasma membrane via a diacyl-glycerol molecule, display proinflammatory properties (22;23). Work by Moreillon and colleagues
has shown that PGN preparations of Streptococcus pneumoniae induced the release of TNF- and IL-6 by human peripheral blood
mononuclear cells (25). Cell activation was enhanced by the presence
of plasma and was mediated by the pattern recognition receptor CD14.
Importantly, on a weight basis, 1000-times more Gram-positive cell
walls than Gram-negative LPS were required to stimulate the produc61
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tion of equal amounts of the pro-inflammatory cytokine TNF- . As
these initial studies were performed with crude and rather insoluble
PGN preparations, it was hypothesized that sub-components of PGN
might be more active. In fact, tripeptides and more complex peptides
were found to be 100-fold more active than native PGN. These results
therefore suggested that activation of immune cells by Gram-positive
peptidoglycan stem peptides might participate in the pathogenesis of
Gram-positive sepsis (25).
Studies using cell-lines transfected with TLR2, a member of the TLR
family of receptors, and NF- B-luciferase reporter constructs, or
macrophages from TLR2 knockout mice have shown that TLR2 is

Figure 3. Host response to Gram-positive bacteria and cell-wall fragments. The molecular mechanisms underlying the recognition of Gram-positive bacteria or cell walls (peptidoglycan, PGN or lipoteichoic acids, LTA) by immune cells are not well defined. An as
yet unidentified plasma factor and CD14 augment the responses of myeloid cells to
Gram-positive cell wall components. Toll-like receptor 2 (TLR2) and 6 (TLR6) are
involved in the recognition of PGN and Gram-positive bacteria. Data obtained with cells
isolated from TLR2 and TLR4 knockout mice suggest that TLR4 is involved in the recognition of LTA.
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implicated in the host response to whole Gram-positive bacteria (staphylococci, streptococci, Listeria monocytogenes, micrococci), soluble
PGN and perhaps also LTA, though the latter is controversial (16;2630) (Fig. 3). Similarly to what has been observed with LPS, CD14 was
found to augment cellular responses to Gram-positive cell walls.
Interestingly, cooperation between TLRs, namely TLR2 and TLR6,
was shown to be necessary for recognition of PGN by mouse macrophages. Both TLR2 and TLR6 were required for induction of NF- Bluciferease activity and TNF- production in response to Gram-positive bacteria, PGN or the yeast particle zymosan (31). Of note, mice with
deletion of the Tlr6 gene were resistant to stimulation with PGN, indicating that TLR6 is critical for host responses to PGN. In constrast,
recognition of bacterial lipopeptides requires TLR2 alone or in combination with a TLR other than TLR6 (32). In addition to its involvement
in cellular responses to Gram-positive bacteria, TLR2 has been shown
to mediate host responses to a broad-spectrum of microorganisms,
including mycobacteria, mycoplasma, spirochetes (Leptospira) and
yeast cell wall particles (i.e. zymosan). Likewise TLR2 is implicated in
innate immune responses to microbial lipoproteins and lipopeptides
and to mycobacterial cell wall components (lipoarabinomannan, mycolylarabinogalactan-peptidoglycan complex and Mycobacterium tuber culosis total lipids) (33-38).

2.3.Role of Other Toll-like Receptors in Sepsis
Computer analyses of the mouse and human public databases have
revealed the presence of more than ten putative members of the TLR
family (39). However, ten TLRs have been cloned so far. Beside TLR2
and TLR4, three other TLRs (TLR5, TLR6 and TLR9) have been
shown to serve as receptors for microbial-derived ligands (Fig. 4).
Aderem and colleagues have recently reported that TLR5 is a receptor
for flagellin, a 55-kD flagellar protein of Gram-positive and Gramnegative bacteria (40). As mentioned above, TLR6 appears to be required for host responses to Gram-positive bacteria, peptidoglycan and
zymosan (31). Using TLR9 knockout mice (TLR9-/-), Akira and colleagues convincingly demonstrated that TLR9 was essential for recognition of bacterial DNA by cells of the innate immune system (41).
63
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Figure 4. Ligands of Toll-like receptors (TLR). Among the ten TLRs cloned to date, five
have been shown to bind microbial-derived ligands. TLR2 binds lipopeptides, Grampositive peptidoglycan (PGN) , the yeast particle zymosan and a variety of other microbial products (for a review see reference #39). TLR4 binds LPS and possibly also lipoteichoic acids (LTA). TLR5 serves as a receptor for flagellin. TLR6 has been shown to
contribute to signal transduction induced by Gram-positive bacteria, peptidoglycan and
yeast. TLR9 plays an essential role in cellular response to bacterial DNA(i.e unmethylated CpG).

Macrophages, B cells and dendritic isolated from TLR9-/- mice were
found to be completely unresponsive to unmethylated CpG DNA.
Likewise, D-galactosamine-sensitized TLR9-/- mice were protected
from shock induced by CpG DNA.

3. Cytokines
Binding of microbial products to pattern recognition receptors, such as
the TLRs, on innate immune cells activates several intracellular signaling pathways. This cascade of intracellular events results in the activation of transcription factors (NF- B, AP-1) implicated in the expression of immune response genes and in the release of a broad range of
effectors molecules. Pro-inflammatory mediators play a critical role in
the eradication of the invading microorganisms. They serve to initiate
64
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the inflammatory reaction and orchestrate the cellular and humoral responses. Cytokines are an important class of mediators released by
diverse cell types, including lymphocytes, monocytes, macrophages
and non-immune cells. Tumor necrosis factor, interleukins, chemokines, interferons and colony stimulating factors are main members of
the cytokine family of messenger molecules. Cytokines are small proteins (usually of less than 30 kDa), whose expression is, with few
exceptions, induced rather than constitutive. Pleiotropism (i.e. the
capacity for a given cytokine to stimulate several cell types) and redundancy (i.e. the ability of different cytokines to exert similar effects) are
typical features shared by many cytokines. Moreover, cytokines have
the capacity to induce each other’s expression, giving rise to a broad
network of interacting molecules. They display autocrine, paracrine,
and endocrine activities mediated by the interaction with specific
receptors expressed on target cells. Cytokines exert chemotactic effects for immune cells, enhance the expression of the MHC class I and II
molecules, and participate in the activation and proliferation of B and
T lymphocytes. These pleiotropic immuno-modulating effects play an
essential role in coordinating the innate and acquired immune responses necessary to eliminate invading pathogens. It is beyond the scope
of this review article to discuss the implication of pro-inflammatory
and anti-inflammatory cytokines in the pathogenesis of sepsis [for a
review see (42)]. We will, however, briefly examine the salient features
of one of the first cytokines identified, macrophage migration inhibitory factor, which might be a target for future therapeutic interventions
in patients with septic shock.
Macrophage migration inhibitory factor (MIF).
The name MIF was coined after the observations by Bloom and David
in 1966 that a soluble material released by sensitized lymphocytes was
able to inhibit the random migration of peritoneal exsudate cells
(43;44). Subsequently, MIF was found to stimulate several macrophage functions, such as cell adhesion, phagocytosis and killing of intracellular parasites. However, the biological activities of MIF remained
undefined until the cloning of a human MIF cDNA in 1989 (45).
Recently, MIF has emerged recently as an essential effector molecule
of the innate immune system. It is constitutively expressed in large
65
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Figure 5. Plasma concentrations of MIF in healthy controls and in patients with severe
sepsis or septic shock. The bottom, median and top lines of the box mark the 25th, 50th
and 75th percentiles, respectively. The vertical line shows the range of values comprised
between the 5th and 95th percentiles. From reference #51.

amounts by many cells, including immune cells (monocytes, macrophages, T and B lymphocytes), endocrine cells (pituitary and adrenal
glands) and epithelial cells (46–48). During the course of inflammatory
and infectious diseases, exposure of these cells to microbial products
and pro-inflammatory cytokines induces the release of preformed MIF
as well as de novo protein synthesis (47;49). When secreted into tissues or into the systemic circulation, MIF plays an important role in promoting inflammatory reactions and innate and adaptive immune responses. Moreover, it acts as a physiological antagonist of the antiinflammatory and immunosuppressive effects of glucocorticoids (50).
High blood levels of MIF are found in patients with inflammatory and
infectious diseases, including severe sepsis and septic shock (51;52)
(Fig. 5). Immunoneutralization of MIF or deletion of the Mif gene protects mice against lethal endotoxemia, Gram-positive toxic shock syn66
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Figure 6. Anti-MIF monoclonal antibodies (mAb) protect mice from septic shock indu ced by cecal ligation and puncture. TNF -/-: TNF knockout mice, TNF+/+: wild-type mice.
Left panel: Anti-MIF mAb was given at the time of surgery (t=0h), survival: Anti-MIF
mAb: 62%, control antibody: 0%, P=0.00002. Middle panel: Anti-MIF mAb was given
at the time of surgery (t=0h), survival : Anti-MIF mAb: 81%, control antibody: 31%,
P=0.01. Right panel: Anti-MIF mAb was given 4.5 h after surgery, survival: Anti-MIF
mAb 61%, control antibody: 5%, P=0.00008. From reference #51.

dromes and experimental bacterial peritonitis (Fig. 6). Conversely,
administration of recombinant MIF increases the lethality of endotoxemia and bacterial sepsis (46;49;51;53). It seems, therefore, that MIF
has the potential to endanger life when expressed in excess during sepsis. Most recently, MIF was observed to be a critical regulator of
macrophage responses to endotoxin. MIF-deficient macrophages were
hypo-responsive to stimulation with LPS and Gram-negative bacteria.
The impaired response was due to a down-regulation of TLR4, providing a molecular basis for the resistance of MIF-deficient mice to endotoxic shock. Altogether, these results suggest that development of strategies that either block MIF production or inhibit its function may have
a role in the treatment of severe sepsis and inflammatory diseases.
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4. Strategies for Prevention and Treatment of Severe Sepsis and
Septic Shock
The innate immune response must be tightly regulated. Failure to
mount an appropriate defense response might have dramatic consequences for the host. In fact, severe sepsis and septic shock can be
viewed as clinical manifestations of a failing innate immune response
and may result either from a defective or a hyper-responsive host response to infection. Any inherited or acquired quantitative or qualitative defects of the innate immune system would facilitate microbial invasion and growth. Indeed, severe underlying diseases or loss-of-function
mutations of any component of the innate immune system, such as the
TLRs, may affect the capacity of the host to combat infection and may
result in overwhelming infections. Alternatively, septic shock may be
caused by an over-reactive host response, triggered by a highly virulent
pathogen or possibly also due to gain-of-function mutations of one or
more of the molecules of the innate immune system. The fact that
severe sepsis and septic shock do not occur in epidemics suggests that
the host rather than the micro-organism per se is often the major determinant of the sepsis equation.
Whatever the underlying pathogenic basis of the disease, septic shock
is characterized at the acute phase of the disease by a powerful inflammatory response. Numerous studies have shown that high levels of proinflammatory mediators are associated with poor outcome in patients
with septic shock (54;55). These observations have been the basis of
the concept of blocking pro-inflammatory mediators as a mean of
improving the survival of patients with septic shock. Despite encouraging results in pre-clinical investigations, all recent experimental anticytokine therapies have had a modest impact on the outcome of patients with severe sepsis and septic shock. Several factors may account
for the limited efficacy of anti-TNF and anti-IL-1 therapies in sepsis
[reviewed in (56;57)]. Firstly, it is perhaps not so surprising, because of
the complexity of the cytokine network cascade induced by sepsis, that
immunomodulatory therapies targeting one single mediator did not
markedly improve patients’ survival. Although TNF- and IL-1 are
important cytokines of the host defence system, many other effector
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molecules are likely to contribute to the pathogenesis of the sepsis syndrome. Secondly, beyond factors associated with species disparity,
patients enrolled in clinical trials also differ quite significantly from
experimental animals with sepsis. Pre-clinical studies have always
been carried out in healthy animals with identical genetic backgrounds.
By contrast, patients randomized in clinical trials differ with respect to
their genetic make-up, age, underlying diseases, presence of co-morbidities, and other key characteristics including the microbial species
causing the infection as well as the site, type and severity of infection.
Moreover, in animal models, anti-cytokine therapy was most often
administered before or together with the microbial extracts or bacterial
inoculum. In many models, the protective effect was lost when treatment was started after the injurious stimuli. The timing of therapeutic
intervention was very different in clinical trials, as the immunomodulating agent was almost always infused at least hours, and sometimes
days, after the onset of infection. Therefore, most likely experimental
therapy was administered after the peak of cytokine release. Cytokine
measurements were performed in a limited number of trials. When
available, these retrospective analyses have revealed that a minority of
randomized patients had detectable levels of cytokines in the blood
when anti-TNF or anti-IL-1 therapy was administered to the patients.
Time-course studies of cytokine release in septic patients have indicated that sepsis also induces a powerful anti-inflammatory response.
Thus, anti-cytokine therapies administered during this compensatory,
anti-inflammatory phase could impair the host defenses. Indeed, blockade of pro-inflammatory cytokines was efficacious in models of hyperacute inflammation or fulminant sepsis coupled with high death rate.
However, when given to animals with focal rather than systemic infections, such as peritonitis or pneumonia for example, the same agents
often proved to be detrimental and increased lethality. Phase III clinical trials have included patients with both focal and systemic infections
associated with different death rates. In theory, it is possible that the
sickest patients benefited from anti-cytokine therapy, whereas those
with less severe infections might have been harmed by it. The net overall results might have been an absence of protection due to opposite
effects occurring in these highly heterogeneous groups of patients. The
currently used definitions of sepsis, severe sepsis and septic shock may
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thus not be very useful to identify patients likely to respond to novel
therapeutic interventions. Classification of patients based primarily on
biological factors of interest rather than on the sole clinical parameters
may be an approach worth pursuing to detect those individuals most
likely to respond to defined therapy. However, despite the lack of
encouraging results obtained with anti-TNF- and anti-IL-1 therapies
in sepsis the concept of blocking cytokine has yieldid impressive
results for the treatment of patients with rheumatoid arthritis and
Crohn’s disease. It remains critical to identify new therapeutic targets
for the treatment of septic shock. Recent studies have revealed the critical role played by two pro-inflammatory macrophage mediators,
namely macrophage migration inhibitory factor (MIF) and high mobility group-1 (HMG-1) in innate immune responses to microbial toxins.
Neutralization of the biological activities of these two cytokines, especially MIF, was shown to improve outcome in experimental models of
endotoxemia and septic shock, also when given after the administration of toxins or the onset of infection (46;51;58;59).
Designing new therapeutic approaches aimed at blocking the activation of immune cells by microbial products remains an attractive concept, even though previous studies with anti-endotoxin antibodies have
not yielded the anticipated results (60). It is possible that a relatively
limited number of pathogen-associated molecular motifs serve as
ligands for pattern recognition receptors. Treatment strategies design to
block these ligand-receptor interactions would have the advantage to
act at the most proximal point of the cascade of events induced by the
microbes. LBP, CD14 and TLR4 for Gram-negative sepsis, and CD14,
TLR2 and TLR6 for Gram-positive sepsis are potential targets for drug
development. Phase I studies of anti-CD14 monoclonal antibodies
(IC14) are ongoing. Component of the cellular signalling pathways,
such as the mitogen-activated protein (MAP) kinase might be other targets for drug development. However, any intervention with the aim to
inhibit the innate immune response carries with it the inherent risk of
harming the patient. Indeed, C3H/HeJ and C57BL/10ScCr mice with
spontaneous mutations or deletions of Tlr4 gene survive when exposed
to lethal doses of LPS, yet they exhibit an increased sensitivity to bacterial infections and succumb quickly when exposed to otherwise non70
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lethal bacterial inocula (61;62). Thus, appropriate selection of patients
with severe infections associated with a high probability of death are of
the utmost importance.
The pathogenesis of sepsis is far more complex that was initially anticipated. However, combined research efforts of basic scientists and clinical investigators continue to provide critical information for the identification of novel therapeutic targets. Microbial products also have the
capacity to directly activate the complement and coagulation cascades.
The exciting results obtained recently with novel treatment strategies,
especially the activated protein C (63), designed to correct coagulation
abnormalities induced by sepsis have reminded us of the possibility of
developing therapeutic interventions acting on various systems activated by the pathogens. Yet, identification of new therapeutic targets for
the management of septic shock remains imperative. The search must
go on.
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