
Scientific and Clinical Challenges in Sepsis

Luis Ulloa*, Michael Brunner, Laura Ramos, and Edwin A. Deitch
Laboratory of Anti-inflammatory Signaling and Surgical Immunology. Department of Surgery.
UMDNJ-New Jersey Medical School. Medical Science Building F-673. 185 South Orange
Avenue. PO Box 1709. Newark, NJ 07103. USA

Abstract
Advances in intensive care and antibiotics have prevented the spread of some infections, though
sepsis mortality rates remain high. With failure of over thirty clinical trials, sepsis remains a
scientific and clinical challenge in modern medicine. Sepsis is defined by the clinical signs of a
systemic inflammatory response to infection. “Severe sepsis” is when these symptoms are
associated with multiple organ dysfunction. These definitions of sepsis may be too broad and
common to heterogeneous groups of patients who do not necessarily have the same disorder. This
consideration has become especially evident in the clinical trials that have failed to obtain
consistent results in similar studies of patients diagnosed with severe sepsis. In these trials,
patients with infections caused by different microorganisms, and affecting different organs, have
been combined under the general diagnosis of severe sepsis. The situation is analogous to
attempting a clinical trial based on the general definition of cancer, combining all patients with
tumor independent of the type of malignancy. In this consideration, it would not be very surprising
that activated protein C, the only treatment in sepsis approved by the Food and Drug
Administration, is projected for use in only a small subset of patients with severe sepsis. This
article reviews novel inflammatory molecular aspects and the experimental anti-inflammatory
strategies for sepsis, as they may represent particular pathological processes in specific subsets of
patients.

INTRODUCTION
Sepsis is the leading cause of mortality in intensive care units and accounts for roughly 9.3%
of overall deaths, killing approximately 250,000 patients annually in the United States alone
[1–9]. Despite recent improvements in intensive care and antibiotics, sepsis remains
associated with a high mortality rate possibly because the etiology of sepsis can be diverse.
Sepsis is defined according to the clinical signs of a systemic response to infection [10].
However, the clinical symptoms of sepsis including hypotension, tachycardia, tachypnea,
hypoperfusion, lactic acidosis, and altered body temperature (>38.3°C or <36°C), are not
exclusive to infection and can also be triggered by shock, trauma, or severe injury [2, 11].
The term “severe sepsis” refers to the sepsis-associated failure of multiple organ systems
[10]. Sepsis is characterized by an overzealous production of inflammatory cytokines such
as tumor necrosis factor (TNF), interleukins, macrophage migration inhibitory factor (MIF),
and high mobility group box-1 (HMGB1) [2]. During a normal inflammatory response the
production of these cytokines is beneficial, and is required for the repair of tissue damage
resulting from infection or injury. However, an excessive inflammatory response can cause
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lethal multiple organ failure and become more dangerous than the initial insult [2]. Current
strategies for severe sepsis are largely supportive and include the maintenance of systemic
perfusion and the eradication of infection. Still, sepsis remains a major scientific and clinical
challenge, characterized by a high mortality rate possibly because these strategies have
shown limited therapeutic value to prevent systemic inflammation [8, 11]. An apparent
confounding factor is that the definition of sepsis might be too broad, encompassing
heterogeneous groups of patients who might not have the same clinical immunological
disorder [2, 10].

The heterogeneity of the etiology of sepsis has become an important consideration to explain
why strategies targeting inflammatory mediators like TNF or IL-1 have produced modest
effects in clinical trials in spite of their effectiveness in experimental models [9]. Since
cytokine-blockade-based strategies have not been beneficial in clinical trials, none have
gained unconditional approval from the Food and Drug Administration in the United States
for the treatment of sepsis [12–14]. Another important unresolved consideration is whether
severe sepsis results from hyperactive immune responses or from immunosuppression. Due
in part to this controversy, a focus of current investigations is the identification of
therapeutic targets that involve endogenous immunomodulatory mechanisms. In contrast to
previous strategies that depended primarily on the blockade of secreted cytokines, a
potential advantage to targeting endogenous immunomodulatory mechanisms is the ability
to temper systemic inflammatory responses but prevent immunosuppresion. A classical
example is the hypothalamic-pituitary-adrenal axis that controls the release of
glucocorticoids from the adrenal cortex [15, 16]. Activation of the hypothalamic-pituitary-
adrenal axis in response to immune stimulation causes the release of adrenal corticotropic
hormone from the pituitary gland, which increases secretion of cortisol from the adrenal
cortex. Cortisol exerts anti-inflammatory effects on a variety of immune cells including
macrophages, monocytes, and neutrophils [15, 16]. Recent studies have identified the anti-
inflammatory potential of the vagus nerve to restrain systemic inflammation in sepsis.
Acetylcholine, the principal neurotransmitter of the vagus nerve, controls cytokine
production from macrophages via nicotinic receptors. This “cholinergic anti-inflammatory
mechanism” is mediated by the alpha7-nicotinic acetylcholine receptor (alpha7nAChR) and
modulates cytokine production through NF-kB [2, 17–19]. The characterization of this
nicotinic anti-inflammatory pathway is of great interest because selective nicotinic agonists
for the alpha7nAChR represent a promising pharmacological strategy for infectious and
inflammatory disorders. Efficacious treatments for sepsis are a major priority of public
health. This article reviews experimental strategies and new targets currently under
investigation for the treatment of sepsis and related infectious and inflammatory disorders.

COAGULATION: A LINK WITH INFLAMMATION IN SEPSIS
Recombinant human activated protein C (APC, also known as Drotrecogin alpha-activated)
is the only intervention approved by the Food and Drug Administration for the treatment of
severe sepsis [20]. Protein C is a serum protease produced by the liver as an inactive
precursor that is activated via cleavage by thrombin, an end-product of the coagulation
protease cascade (Fig. 1) [21]. Activated protein C proteolytically inactivates factors Va and
VIIIa, proteases upstream of thrombin in the coagulation cascade. Thus, activated protein C
is part of a classical negative feedback mechanism that blunts the coagulation cascade by
preventing further thrombin generation [21]. By preventing thrombin generation, activated
protein C blocks thrombin-induced platelet activation and quenches inflammatory responses
from immune cells and endothelial cells (Fig. 1) [22]. Activated protein C inhibits the
production of inflammatory cytokines in human umbilical vein endothelial cells (HUVEC)
by blocking NF-κB activation [23]. Although activated protein C is the first intervention that
improves the clinical outcome of severe sepsis, the benefits are limited with an absolute
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mortality reduction of 6.1% [20]. A deleterious side effect is that activated protein C blunts
the blood clotting and significantly increases the risk of severe hemorrhage in patients [20,
24]. Activated protein C treatment is approved only for the small subset of patients with a
low risk for hemorrhage. This limitation is particularly relevant to sepsis because most of the
patients have an increased risk of internal hemorrhage. In fact, more recent non-industry-
supported prospective [25], and retrospective [26] studies, concluded that due to continual
bleeding problems, for most patients, the risks associated with activated protein C treatment
seem to outweigh the benefits [27, 28]. As this controversy persists, two new placebo-
controlled trials are planned to assess the efficacy of recombinant human activated protein C
(rhAPC) in septic shock which may resolve the issue. One is PROWESS-SHOCK to study
persistent vasopressor-dependent septic shock [29]. The other, APROCCHS, will run in
parallel to compare efficacy and safety of rhAPC to that of low dose of corticosteroids,
investigating the interaction of these drugs in managing septic shock
(http://clinicaltrials.gov/ct2/show/NCT00625209. January, 2008). Recently, a recombinant
variant of mouse activated protein C (5A-APC) has been produced to retain the anti-
inflammatory and anti-apoptotic ability, but had a reduced anticoagulant activity by 90%.
5A-APC was effective in reducing mortality and increasing survival in mouse models of
endotoxemia, peritonitis, and polymicrobial peritoneal sepsis [30].

Disseminated intravascular coagulation (DIC) is a serious condition of simultaneous
vascular coagulation and bleeding due to consumption of platelets, which is a typical
consequence of severe sepsis. Promising results with high doses of antithrombin were found
both in experimental and clinical trials of septic shock. A large, double blind, placebo-
controlled multicenter trial (High-Dose Antithrombin III in Severe Sepsis [KyberSept] trial
[31]) investigated the effect of antithrombin in sepsis. Although high levels of antithrombin
(180% at 24 hrs) were produced, no difference in mortality between the placebo and
experimental group was noted. Antithrombin treated patients had significantly higher
bleeding complications than the placebo group. Subgroup analysis showed that patients
receiving higher doses of antithrombin (>60%) had a beneficial effect on 90-day mortality.
Also those patients receiving protective heparin simultaneously had higher mortality (and
bleeding) than those not on heparin. These results may be due to heparin interfering with the
ability of antithrombin to bind to glycosaminoglycans on endothelial cells, and heparin may
also abolish the anti-inflammatory effects of antithrombin. They concluded that
antithrombin should not be used with patients on heparin. Further studies of heparin and
antithrombin are needed before antithrombin can be recommended for sepsis.

Tissue factor pathway inhibitor (TFPI) or tifacogin is an endogenous anticoagulant secreted
by endothelial cells. TFPI abrogated the coagulant response, attenuated the inflammatory
response, and improved survival in baboons even when administered several hours after
septic challenge [32, 33]. Tifacogin also increased survival in a rabbit model of peritonitis
[34]. Tifacogin confirmed the anticoagulant response in humans challenged with endotoxin,
but did not inhibit the inflammatory response [35, 36]. Based on the positive results of a
small dose-finding trial where anti-inflammatory and coagulant reductions occurred in
patients with severe sepsis, a large randomized, double-blind placebo-controlled multi-
center trial (the Optimized Phase 3 Tifacogin in Multicenter International Sepsis Trial) was
undertaken to test the efficacy of TFPI in sepsis [37]. Two groups of patients were studied.
One with international normalized ratio (INR, measure of blood clotting) ≥1.2, and another
<1.2. Both groups had significantly reduced coagulatory responses, however no effect of
TFPI on mortality was found in the ≥1.2 group. There was also higher risk for bleeding
complications in both groups. Mortality rates in both treatment groups were similar
regardless of the use of heparin. So unlike the KyberSept trial with antithrombin (described
above) where heparin may have interfered with antithrombin binding, heparin may not
explain the failure of TFPI in these trails as displacement of TFPI binding to endothelial
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cells. In discussions regarding the three anticoagulants, activated protein C, antithrombin,
and TFPI, since only drotrecogin was effective in reducing mortality in a restricted group of
patients, it is proposed that clinical trials should be done with heparin, since it is most
available, inexpensive, and most easily used anticoagulant [38].

GLUCOCORTICOIDS: ENDOCRINE-MEDIATED SYSTEMIC IMMUNE
SUPPRESSION

Glucocorticoids are anti-inflammatory corticosteroid hormones modulating inflammation
during injury and infection [16, 39]. Inflammatory cytokines activate the hypothalamic-
pituitary-adrenal axis, a physiological neuro-endocrine mechanism that leads to the release
of adrenal corticotropic hormone (ACTH) from the pituitary gland into the circulation [15].
Adrenal corticotropic hormone diffuses to the adrenal cortex and stimulates the release of
cortisol, which functions as a potent systemic immunomodulator [40]. Glucocorticoids like
cortisol have a dual mechanism of action; they block the production of inflammatory
cytokines in many cell types including leukocytes, endothelial, and epithelial cells, while
enhancing the production of the anti-inflammatory cytokine IL-10 from T-cells [15, 41, 42].

Glucocorticoids exert their immunosuppressive effects by binding to intracellular receptors,
ligand-activated transcription factors of the nuclear hormone receptor superfamily (Fig. 2).
Glucocorticoid receptors are expressed in virtually every cell type, and are maintained in the
cytosol in an inactive form [43]. Upon activation by hormone, the receptor translocates to
the nucleus where it binds to and interferes with the activity of transcriptional activators
including AP-1 (c-Fos/c-Jun heterodimer) and NF-κB (p50/p65 heterodimer) [44–47]. This
ability to interfere with the activity of other transcriptional activators is specific to
glucocorticoid receptors as other classes of steroid receptors such as androgen and estrogen
receptors fail to affect inflammatory cytokine production [41]. DNA binding and
transcriptional activation are not required for the immunosuppressive effects of activated
glucocorticoid receptors [48]. Homozygotic transgenic mice carrying a dimerization domain
mutant allele of the glucocorticoid receptor (GRdim A485T) that blocks DNA-binding, and
transcription, still show efficient repression of inflammatory responses [48–51]. The basis
for the anti-inflammatory activity of the DNA binding-defective glucocorticoid receptor was
suggested to be its ability to bind to NF-κB and repress the transcription of inflammatory
mediators (Fig. 2) [48]. These studies collectively indicate that transcriptional interference
with NF-κB by glucocorticoid receptors is critical for the anti-inflammatory effects of
glucocorticoids [15, 41].

Glucocorticoid therapy improved the outcome in experimental models of lethal sepsis [52–
54], however early clinical trials reported that glucocorticoids cause deleterious
immunosuppression [55–57]. These trials used short treatment courses with high doses of
steroids (up to 600 mg/kg of steroid over the course of 24 hours), which upon meta-analysis
were found to be detrimental to the patients receiving treatment [57, 58]. In some cases, the
harmful effects of high doses of steroids correlated with an increase in the occurrence of
secondary infections [59, 60]. This correlation could reflect glucocorticoid-induced
lymphocyte apoptosis, which causes T- and B-cell deficiencies leading to hyper-
immunosuppression and an inability of the patient to clear an infection. The loss of T-cell
immuno-regulatory function can significantly contribute to the morbidity and mortality of
sepsis, resulting in exacerbated inflammation and a worsening of the clinical outcome [16].

Adrenal insufficiency and glucocorticoid hypo-responsiveness are contributing factors in the
lethal outcome of sepsis [61–64]. Adrenal insufficiency is prevalent in sepsis and is found in
about 50% of the patients with septic shock. Inflammatory cytokines such as TNF suppress
cortisol secretion from the adrenal glands, which can result in adrenal insufficiency [65, 66].
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Adrenal insufficiency is typically detected by measuring the serum levels of cortisol
following the administration of 250 μg syntropin, a synthetic peptide corresponding to the
first 24 amino acids of adrenocorticotropic hormone, which contains the biological activity
required to evoke cortisol secretion from the adrenal gland [67]. The stress-induced cortisol
level should be roughly 25 μg/dl in patients with sepsis [61], and diagnostic criteria for
adrenal insufficiency include a maximal response of <20 μg/dl, or an increase <10 μg/dl
over the base line [67]. However, 250 μg of syntropin is a dose >100-fold higher than the
normal stress-induced adrenocorticotropic hormone level found in patients, and this
excessive dose can overcome adrenal hypo-responsiveness and lead to an inaccurate
diagnosis. The prevalence of adrenal insufficiency in patients with sepsis suggests that
treatment with physiological doses of glucocorticoids could be beneficial [15].

Meta-analysis was performed of clinical studies testing glucocorticoids on survival and
shock reversal in sepsis [68]. Results showed that studies done before 1989 used short
period administration with high doses harmed patients, and worsened survival. Studies after
1989 used longer times 5 to 7 day courses of low physiologic doses (equivalent to 200 or
300 mg of hydrocortisone daily), with subsequent tapering off period (5 to 7 days),
increased survival rate and shock reversal in patients with vasopressor-dependent septic
shock. Glucocortecoids were beneficial when started as late as 72 hrs after the initiation of
vasopressors. Classical clinical trials using glucocorticoids are based on prolonged treatment
courses (5–7 days) with doses that reproduce the relative cortisol level found in healthy
individuals undergoing vigorous exercise. These studies showed an improvement in the
clinical outcome of severe sepsis, including patients with adrenal insufficiency. Sepsis
patients with documented adrenal insufficiency received either hydrocortisone (50 mg
intravenous bolus every 6 hours) and fludrocortisone (50 μg tablet once daily) (n = 114) or
physiological saline placebo (n = 115) for 7 days. There were 73 deaths (63%) in the
placebo group and 60 deaths (53%) in the corticosteroid group (hazard ratio, 0.67; 95%
confidence interval, P =.02) [69]. In contrast to the detrimental effects of high dose short
course glucocorticoid treatment [57, 58], therapeutic benefits may be achieved with low
doses and prolonged therapy in patients with adrenal insufficiency. However, caution must
be exercised, because prolonged glucocorticoid therapy can bear significant deleterious side
effects depending upon the strength of the steroid, the dosing regimen, and the duration of
treatment [70]. Glucocorticoid-induced side effects can include skin atrophy, wound healing
disorders, osteoporosis, glaucoma, diabetes mellitus (hyperglycemia), adrenal insufficiency,
hypertension, and immunodeficiency caused by excessive lymphocyte apoptosis [70]. These
side effects can contribute to morbidity and mortality, which limits the clinical value of
glucocorticoids for the treatment of severe sepsis. After many controversial earlier studies
the net result being that steroids were out of favor, a low dose hydrocortisone regimen for
septic shock patients in a large multicenter, placebo-controlled randomized double-blind
study, where lungs were the primary source of infection, shock was reversed, and mortality
decreased [69]. Along with two meta-analyses at that time, low dose steroid therapy for
septic shock was again recommended. However, a more recent CORTICUS study where
gastrointestinal tract was the primary source of infection, there were no differences in
mortality, hydrocortisone did not increase the percentage of patients exhibiting shock
reversal (although it did so more quickly), besides patients receiving hydrocortisone had
more episodes of superinfection [71]. As a result of these two opposing studies, current
recommendations are to use low dose hydrocortisone therapy only in adult septic shock
patients who are poorly responsive to resuscitation and vasopressor therapy [64, 72]. The
anti-inflammatory therapeutic effects of glucocorticoids are predominantly mediated by
transrepression of other transcription factors (Fig. 2) [48], while many side effects are
mediated by transactivation of target genes [48, 70]. Current efforts are directed to design
synthetic selective glucocorticoid receptor agonists (SEGRAs) to enhance this
transrepression while preventing transactivation [70, 73]. Further studies and clinical trials
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will be required to gauge their potential therapeutic benefits over glucocorticoids as a
treatment for severe sepsis.

SEPSIS AND APOPTOSIS: CELL DEATH’S CONTRIBUTION TO SEPSIS
MORTALITY

Lymphocyte apoptosis is accelerated during sepsis, and can be exacerbated by
glucocorticoid treatment. Patients who die from sepsis-associated multiple organ failure
show extensive lymphocyte apoptosis in the spleen, lymph nodes, and intestinal lamina
propria [74]. Apoptosis is regulated by a cascade of cysteine-aspartyl proteases (caspases)
that are critical effector molecules in programmed cell death because their activation results
in the disassembly of the cell through the degradation of various structural proteins [75].
Prevention of sepsis-induced lymphocyte apoptosis by treatment with 10 mg/Kg mouse of
broad-spectrum caspase inhibitors (z-VAD or M920) improved the survival rate from about
30% in control mice to roughly 75% in treated mice in cecal ligation and puncture [76, 77].
The effect of caspase inhibitors on the outcome of sepsis correlated with improved
lymphocyte survival because RAG-1-deficient mice, which lack mature lymphocytes, did
not benefit from treatment with caspase inhibitors [77]. In addition, lymphocytes from
transgenic mice that over-express the human anti-apoptotic protein Bcl-2 were resistant to
sepsis-induced apoptosis. Adoptive transfer of 1×107 T-cells from these Bcl-2 transgenic
mice improved the survival rate of non-transgenic animals from about 20% to roughly 75%
in experimental sepsis [77]. These studies suggested that lymphocytes, and particularly T-
cells, had a critical role in the resolution of sepsis. T-cells produce interferon-γ and TNF,
which activate macrophages and neutrophils. Secretion of TNF and interferon-γ from T-cells
happened within 6 hours of activation, before sufficient T-cell clonal expansion could occur,
suggesting that interactions between the adaptive and innate immune systems are both rapid
and essential for survival in the early stages of sepsis [77–80].

Treatment with 10mg/Kg mouse of a specific inhibitor (M-791) of the effector caspase,
caspase-3, also prevented lymphocyte apoptosis and improved survival [77]. There was no
difference in long term survival between mice treated with M-920, the broad-spectrum
caspase inhibitor, and M-791 [77]. The ability of a specific inhibitor to improve survival in
experimental sepsis was significant since there are three classes of caspases; initiator
caspases that trigger the apoptotic program, effector caspases that execute apoptosis, and
inflammatory caspases that process inflammatory cytokines like IL-1 and IL-18 to their
mature secreted form [81]. This result suggested that caspase inhibition improved the
survival of mice in experimental sepsis by blocking apoptosis. Consistent with the ability of
caspase-3 blockade to prevent lymphocyte apoptosis during sepsis, septic caspase-3−/− mice
showed a roughly 3.5-fold reduction in the level of thymocyte apoptosis and a roughly 2-
fold decrease in splenocyte apoptosis when compared to septic wild-type mice [77].
Collectively, these studies indicated that caspase-3 is a key component of the sepsis-
mediated lymphocyte cell death program. It is noteworthy that NF-κB activity protects
lymphocytes against apoptosis [82], and that the NF-κB p50 and p65 subunits are both
sensitive caspase-3 substrates that are inactivated during apoptosis [83]. Also, caspase-3
cleavage in the regulatory region of the IκBα inhibitor of NF-κB protects IκBα from
proteasome-mediated degradation, and creates a natural “super-repressor” that facilitates
apoptosis by constitutively blocking NF-κB translocation [82, 84]. Therefore, caspase-3-
mediated NF-κB destruction might represent an important step in the apoptotic loss of
lymphocytes during sepsis. Taken together, these studies indicate that caspase-3 is a
potential therapeutic target in sepsis.

Caspases can also contribute to the pathogenesis of sepsis by directly regulating cytokine
production through the proteolytic processing of cytokine precursors [81, 85]. As a
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consequence, genetic polymorphisms in caspases can alter the production of cytokines. For
example, a well documented human polymorphism in the gene encoding caspase-12
increases susceptibility to sepsis [86]. The analysis of over 1100 human genomic DNA
sequences encoding caspase-12 revealed a single nucleotide polymorphism (SNP) in the
stop codon of exon 4 (Stop (TGA) to Arg (CGA)), causing a read-through that results in the
production of a ‘long’ isoform of caspase-12 (caspase-12-L). Although the caspase-12-L
product did not produce a catalytically competent caspase, it acted as a dominant-negative
regulator of inflammatory responses that prevented the activation of the NF-κB pathway and
attenuated the production of cytokines during sepsis [86]. The polymorphism leading to the
production of caspase-12-L was found only in subjects of African descent, and patients
carrying this polymorphism had increased susceptibility to infection and a three-fold higher
mortality rate in sepsis [86]. The results of this study suggested that individuals homozygous
for the caspase-12-L isoform were more susceptible to infection because they produced an
inadequate cytokine response, facilitating bacterial dissemination into the bloodstream,
which contributed to severe sepsis [86]. A general discussion of genetic polymorphisms in
human susceptibility to infection is outside of the scope of this review, however it has
become increasingly evident that genetic differences in inflammatory responses exist within
the human population, and that these differences may play key roles in determining the
clinical outcome of infectious and inflammatory diseases [87, 88].

MACROPHAGE MIGRATION INHIBITORY FACTOR (MIF): COUNTERACTS
THE ANTI-INFLAMMATORY EFFECTS OF GLUCOCORTICOIDS

Macrophage migration inhibitory factor (MIF) is a potent inflammatory cytokine that limits
the anti-inflammatory effects of glucocorticoids [89, 90]. MIF induces the production of
TNF and other pro-inflammatory mediators from macrophages, which in turn elicit MIF
production, establishing a positively reinforcing autocrine loop that can limit the
immunosuppressive effects of glucocorticoid treatment [91, 92]. MIF is the only
inflammatory cytokine that is not inhibited by the glucocorticoids. Indeed, glucocorticoid
stimulated MIF release in macrophages (7). The release of MIF in response to
glucocorticoid treatment was dose-dependent, and followed a bell-shaped dose-response
curve [92]. Secretion of MIF was induced at concentrations of dexamethasone or
hydrocortisone as low as 10−16 M, with a peak between 10−14 M and 10−12 M, and was
suppressed at doses above 10−10 M, which corresponds to stress-induced levels where
cortisol functions as a potent immune suppressant [92]. MIF overcame the inhibitory effects
of glucocorticoids (10−9 M dexamethasone), and restored the production of TNF, IL-1, IL-6,
and IL-8 by monocytes stimulated with bacterial endotoxin (1μg/ml) in vitro [92]. Likewise,
treatment with recombinant MIF (0.6 mg/Kg) plus dexamethasone (1.25 mg/Kg) two hours
prior to the administration of a lethal dose of endotoxin to mice (22.5 mg/Kg) ablated the
protective effects of dexamethasone alone [89]. As such, MIF remains unique among
inflammatory cytokines in its ability to counter-regulate the anti-inflammatory effects of
glucocorticoids.

MIF contributes to the pathogenesis of sepsis and other infectious and immune disorders
[90]. Blockade of MIF action with specific neutralizing monoclonal antibodies protected
mice from lethal sepsis induced by cecal ligation and puncture (survival was 81% in
antibody treated mice and 31% in control mice). This treatment was successful even when
the antibodies were administered 4.5 hours after the cecal ligation and puncture (survival
was 61% in antibody treated mice and 5% in control mice) [93]. Recently, a DNA vaccine
that generates anti-MIF antibodies increased survival and decreased levels of TNF, IL-1β,
IL-6, TLR-4 in endotoxemic (LPS) or cecal ligation and puncture mouse models of sepsis
[94]. Crystallographic studies on recombinant human MIF identified a tautomerase
enzymatic activity that was reported to be important for the counter-regulation of
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glucocorticoid action by MIF [95]. A physiological substrate for MIF enzymatic activity has
not yet been identified, however the insertion of an alanine residue between proline 1 and
methionine 2 of MIF abolishes its tautomerase activity against the substrate L-dopachrome
methyl ester by blocking the active site centering around proline 1 [96]. This alanine
insertion also blocked the ability of the mutant MIF protein to act as a glucocorticoid
counter-regulator, which suggested an important role for the N-terminal catalytic region in
the biological activity of MIF [95]. Consistent with a role for enzymatic activity, the
potential MIF tautomerase inhibitor (S, R)-3-(4-hydroxyphenyl)-4, 5-dihydro-5-isoxazole
acetic acid methyl ester (ISO-1) was able to dose-dependently inhibit its ability to counteract
the anti-inflammatory effects of 10−8 M dexamethasone on cultured monocytes that were
treated with bacterial endotoxin (0.5 μg/ml) [95]. ISO-1 attenuates but did not inhibit TNF
production in primary culture of peritoneal macrophages form wild-type but not from MIF-
knockout mice. Such MIF inhibitors could potentially inactivate its inflammatory activity
and could enhance the effectiveness of glucocorticoids in the treatment of infectious and
inflammatory diseases.

LYSOPHOSPHATIDYLCHOLINE: A LIPID PHARMACOLOGICAL
IMMUNOMODULATOR OF NEUTROPHILS

Plasma levels of lysophosphatidylcholine (LPC), a major component of the oxidized low-
density lipoprotein, are decreased in septic patients, and these levels are especially lower in
patients that succumb to the septic episode [97]. Administration of lysophosphatidylcholine
protects animals from experimental sepsis, prevents lethality during bacteremia and
endotoxemia, and improves survival in polymicrobial peritonitis, even when the treatment is
delayed up to 10 hours after cecal ligation and puncture [98, 99]. Different molecular
species of lysophosphatidylcholine differ in their activities, and 18: 0 and 18: 1
lysophosphatidylcholine were the most effective at promoting survival of mice during
experimental sepsis [98, 99]. Other lysophospholipids including lysophosphatidylserine,
lysophosphatidylethanolamine, lysophosphatidylinositol, lysoplatelet activating factor (L-
PAF) and sphingosylphosphorylcholine did not improve survival in sepsis, which
demonstrated the specificity of lysophosphatidylcholine action [99].
Lysophosphatidylcholine exerted its action through at least two distinct mechanisms; it
enhanced neutrophilmediated bacterial clearance and inhibited the systemic inflammatory
effects of bacterial endotoxin [98, 99]. Therefore, the stimulating effect of
lysophosphatidylcholine on neutrophil bactericidal activity could be useful in treating
patients with microbial infections that have not yet progressed to sepsis. Such an approach
could be important, especially considering the continuous appearance of new pathogenic
microbes that are resistant to currently available antibiotics.

Defects in innate immunity, particularly the dysfunction of neutrophils and macrophages,
are believed to contribute to sepsis-induced mortality [100, 101]. Neutrophils derived from
septic rats are impaired for hydrogen peroxide production in response to phorbol 12-
myristate 13-acetate (PMA) [102]. These findings are significant because invading microbes
are predominantly cleared by neutrophils, and lysophosphatidylcholine inhibits their sepsis-
induced inactivation, promoting hydrogen peroxide production and bacterial clearance in
vitro [99]. These findings suggest that neutrophils may be the principal target cells that
govern the lysophosphatidylcholine-mediated survival in sepsis. However,
lysophosphatidylcholine also affects the inflammatory responses of endothelial cells, T-
cells, dendritic cells, smooth muscle cells, and monocytes [103–109]. Therefore, it is
possible that the beneficial effects of lysophosphatidylcholine are the culmination of many
signaling events in multiple cell types.
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G2A, OGR1, and GPR4, members of the 7 transmembrane domain-containing G protein-
coupled receptor superfamily, were identified as lysophosphatidylcholine receptors [110].
The G2A receptor is a key immuno-regulator [111] that has an important role in the
protective effects of lysophosphatidylcholine during experimental polymicrobial sepsis- and
bacterial endotoxin-induced lethality [99]. Genetic ablation of G2A in mice resulted in the
development of a progressive autoimmune wasting syndrome, characterized by lymphocyte
infiltration into various tissues, glomerular immune complex deposition, and anti-nuclear
autoantibodies [112]. G2A-deficient T-cells were self-reactive and hyper-responsive to T-
cell receptor stimulation, exhibiting enhanced proliferation and a lower threshold for
activation [112]. Activation of G2A by lysophosphatidylcholine increased intracellular
calcium concentration, activated the ERK mitogen-activated protein kinase pathway, and
modified migratory responses of Jurkat T-cells [113], and inhibited NF-κB activation in a
variety of cell types [114]. Specific antibodies that block activation of the G2A receptor
inhibited the stimulating effect of lysophosphatidylcholine on hydrogen peroxide production
from neutrophils in vitro, and blocked its protective effect on mice during experimental
sepsis [99]. Although the G2A receptor plays an important role in mediating the anti-
inflammatory effects of lysophosphatidylcholine, it is likely that other receptors like GPR4
and OGR1 also function in an overlapping manner to modulate cellular immune responses
[111]. Future work should resolve the relative contributions of these receptors to the action
of lysophosphatidylcholine, and their suitability as potential drug targets for the treatment of
severe sepsis.

PHARMACOLOGICAL INHIBITION OF HIGH MOBILITY GROUP BOX 1
(HMGB1)

Neutralization of TNF or IL-1 can prevent the development of septic shock in animals [115],
but these strategies produced modest clinical effects in critically ill patients [12–14]. Several
studies suggest that other “late” downstream pro-inflammatory cytokines may contribute to
the progression of sepsis. In agreement with this hypothesis, high doses of endotoxin are
lethal to TNF-deficient mice, and death from endotoxemia and sepsis often occurs days after
the “early” TNF production, long after serum TNF had returned to basal levels [2, 116].
These “late” downstream mediators hypothetically present a clinical advantage for the
treatment of sepsis, because they expand the therapeutic time window [2, 116]. Unlike
“early” cytokines, High Mobility Group Box1 (HMGB1) acts as a “late” mediator of lethal
systemic inflammation in sepsis [116]. Originally described as an intracellular DNA-binding
protein, HMGB1 is released into the extracellular milieu by activated macrophages.
Extracellular HMGB1 acts as a pro-inflammatory cytokine; it induces tissue-type
plasminogen activator, stimulates the production of pro-inflammatory cytokines (TNF,
IL-1β and IL-8), and promotes epithelial cell permeability and neutrophil accumulation
[117–120]. HMGB1 is a sufficient and necessary mediator for sepsis: (A) Systemic HMGB1
is found in animal models of sepsis and in the serum of patients with bacteremia and sepsis-
induced organ dysfunction [116]; (B) Administration of recombinant HMGB1 to mice
recapitulates the most characteristic clinical signs of sepsis including fever, malaise,
derangement of the intestinal barrier function, acute lung injury and lethal multiple organ
failure [119–121]; (C) Anti-HMGB1 antibodies prevent lethal endotoxemia and reverse the
pathological course of established sepsis [122]. HMGB1 was defined as a “late” mediator of
sepsis because endotoxin induces HMGB1 release from macrophages approximately 24
hours after the production of TNF. This delayed release is also observed in vivo, where
HMGB1 is released into the serum approximately 24 hours after the induction of
endotoxemia, bacteremia or peritonitis [116, 117, 122]. As a consequence, anti-HMGB1
therapeutics are successful even if administered after the appearance of clinical signs of
sepsis [117, 122]. The late role for HMGB1 in mediating severe sepsis is akin to the early
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role for TNF as a prototype mediator of “septic shock”. In contrast to severe sepsis, “septic
shock” is a highly lethal acute syndrome that kills within 24–48 hours, and is invariably
accompanied by ischemic necrosis and cardiovascular collapse [2]. TNF administration can
trigger the entire pathological spectrum of septic shock including hypotension, intravascular
coagulopathy and hemorrhagic necrosis, and neutralization of TNF prevents endotoxic- or
bacteremic-induced shock, even when endotoxins or bacteria persist in the circulation [123].
Therefore, it is significant that ethyl pyruvate was effective for rescuing mice from lethal
sepsis even when its administration was delayed one day after cecal ligation and puncture
[117, 124]. On the other hand, HMGB1 appears to be a prototype mediator for “severe
sepsis”. Severe sepsis is a protracted inflammatory syndrome that kills over the course of
several days or weeks [2]. Elevated systemic HMGB1 levels are found in patients and in
experimental models of sepsis-induced organ dysfunction [125]. The administration of
recombinant HMGB1 to mice recapitulates the characteristic organ dysfunction of severe
sepsis [118, 122, 126–128], and independent strategies that inhibit either HMGB1 activity
[122, 125], or its secretion prevent multiple organ failure and rescue mice in experimental
models of severe sepsis [17, 98, 99, 117, 124].

Since many strategies based on antibodies neutralizing particular cytokines have failed in
sepsis, a significant effort was made to design pharmacological inhibitors for HMGB1
secretion in sepsis. Ethyl pyruvate was one of the first pharmacological inhibitors described
for HMGB1 secretion [117, 124]. These studies were of significant interest because ethyl
pyruvate provides wider pharmacological time window for experimental sepsis [1, 2, 5, 6,
129]. Ethyl pyruvate was initially designed as a pyruvate-like product to mimic the
therapeutic potential of pyruvate while avoiding its collateral toxicity. Pyruvate is a
physiological product of glucose metabolism that has been shown to be beneficial in
experimental models of stroke, hemorrhagic shock, and cardiac, hepatic or mesenteric
ischemia and reperfusion [130–132]. The beneficial effects of pyruvate are based on its
positive myocardial inotropic effects by acting as an energy source, and a potential
antioxidant and anti-inflammatory capability [131–133]. Despite its potential benefits,
pyruvate is not stable in solution and rapidly undergoes an aldol-like condensation reaction
to form parapyruvate, which can spontaneously convert to 2, 4-dihydroxy-2-methylglutarate,
a mitochondrial poison [134, 135]. Ethyl pyruvate is a more stable simple aliphatic ester
derivative of pyruvic acid, classified as a GRAS (Generally Recognized As Safe) according
to the guidelines of the FDA [136]. Ethyl pyruvate provides therapeutic protection in
experimental models of hemorrhagic shock [137, 138], ischemia/reperfusion injury [130,
139, 140], acute pancreatitis [141, 142], endotoxemia and polymicrobial sepsis [117, 143,
144]. However, a recent study indicates that a single dose of ethyl pyruvate administered at
the same time as LPS may worsen survival in endotoxemia [145] depending on the dose and
time of administration [146]. These studies are of particular interest since a recent phase II
trial using ethyl pyruvate showed no therapeutic benefits in cardiovascular bypass surgery
[147]. Despite these clinical results, the anti-inflammatory mechanism of ethyl pyruvate
shed light on the pharmacological inhibition of HMGB1 in sepsis.

The durability of ethyl pyruvate protection argues that its principal anti-inflammatory effect
involves the persistent modification of a intracellular component in order to inhibit HMGB1
secretion [148]. Since pyruvate is known to form reversible covalent bonds with the sulfur
moiety of cysteine residues [149], one possible target for ethyl pyruvate is the cysteine-
containing tri-peptide redox sensor glutathione [148], whose oxidation state influences NF-
κB activity [149]. The ability of glutathione to influence NF-κB activity involves a key
cysteine residue (Cys 62) in the p50 (c-Rel) subunit that is essential for DNA binding [150].
This cysteine residue is in a sequence context that makes it susceptible to oxidation,
resulting in S-glutathionylation of the p50 subunit [151]. Likewise, treatment of 293 cells
with ethyl pyruvate ablated the binding of p65 (Rel-A) homodimers to DNA [152]. This
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effect of ethyl pyruvate on p65 DNA binding required a cysteine residue at position 38 of
p65 because treatment of 293 cells transfected with an expression vector carrying a cys38-ser
substitution with ethyl pryuvate showed no decrease in p65 DNA binding [152]. This result
indicated that ethyl pyruvate might covalently modify cys38 of the p65 subunit and
effectively block its ability to bind DNA. Consistent with this hypothesis, the crystal
structure of NF-κB p50/p65 hetero-dimers complexed with DNA showed that cys38 in the
p65 subunit participates directly in DNA binding [153]. Collectively, these studies suggest
that ethyl pyruvate does not exert its anti-inflammatory effects through a single mechanism,
but rather that multiple modes of action converge on the inhibition of NF-κB activity [154].
Regardless of the underlying mechanism, ethyl pyruvate is an effective pharmacological
inhibitor of NF-κB activity that conveys durable protection in experimental models of
infectious and inflammatory diseases.

One of the most controversial and significant scientific challenges is the mechanism of
HMGB1 production and its biological activity. Initial studies indicated that Extracellular
HMGB1 binds to the cellular receptor for advanced glycation end-products (RAGE) in a
concentration-dependent manner [155]. RAGE is a transmembrane protein that belongs to
the immunoglobulin super-family, and acts as a receptor for diverse ligands including
advanced glycation end-products, amyloid peptide, members of the S100 family of
inflammatory-mediating peptides, and is currently the best characterized cellular receptor for
HMGB1 [156, 157]. Recent studies suggest that in addition to RAGE, TLR-2 and TLR-4
also mediate the cytokine activity of HMGB1 [6, 17]. The specific contributions of RAGE,
TLR-2 and TLR-4 to the cytokine activity of HMGB1 remain unclear in part because these
receptors share common downstream effector molecules (especially NF-KB, JNK, and p38
MAPK) that stimulate similar intracellular signaling events [6, 17]. This sharing of signaling
components makes genetic studies using dominant-negative constructs and heterologous
expression systems difficult to interpret, and has lead to contradictory conclusions in the
literature regarding the roles of RAGE, TLR-2 and TLR-4 in executing the cytokine activity
of HMGB1 [17, 157, 158]. In addition to the receptor, recent studies debate the biological
activity of highly pure HMGB1, suggesting that HMGB1 may rather serve as a carrier for
other more potent proinflammatory products. Along this line, recent studies suggest that
redox reactions cause misfolding and inactivation of DAMPs. The recent reported oxidation-
dependent inactivation of HMGB1 may modulate its inflammatory potential and it may also
contribute to HMGB1 inactivation during extensive purification processing. One significant
consideration is whether these controversial results may be explained in part by the
mechanisms of HMGB1 production. There appears to be two potential mechanisms for cells
to liberate HMGB1 into the extracellular milieu (Fig. 3). The first mechanism is a “passive
release” of HMGB1 from damaged or necrotic cells. In this context, the extracellular
HMGB1 released during necrosis acts as an immune-stimulatory signal that indicates the
extent of tissue injury [159]. The second mechanism is by “active secretion” of HMGB1
from immune cells. During an immunological challenge, extracellular HMGB1 secreted by
immune cells acts as a conventional pro-inflammatory cytokine [119, 160]. Both
mechanisms result in significant levels of extracellular HMGB1 that can trigger a systemic
inflammatory response to ischemia, trauma, burn, infection, or sepsis. Future studies are
needed to further determine the mechanisms of HMGB1 production and its biological
activity [161].

CHOLINERGIC ANTI-INFLAMMATORY PATHWAY: A NERVOUS GRIP ON
THE ANTI-INFLAMMATORY REIGNS

The central nervous system can modulate innate immune responses and prevent systemic
inflammation via the vagus nerve. Unlike the systemic endocrine mechanism of
glucocorticoids [15], the vagus nerve represents a direct physical link between an actual
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neuronal network and the immune system [1, 2, 162]. This characteristic may provide two
major advantages: 1) it is more precise than systemic endocrine mechanisms and is able to
produce a “real time” immunomodulatory effect, 2) the vagus nerve can generate an
integrated host response that incorporates diverse inputs and signals. Precise regulation of
the inflammatory cytokine response to infection or injury is critical because deficient
responses can cause a failure in clearing an infection, while excessive responses can be more
injurious than the initial insult [1, 2]. The anti-inflammatory effects of vagus nerve
stimulation are most likely mediated by acetylcholine, the principal neurotransmitter of the
vagus nerve. Acetylcholine blocks the release of inflammatory cytokines from cultured
primary human macrophages and murine macrophages through an alpha7nAChR-dependent
mechanism (Fig. 4) [1, 17, 19, 162]. Similar to acetylcholine, treatment of cultured
macrophages with nicotine, a more selective alpha7nAChR-agonist, dose-dependently
inhibited inflammatory cytokine secretion to a maximum of about 90% compared to vehicle
controls [163]. The inhibitory concentration of nicotine that blocked 50% of the TNF
response (IC50) was lower than that required for acetylcholine (IC50 8.3 +/− 7.1 nM and
20.2 +/− 8.7 nM, respectively), indicating that nicotine was a more potent inflammatory
inhibitor [17, 19, 163]. Treatment of cultured macrophages with nicotine specifically
prevented endotoxin-induced NF-κB activation, as the p38, JNK, and ERK signaling
pathways were not significantly affected (Fig. 4) [17]. NF-κB activity is critical for the
production of inflammatory cytokines by macrophages [47], and nicotine treatment dose-
dependently blocked expression of an NF-κB-dependent luciferase reporter construct in
bacterial endotoxin challenged macrophages [17]. The suppression of NF-κB activity by
nicotine required the alpha7nAChR because specific antisense oligos against the alpha7
subunit blocked its expression and restored luciferase production even in the presence of
nicotine or acetylcholine [17]. These results indicate that nicotine blocks inflammatory
cytokine production by inhibiting the NF-κB pathway through an alpha7nAChR-dependent
mechanism. This physiological mechanism, termed the “nicotinic anti-inflammatory
pathway” because it is activated by nicotine and is dependent on the alpha7nAChR can be
exploited therapeutically as a treatment for infectious and inflammatory disorders [1, 17,
164]. Nicotine also inhibits the nuclear translocation of NF-κB in microvascular endothelial
cells. This inhibition of NF-κB resulted in diminished TNF-induced expression of leukocyte
adhesion molecules (ICAM-1, VCAM-1 and E-selectin) and pro-inflammatory chemokines
(IL-8, MCP-1, and RANTES) [165]. Similar anti-inflammatory effects of nicotine have been
reported from studies using an experimental model system of spinal cord injury [166].
Therefore, nicotine-induced inhibition of NF-κB activity may represent a general
mechanism for its anti-inflammatory action. Indeed, similar regulation of the NF-kB
pathway by nicotine has been confirmed in other cell lines including human monocytes
(U937) and microvascular endothelial (HuMVEC) cells. However, it is unknown whether
NF-κB inhibition is a direct target of the “nicotinic anti-inflammatory pathway”, as the
molecular components of this signaling pathway remain largely uncharacterized. These
results suggest that pharmacological manipulation of the “nicotinic anti-inflammatory
pathway” can be exploited therapeutically for the treatment of infectious and inflammatory
disorders [1, 17, 164].

Vagus nerve stimulation attenuates inflammatory responses and protects mice in
experimental models of endotoxemia [18, 162]. The protective effect of vagus nerve
stimulation was recapitulated by treatment of endotoxemic mice with 400 μg nicotine/Kg.
This treatment improved their survival to 81% as compared to 44% for vehicle treated mice
(P<0.05) [17]. Nicotine was also effective for rescuing mice with established sepsis when
treatment began one day after the induction of lethal peritonitis by cecal ligation and
puncture. Nicotine therapy improved the survival rate from roughly 50% in control mice to
85% in nicotine-treated animals [17]. Rescue of these mice correlated with the attenuation of
systemic HMGB1 levels [17]. This effect is of special interest because HMGB1 appears to
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be a necessary and sufficient mediator of lethal sepsis [3, 116], and treatments that block
HMGB1 cytokine activity rescue animals from experimental sepsis [5, 6]. These studies
indicated that alpha-7nAChR–agonists can be effective therapeutic agents for preventing
HMGB1 secretion, and improving survival in sepsis (Fig. 4).

Recent studies indicate that alpha7nAChR signaling can protect neurons against β-amyloid
protein in a neuronal cell culture model system of Alzheimer’s disease [167]. Treatment of
PC12 cells with nicotine leads to the activation of the tyrosine kinase Jak2 and its
downstream signaling cascades, resulting in neuroprotection. The neuroprotective effects of
nicotine were lost upon pre-treatment of the cells with AG490, a specific Jak2 kinase
inhibitor [167]. A study using a mouse model of intestinal post-operative ileus indicated that
a similar pathway can function in macrophages downstream of the alpha7nAChR to govern
the anti-inflammatory effects of nicotine [168]. Jak2 was constitutively associated with the
alpha7nAChR in mouse peritoneal macrophages, and it was activated upon treatment with
nicotine. Activated Jak2 triggered the activity of signal transducer and activator of
transcription (STAT)-3 in these cells [168]. The anti-inflammatory effect of vagus nerve
stimulation on macrophages required STAT-3 in vivo because vagus nerve stimulation in
mice defective in STAT-3 expression specifically in macrophages and granulocytes (LysM-
Stat3fl/− mice) did not attenuate intestinal inflammation or peritoneal IL-6 levels compared
to control mice (LysM-Stat3fl/+ mice) that underwent the same intestinal manipulation
[168]. These studies suggested that the “nicotinic anti-inflammatory path- way” triggered by
alpha7nAChR stimulation includes the Jak2/STAT-3 pathway in macrophages. Current
studies are oriented towards determining whether Jak2/STAT-3 pathway action in response
to nicotine causes suppression of the NF-κB pathway in macrophages, and whether other
alpha7nAChR signaling mechanisms, such as those controlled by intracellular calcium,
contribute to the protective effects of the “nicotinic anti-inflammatory pathway”.

The discovery of the “nicotinic anti-inflammatory pathway” has opened new avenues for the
development of pharmacological therapies for the treatment of sepsis and other
inflammatory disorders. Indeed, nicotine has been successfully used in clinical trials for the
treatment of ulcerative colitis, an inflammatory bowel disorder. However, nicotine has
clinical limitations because it is not a specific alpha- 7nAChR-agonist, and it has potentially
toxic effects when administered at clinically relevant doses [1, 169]. Therefore, more
selective alpha7nAChR agonists including GTS21 ((3-[(2, 4-dimethoxy)benzylidene]-
anabaseine dihydrochloride) [170] and TC-1698 (2-(3-Pyridyl)-1-azabicyclo[3.2.2]nonane)
[171] could overcome clinical limitations of nicotine and be more effective therapeutic
agents for the treatment of sepsis. For example, in contrast to nicotine, GTS21 had no effect
on locomotor activity in mice or dopamine turnover in rats [172], and was well tolerated at
doses up to 450 mg/day in clinical trials for the treatment of Alzheimer’s disease-induced
dementia [173]. These results provided evidence that selective nicotinic agonists could be
less toxic than nicotine, and could be administered at clinically relevant doses. The efficacy
of GTS-21 and TC-1698 for the treatment of sepsis remains to be determined, however their
reduced toxicity and ability to more selectively target the alpha7nAChR indicates that they
might be useful novel therapeutic agents for the treatment of infectious and inflammatory
diseases.

DID WE MISS THE INTERPRETATION OF THE EXPERIMENTAL RESULTS
OR THE DESIGN OF THE CLINICAL TRIALS?

Notwithstanding more than several decades of research progress, sepsis remains a major
scientific and clinical challenge in modern medicine [8, 174]. Therapeutic attempts have
focused on inflammatory mediators that seem to work well in experimental models but fail
to translate efficacy in clinical trials [9, 175, 176]. An obvious debate includes the
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characteristic of the experimental models of sepsis including endotoxemia, bacteremia,
pneumonia, polymicrobial sepsis and cecal ligation and puncture (CLP) [176, 177]. Among
them, bacterial endotoxemia and cecal ligation and puncture are the most popular. Bacterial
lipopolysaccharide (LPS) or peptidoglycan (PGN) infusions employ large amounts of toxic
bacterial cell wall components and clinical symptoms develop within a few hours as
opposed to the protracted progression of cecal ligation and puncture (CLP) [176]. Endo-
toxemia is normally associated with an acute response with very high levels of inflammatory
cytokines (e.g., IL-1β, TNF-α, IL-6), while cecal ligation and puncture has more moderate
levels of cytokines and significant production of C5a (anaphylatoxin) [178]. In the LPS
model there are protective effects with anti-TNF, but not in the CLP model [176], as well as
very low or lack of LPS levels in CLP, and anti-C5a increased survival in CLP rats [100].
Humans have a different profile of cytokine release than found in LPS models, and
cytokines peaked much later, and were found at lower levels than in experimental models.
Overall, CLP has been the “gold standard” and represents human sepsis more closely than
LPS, which at higher doses is a better model for endotoxic shock [179, 180]. However,
consistency can be a problem in CLP. The length of the ligated cecum was a major
determinant of mortality [181]. Serum levels of IL-6 and TNF increased with increasing
ligated cecum length. The needle size and number of punctures, fluid resuscitation, and
antibiotic treatment in CLP led to variability of results [178]. Consistency and
reproducibility (requiring large number of animals for statistical significance) need to be
considered in their evaluation. LPS or mass infusion of live organisms may not be relevant
to human sepsis. Even CLP may not be a relevant surrogate of human sepsis, since there is
increasing evidence that human sepsis may also be caused by Gram positive bacteria, fungi
and parasites [182–184]. By either method, excessive proinflammatory release can result in
consumptive depletion of the clotting system. Excessive release of anti-inflammatory
cytokines can lead to immunosuppression or anergy. A more reproducible variation
involving intraperitoneal implantataion of fibrin clots embedded with live E. coli in a model
using conscious dogs resembled human sepsis [185] and septic shock [186]. This model
improves precision but is a less accurate simulation of peritonitis than CLP. Although
Baboons have been used [187, 188], whether non-human primates may provide different
information than that already gained from studies with septic rodents is debatable and
involves ethical considerations. The expense, animal welfare concerns, and need to have
ICU facilities make this difficult to achieve. A more recent and successful attempt to make
these models less expensive and more practical using conscious rats [178], still has not
brought us any closer to solving the translational problems leading to successful clinical
trials.

A fundamental difference between classical experimental models and clinical trials is the
incidence of age in sepsis. Mice used in experiments are usually young animals <3 months
old, average life-span of 24 months, some inbred, same weight, healthy; whereas humans
with sepsis are typically > 60 years old [8], have different ethnicities or predisposing genetic
and variable physical makeup, with comorbidities (hypertension, pre-existing
immunosuppressions, diabetes, or other diseases common to old age). There are also
significant differences at the molecular level. Humans have C-reactive protein (CRP), an
acute-phase marker for inflammation, which activates the complement system. Rat CRP
does not influence the complement system [189]. Also, there is a difference in toll-like
receptors (TLRs) in mice and humans [190]. For instance, TLR10 appears to be produced in
human but not mice, and TRL11 is represented in humans only by a pseudogene. Animals
typically receive anesthesia (morphine), inotropic drugs during sepsis-inducing procedures
which can lead to immunosuppression, and therefore invalidate conclusions.

Pneumonia is the leading cause of infectious deaths in the developing world and the lungs
are the most common site of infection in the septic patients. During sepsis and severe
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infection, the lungs are the most frequently affected organs. Community-acquired
pneumonia is commonly caused by Streptococcus pneumoniae, whereas ventilator-
associated pneumonia is usually due to Pseudomonas aeruginosa. Pneumonia frequently
leads to sepsis and organ failure due to the lung being the first structural respiratory barrier
breached. However, cytokine-mediated breach of the gut also causes lung injury and lung
“systemic pneumonia” by factors produced in the lymph and contributing to acute
respiratory distress syndrome (ARDS) [191]. ARDS and pneumonia are associated with
local activation of coagulation within the airways mediated by the tissue factor pathway. In
experimental models of ARDS, intratracheal administration of recombinant HMGB1 led to
neutrophil accumulation, lung edema and increased levels of proinflammatory cytokines
MIP-2, TNF and IL-1β [192]. HMGB1 antibodies decreased neutrophil accumulation,
edema and lung permeability. In another model, instillation of endotoxin in mice caused
inflammatory cell migration to the lungs, destruction of pulmonary parenchyma cells,
pulmonary hemorrhage, and acute lung injury. High levels of HMGB1 were found in
bronchiolar fluid lavage implicating macrophage involvement. At first, macrophages are
activated and attempt to localize or ward off foreign pathogens under normal circumstances.
In ARDS or pneumonia, macrophages become overwhelmed. Uncontrolled activation of
macrophages (and breached intestinal barrier function) have been implicated in the
development of ARDS and multiple organ failure. Toxic effects of zymosan and organ
damage in macrophage- depleted mice were due to excessive activation of macrophages
rather than systemic spread [193]. Lung defense against pathogens involves innate and
acquired immune responses. Pathogen-associated molecular pattern recognition molecules
(PAMPS) such as Toll-like receptors (TLR) play a pivotal role of the dendritic cell in
linking the innate and adaptive immune response. Experimental models include TLR-
knockout mice for (a) TLR4, which recognize LPS, and Gm- bacteria [194], (b) TLR2,
which recognize peptidoglycan, and Gm+ bacteria [195], and (c) TLR2+TRL6 together,
which recognize diacetylated lipoproteins (mycoplasma), and zymosan (fungal cell protein)
[196, 197].

Another critical consideration is the scientific design of the clinical trial and the selection of
the patients. Inflammatory cytokines represent molecular messages that codify for a precise
immune response against infection, trauma or injury. Similar to a molecular fingerprint, a
“pathological” profile of cytokine production results in a characteristic constellation of
clinical symptoms. The characterization of this putative “cytokine code” will allow the
translation of a specific group of proinflammatory cytokines into a specific constellation of
clinical symptoms, and thus, immune disorders can be associated with the causative
molecular derangements (Fig. 5). The translation of this code represents a major advantage
for the future design of clinical trials against sepsis and other inflammatory disorders. In
agreement with this concept, recent studies in sepsis suggest that TNF is a mediator of
“septic shock”, and HMGB1 is a prototype mediator of “severe sepsis”. This fundamental
approach provides possible reasons for the failure of previous clinical trials against sepsis.
For example, the majority of patients with “severe sepsis” in large-scale trials of anti-TNF
did not have shock and they were enrolled many hours or days into their clinical course [21,
22]. At this time, the majority of the patients had almost non-detectable TNF levels, and in
consequence, it would not be very surprising that these patients with “severe sepsis” have
not received significant benefit from a therapy that specifically targeted shock-induced TNF
levels. As similarly required in the experimental models, a major advantage in the design of
the clinical trials will be the shift from clinical to molecular determinants of patient
selection.

Although we have learned a great deal of information, promising experimental strategies did
not efficiency translate to clinical trials [176, 198]. Since new causes of sepsis are emerging,
one might use live Candida [182] or fungal extracts, or Gram-positive bacteria [184, 199],
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live methicillin-resistant Staph. aureus MRSA [200] or staphylococcal toxins [176], with or
without Gram negative bacteria [201, 202] or LPS, for currently relevant models of
endotoxemia. Although Baboons, and human volunteers [203, 204], have been used in
preliminary immunological assessments of cytokine levels in endotoxemia, this poses ethical
or practical concerns for routine or large scale realistic experimental sepsis models. Possibly
using older mice or rats, especially with appropriate known human disease models (e.g.,
diabetetic mice) might be helpful. It would be extremely difficult to perform the cecal
ligation and puncture procedure without using anesthesia. Also, disconnects betweens
experimental models and humans (e.g., C-reactive protein function, different TLRs, or
genetics, or different signaling pathways, or known physiological differences) represent
insurmountable obstacles. Still, in spite of these hurdles, animal models of sepsis have
provided a great deal of potential translational knowledge, and are probably the only tools
we have for eventually achieving clinical success in the study of inflammation and sepsis.
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Fig. (1). APC and the feed-back regulation of Thrombin
Thrombin activates protein C, which prevents further thrombin generation. Bacterial
endotoxin stimulates the production of tissue factor on endothelium. This tissue factor
triggers the proteolytic cascade resulting in thrombin generation and subsequent blood
clotting/coagulation. Endotoxin also induces the release of a zymogen form of protein C
from the liver into the systemic blood. Thrombin cleavage converts protein C into activated
protein C, a highly active serine protease. Activated protein C cleaves several substrates
including factor Va and factor VIIIa, which are proteases that process pro-thrombin to
generate thrombin. Activated protein C therefore functions as a classical feed-back regulator
of thrombin generation and coagulation. As such, activated protein C also attenuates
inflammation induced by thrombin receptor-mediated platelet activation, and NF-κB
activation in blood and endothelial cells.
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Fig. (2). Glucocorticoids: endocrine-mediated systemic immune suppression
In the absence of glucocorticoid steroids, the glucocorticoid receptor is maintained in the
cytosol as part of a large multi-subunit complex associated with the heat-shock protein
HSP90. Glucocorticoid causes the dissociation of this complex, releasing the activated
glucocorticoid receptor. The anti-inflammatory therapeutic effects of glucocorticoids are
predominantly mediated by transrepression of characteristic transcription factors including
NF-KB and AP1, while many side effects are mediated by transactivation of target genes.
Current efforts are directed to design synthetic selective glucocorticoid receptor agonists
(SEGRAs) to enhance this transrepression while preventing transactivation. Transactivation
of the glucocorticoids induces the expression of factors like macrophage migration
inhibitory factor (MIF), which counteracts the anti-inflammatory potential of the
glucocorticoids.
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Fig. (3). HMGB1: from the septic DAMP to the immune secretion
There are two potential mechanisms for cells to liberate HMGB1 into the extracellular
milieu. Somatic cells contain large amounts of HMGB1 that is “passively released” into the
extracellular milieu following cell membrane perturbation during cellular damage,
unresolved apoptosis or necrosis. In this scenario, HMGB1 represents an intracellular
protein adopted by the innate immune system to recognize tissue damage and initiate
reparative response. Recent studies suggest that the immune system has copied this
mechanism to activate innate responses and initiate tissue repair. The second mechanism can
be an “active secretion” of HMGB1 from immune cells to mimic the necrotic process and
activate innate immune response during an immunological challenge. From an
immunological perspective, HMGB1 represents a characteristic “necrotic marker” or
damage-associated molecular pattern (DAMP) molecule selected to activate the immune
system.
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Fig. (4). Nicotinic anti-inflammatory potential in sepsis
The vagus nerve can modulate the innate immune response and restrain inflammation
through a physiological mechanism that can be translated into a pharmacological strategy.
Since acetylcholine, the principal neuro-transmitter of the vagus nerve, signals through
either muscarinic or nicotinic receptor, selective agonists (atropine, conotoxin, or
mecamylamine) were used to identify the receptors involved in the control of macrophages.
The vagus nerve and acetylcholine can restrain the production of pro-inflammatory
cytokines from macrophages through a nicotinic acetylcholine receptor. Nicotine, a more
selective cholinergic agonist, is more efficient than acetylcholine, and inhibits the
production of pro-inflammatory cytokines from macrophages through a mechanism
dependent on the alpha7nAChR.
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Fig. (5). The Cytokine Code
The definition of sepsis is too broad and may not necessary represent a particular clinical
entity. The situation is analogous to attempting a clinical trial based on the general definition
of cancer, combining all patients with tumor independent of the type of malignancy.
Inflammatory cytokines represent molecular messages that codify for a precise immune
response against infection, trauma or injury. Similar to a molecular fingerprint, a
“pathological” profile of cytokines production results in a characteristic constellation of
clinical symptoms. Under this consideration, TNF represents a characteristic mediator of
“septic shock”, whereas HMGB1 has been proposed as a prototype for severe sepsis. The
characterization of this “cytokine code” will allow to associate particular molecular patterns
for the characterization of discreet groups of patients or particular clinical entities generally
lumped under the general definition of sepsis.
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