Sepsis: rethinking the approach to clinical research
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Abstract: The clinical syndrome of sepsis encom-
passes a highly heterogeneous group of clinical
disorders, varying with respect to the site, bacteri-
ology, and even presence of infection and with the
clinical syndrome evolving in the host. Clinical tri-
als of strategies to modulate the host response that
mediates sepsis were first initiated 25 years ago. A
continuing record of disappointment has charac-
terized subsequent work, and only a single new
therapy has been licensed for clinical use. Yet,
these commercial disappointments obscure a vi-
brant body of new knowledge that has clarified the
biology of the innate immune response whose de-
ranged expression is responsible for sepsis and that
has provided important new insights into the fail-
ings of the traditional model of clinical research in
sepsis. This review highlights advances in basic bi-
ology and underlines insights from -clinical re-
search that may point to new and more effective
ways of translating an understanding of innate im-
munity into effective treatments for a leading cause
of global morbidity and mortality. J. Leukoc. Biol.
83: 471-482; 2008.
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The word, “sepsis”, is attributed to Hippocrates (460-370
BCE), who asserted that living tissues could be broken down
through one of two contrasting processes. Pepsis was the pro-
cess through which food was digested or grapes fermented to
produce wine: It was healthy, life-sustaining, and good. Sepsis,
on the other hand, described the process through which flesh
rotted, swamps generated foul airs at night, and wounds fes-
tered: It was rank, disease-producing, and evil [1]. His ideas
predated by more than 2 millennia the insights of Pasteur,
Koch, and Lister, who established the microbial etiology of the
process and fundamentally transformed the management of
infection.

Galen of Pergamon (129-216 AD) described the clinical
manifestations of localized acute inflammation. To his four
cardinal signs of inflammation—rubor, calor, dolor, and tu-
mor—Celsus added a fifth: functio laesa, or loss of function.

Two concepts have remained intricately interwoven: that
infection by exogenous microscopic organisms is responsible
for many of the ailments humans suffer and that this suffering
arises through acute and life-threatening, physiologic changes
in the host. However, it has only been in the past quarter
century that it has been appreciated that the morbidity of
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infection is not solely a consequence of the cytopathic activity
of the microorganism but as importantly, an indirect conse-
quence of the response of the host to the microbial invasion [2].
Thus, the concept of sepsis as a consequence rather than as a
manifestation of infection has begun to emerge, and with this
new awareness, a new spectrum of therapeutic opportunities
has emerged. That we have yet to successfully translate this
new paradigm into effective new therapies underscores the
complexity of the biologic processes involved but also, the
inadequacies of the approaches we have used to accomplish
this objective.

Since the first clinical study of an antiserum to LPS in 1982
[3], there have been in excess of six dozen phase II or phase III
clinical trials evaluating the use of more than 20 different
approaches that target microbial products or specific mediators
of the host response in critically ill patients with sepsis [4, 5].
Only one of these has been licensed as a therapy for sepsis—
activated protein C, also known as drotrecogin a-activated
[6]—and controversy about the risk:benefit ratio of the agent
[7] has resulted in European regulatory agencies mandating a
further phase III study to secure ongoing approval for its use.
Two other agents currently available for clinical use—adrenal
corticosteroids [8] and i.v. Ig (IVIG) [9]— have shown apparent
efficacy in patients with severe sepsis and septic shock and so,
are variably used in clinical management.

At first glance, the fact that a single licensed but controver-
sial agent is the sole product of a quarter century of research
involving tens of thousands of patients and several billions of
research dollars seems legitimate grounds for despair. The
reality, however, is more complex and in that complexity, much
more optimistic. Indeed, for a variety of differing strategies that
have been evaluated in sufficiently large cohorts to draw reli-
able conclusions, there is a small but consistent signal of
biologic efficacy that translates into an absolute mortality im-
provement in the range of 2-4% [4] (Fig. 1). Whether the
signal achieves statistical significance is typically a question of
how the initial analyses are performed, how data from multiple
studies are aggregated, and how those aggregated data are
interpreted. For example, a large, multicenter-randomized trial
of an anti-TNF mAb (afelimomab) was conducted to test the
hypothesis that patients with elevated levels of I1.-6 would have
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Fig. 1. Pooling data from clinical trials of
five different therapeutic strategies target-
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a survival benefit if treated with afelimomab [10]. The prospec-
tively designed statistical analysis called for an adjusted anal-
ysis of survival rates to correct for baseline imbalances in
patient demographic characteristics. For patients with elevated
IL-6 levels, the adjusted mortality benefit was statistically
significant; the unadjusted analysis was not. However, when all
enrolled patients were evaluated, there was a statistically sig-
nificant, overall mortality benefit that became insignificant if
the originally specified adjustment was applied. Similarly, a
large trial of activated protein C (drotrecogin a-activated)
found a statistically significant, overall mortality benefit of
6.1% (P<<0.006), which was most striking in patients at high
risk of death [6]. A subsequent study in patients at low risk of
death found no evidence of benefit for the agent, and when the
results of the two trials are pooled, whether they attain statis-
tical significance depends on the type of the meta-analytic
model used [11]. Although great passions have been ignited in
debating whether either of the agents “works,” the debate is
ultimately sterile. However, like the results of the infamous
United States presidential election of 2000, much rides on the
ultimate conclusion, even if the data are inescapably, statisti-
cally ambiguous.

It is not my goal in this brief review to further engage the
debate about the efficacy (or lack thereof) of strategies that
have been studied in the past. Rather, I will attempt to syn-
thesize an evolving understanding of the biologic complexities
of innate immunity with some particularly compelling lessons
derived from the conduct of clinical trials in this challenging
patient population and so to highlight the future needs of a
more successful research agenda.

CLINICAL RESEARCH IN SEPSIS:
A HISTORICAL PERSPECTIVE

Contemporary approaches to clinical trials in sepsis are
grounded in several key studies undertaken in the 1980s.
Elizabeth Ziegler and her colleagues [3] studied 212 patients
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with Gram-negative infection and randomized half of them to
treatment with an antiserum raised against the core polysac-
charide of endotoxin. Entry criteria emphasized clinical judg-
ment—a strategy that proved very effective in identifying pa-
tients who subsequently proved to be infected. Treatment with
the antiserum improved the survival of infected patients and
particularly those in shock. During the same era, a group of
investigators led by the late Roger Bone [12] undertook a study
evaluating the efficacy of high-dose methylprednisolone in
sepsis. They reasoned that early intervention would be more
likely to be efficacious and so proposed a constellation of
clinical findings that they termed “sepsis syndrome” [12], as
the entry criteria for their trial. Sepsis syndrome was defined as
suspected or documented infection, in association with hyper-
or hypothermia, tachycardia, tachypnea, and evidence of the
dysfunction of one or more organs. These criteria were estab-
lished through the consensus of the small group of investiga-
tors, rather than on the basis of data from epidemiologic
studies. Their trial failed to show benefit for the use of high-
dose corticosteroids [13]. Nonetheless, these criteria, or a
modification of them termed the systemic inflammatory re-
sponse syndrome (SIRS) [14], have been used for every indus-
try-funded study of novel therapeutics in sepsis that has fol-
lowed. One of the more compelling reasons for the disappoint-
ing results of these studies has been their persistent use of
inadequate and nonvalidated clinical criteria to define an
at-risk population for study.

Defining an at-risk population has proven enormously chal-
lenging, and many of our assumptions regarding the epidemi-
ology of sepsis have been proven wrong. It was assumed, for
example, that patients meeting criteria for sepsis syndrome
would display a common pattern of circulating inflammatory
mediators; cohort studies show that this is not the case [15].
Similarly, it was assumed that levels of circulating endotoxin
will be highest in patients with Gram-negative infection, so that
anti-endotoxin therapies should be targeted here. Epidemio-
logic studies suggest that not only are endotoxin levels lower in
patients with Gram-negative infection [16], but they are ele-
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vated in noninfectious acute disorders such as the rupture of an
abdominal aortic aneurysm [17] or acute pancreatitis [18], and
the majority of critically ill patients has elevated levels of
circulating endotoxin at the time of Intensive Care Unit (ICU)
admission [19].

If the clinical epidemiology of sepsis were poorly understood
a quarter of a century ago, the biologic basis of the process was
even more so. Enthusiasm for the use of corticosteroids pre-
dated knowledge about the mechanisms that enabled the host
to recognize danger, about the cellular processes that were
activated in response to danger, and about cytokines and the
extraordinarily complex network of host-derived mediators that
mediated its clinical phenotype. The role of TNF as an early
mediator of systemic inflammation was only established in
1985 [20], and our evolving understanding of the role of TLRs
in enabling the host to recognize danger is a product of the last
decade [21].

A rapidly evolving understanding of the biology of sepsis
and an increasing awareness of the shortcomings of our previ-
ous attempts to translate the science of innate immunity into
effective therapies can drive a refined and improved clinical
research agenda. The challenge, however, is significant.

BIOLOGIC INSIGHTS

The inflammatory response is conserved,
complex, and biologically redundant

The capacity to respond effectively to an external threat is a
fundamental requirement of all living organisms. Thus, it is
perhaps not surprising that genes encoding proteins that me-
diate this response are highly conserved. Strikingly, genes
mediating innate immune responses in higher eukaryotes com-
monly subserve an important developmental role in lower
species. Toll in the fruit fly Drosophila was identified on the
basis of its capacity to direct dorsal-ventral patterning [22]; in
mammals, orthologs of Toll encode the TLRs that function as
key pattern recognition receptors (PRRs) in the innate host
immune response to danger [23]. In the nematode, Caeno-
rrhabditis elegans, an ortholog of the mammalian gene macro-
phage migration inhibition factor, is up-regulated in dauer
larvae, a larval stage adapted for long-term survival during
conditions of exogenous stress [24]. Ced-3 in C. elegans en-
codes a proapoptotic protein essential for the controlled dele-
tion of 131 cells during the maturation process [25]. Its human
ortholog, caspase-1, exerts proapoptotic activity in certain cells
[26] but also plays a critical role in the expression of innate
immunity through its ability to cleave and activate pro-1L-1$
and pro-1L-18 [27]. Similarly, pre-B cell colony-enhancing
factor (visfatin), a protein that has been implicated in inflam-
mation in species as diverse as sponges [28] and humans [29],
subserves an important enzymatic role in the synthesis of
nicotiminide adenine dinucleotide (NAD) in bacteria [30].
The innate immune response is also enormously complex.
The administration of i.v. endotoxin to healthy human volun-
teers results in the differential expression of 3714 unique
genes—fully one-eighth of the human genome [31]; the major-
ity of these is down-regulated. Many of these play a key role in

the evolution of an inflammatory response, as evidenced by the
fact that their inhibition (in the case of genes that are overex-
pressed) or restoration (in the case of genes whose expression
is inhibited) can reduce mortality in murine endotoxemia (Ta-
ble 1). The extraordinary interdependence of these distinct
genes is underlined by the fact that an alteration in the ex-
pression of any single one can significantly change mortality
risk. The corollary, however, once the cascade has been acti-
vated, is that their inherent complexity makes it less likely that
manipulating any single protein will sufficiently perturb the
process to provide mortality benefit.

The inflammatory response is not specific
for infection

Although infection with microorganisms or viruses is a potent
stimulus for activation of an inflammatory response, the endog-
enous sensing mechanisms that initiate a response do not
specifically recognize infection but rather, respond to biochem-
ical signals that suggest an imminent threat to the host. The
best characterized of these so-called PRRs is the family of
TLRs, widely expressed on cells of the innate immune system
[23].

TLRs are mammalian orthologs of the Drosophila protein
Toll. They comprise a family of 13 distinct receptor proteins
characterized by leucine-rich repeats in their extracellular
domains and are widely distributed on hematopoietic cells, as
well as on epithelial and endothelial cells. Their key role in
innate immunity became apparent with the observation that a
developmental gene that regulates dorsoventral patterning dur-
ing embryologic development also regulated the expression of
an antifungal protein, drosomycin, in the adult [32] and with
the demonstration that a mutant gene that confers endotoxin
resistance in the C3H HeJ mouse encodes a TLR protein
(TLR4) with an amino acid substitution in its extracellular
domain [21].

TLRs recognize distinctive molecular patterns found in mi-
croorganisms, and although each receptor recognizes a number
of distinct ligands, it does so with quite remarkable specificity
(Table 2). TLR2 and TLR4, for example, recognize microbial
molecules commonly found in Gram-positive and Gram-nega-
tive bacteria, respectively. TLR5 responds to bacterial flagel-
lin, TLRY to conserved CpG motifs in bacterial DNA, and
TLR3, -7, and -8 to patterns characteristic of viruses. Engage-
ment of a TLR results in the recruitment of adaptor proteins
and activates intracellular signaling pathways that lead to the
expression of NF-kB-dependent genes that are the character-
istic mediators of an inflammatory response [33]. The basis of
specificity in the recognition of ligands of TLRs is unknown,
although it has been suggested that the basis for receptor-
ligand interactions depends on the hydrophobicity of the ligand
[34]. Other endogenous PRRs have been recognized, including
the intracellular nucleotide-binding oligomerization domain
receptors, the triggering receptors expressed on myeloid cells
(TREM) family, the Siglec molecules, and the C-type lectin
receptors (for a recent review, see ref. [35]).

Yet, it is overly simplistic to conceptualize TLRs as a family
of specific microbial sensors. It has become apparent that
TLRs, particularly TLR2 and TLR4, can be activated by a
number endogenous ligands (Table 2), eliciting a response that
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TABLE 1. Biochemical Mediators Implicated in the Mortality of Murine Endotoxemia

Activity increases lethality Activity decreases lethality

Cytokines and extracellular proteins IL-1 [L-1ra

IL-12 1L-4

I1-18 IL-10

TNF IL-13

IFN IVIG

TGF IFN

Macrophage migration inhibitory factor (MIF) Hepatocyte growth factor (HGF)

MIP-1 Leukemia inhibitory factor (LIF)

LIF Vascular endothelial growth factor (VEGF)

High-mobility group box-1 (HMGB1) Multifunctional protein-14 (MFP-14)

LPS-binding protein (LBP) C-reactive protein

Parathyroid hormone-related protein Kallikrein-binding protein

Low density lipoprotein (LDL) MCP-1

Bactericidal permeability increasing
protein (BPI)
Cathelicidin peptide-18 (CAP-18)
TNF-stimulated gene-14 (TSG-14)
Apolipoprotein E
Very LDL
High-density lipoprotein
Complement components C3, C4
C1 inhibitor
Fibronectin
Melatonin
Vasoactive intestinal peptide (VIP)
Pituitary adenylate cyclase activation
polypeptide
Gelsolin
Proinsulin C peptide
Urocortin
Adrenomedullin
Cortistatin
Calcitonin gene-related peptide
Coagulation factors Factor VII
Tissue factor
Factor V Leiden heterozygosity

Cell surface receptors IL-IR Macrophage FcR
TNFR VIP receptor
Platelet activating factor (PAF) receptor Adenosine A3 receptor
LDL receptor Adenosine receptor A2A
CD11a Endothelial protein C receptor
CD18 A7 nicotinic acetyl choline receptor
Leukocyte-endothelial cell adhesion molecule
(LECAM-1)
Triggering receptor expressed on myeloid cell-1
(TREM-1)

Kinin receptor
Signal transduction molecules and other

intracellular proteins MyD88 Kir 6.1 ATP channel
DAPI2 PI-3K
Hck Stat-4, Stat-6
p38 16B
NF-kB Hemoxygenase
IFN regulatory factor-2 (IRF-2) Glucose-6-phosphate dehydrogenase
Cyclo-oxygenase-11 Heat-shock protein 70 (HSP70)

Inducible NOS
5-Lipoxygenase
Endothelial NOS

Caspase-3
HSP gp96
Miscellaneous PAF Vitamin B2
Vitamin B12
Vitamin D3

Oxidized phospholipids
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TABLE 2. Exogenous and Endogenous Ligands of TLRs

Exogenous ligands Endogenous ligands

TLR1 Triacylated lipopeptide
Mycobacterium
TLR2  Peptidoglycan, lipoteichoic ~ HSP60, HSP70, gp96
acid
Bacterial lipoprotein Hyaluronin
Zymosan Biglycan
Mycoplasma lipopeptide HMGb1
TLR3  Double-stranded RNA
Picornavirus
TLR4 LIPS HSP60, HSP70, gp96
B-Glucan HMGB1
Coxsackie virus Fibronectin extradomain A
Respiratory syncytial virus Heparan sulfate
Surfactant protein A
B-Defensin
LDL
Palmitate
Heme
TLR5  Flagellin
TLR6  Mycoplasma lipopeptide
TLR7  Single-stranded RNA7/38
TLR8 Influenza virus
TLR9  Nonmethylated CpG DNA HMGB1

Herpes simplex
Cytomegalovirus

is indistinguishable from the engagement of a microbial ligand
[36]. TLR2 and TLR4 might well be considered as classic
danger receptors, activated by endogenous ligands, when the
ligand is encountered in an abnormal environment. Both rec-
ognize conserved cell-wall structures in endogenous bacteria
that normally populate the epithelial surface of the gastroin-
testinal tract and so, might well be considered endogenous
rather than exogenous ligands. Moreover, TLR4 engagement in
gut epithelial cells mediates protection against injury and
maintains normal intestinal homeostasis [37], and TLR9 en-
gagement is reported to play a similarly protective role [38].
Further evidence for a role of TLRs in responding to endoge-
nous signals derives from the fact that the IL-1R is a member
of the TLR family, and its engagement activates identical
cellular responses.

From a biologic perspective then, the family of Toll-like
PRRs functions not to differentiate the mammalian from the
microbial worlds but rather, to serve as an alarm signal, evok-
ing a cellular response to a potentially injurious ligand that is
abnormally present in the immediate external environment of
the cell. Tt follows from this that our concept of sepsis is
artificially restrictive—the host responds to whole bacteria,
bacterial products such as endotoxin, and intracellular prod-
ucts released from injured tissues with the same potentially
harmful response. In fact, only in the context of infection is it
likely that the response will prove beneficial to the host,
despite the inevitable tissue injury that accompanies it.

Inflammation represents a compromise between
containing a threat and damaging the host

Confronted with the alarming clinical reality of a patient in
imminent danger of dying of refractory septic shock, it is

difficult to appreciate that the innate immune response driving
this lethal disease does not represent some perverse form of
divine vengeance but rather, the dysregulated expression of a
process that has throughout eukaryotic evolution been funda-
mental to the survival of multicellular organisms. Expressed in
the constrained confines of a small wound, the innate immune
response serves the multiple contingent imperatives of stop-
ping hemorrhage from a disrupted blood vessel, delivering
antimicrobial mediators and phagocytic cells to the site of
injury, containing the challenge to limit its dissemination,
eliminating the invading pathogen, and ultimately, once the
threat has been overcome, terminating the inflammatory process
and initiating tissue repair. Modulating elements of this process
has the potential to disrupt normal host defense mechanisms.

The response to the experimental manipulation of endoge-
nous inflammatory mediators is strikingly model-dependent. In
a variety of different animal species, neutralization of TNF
prior to challenge with LPS or live Gram-negative bacteria
attenuates illness severity and significantly improves survival;
at the same time, neutralization of TNF does not alter the
course of a complex infectious process such as cecal ligation
and puncture (CLP) and actually increases mortality following
experimental challenge with Streptococcus pneumoniae, Myco-
bactertum tuberculosis, or Candida [39] (Fig. 2). These obser-
vations are replicated in studies of the use of anti-TNF thera-
pies for inflammatory bowel disease or rheumatoid arthritis;
serious infections as a complication of treatment occur twice as
often in patients receiving anti-TNF agents [40]. In fact, it has
been a common observation in animal models that interven-
tions that improve outcome following challenge with endotoxin
often worsen outcome when the experimental challenge is a
viable microorganism [41, 42].

From a biological perspective, sepsis may well represent the
most challenging disorder to treat with interventions that target
the innate immune response, as attenuation of the inflammatory
response can blunt the adaptive antimicrobial responses that
promote the resolution of infection. It has recently been re-
ported that the inflammatory response to dead cells and tissue
injury is mediated through the IL-1R and that blunting this
response does not jeopardize antibacterial immunity [43], sug-
gesting that it may be possible to selectively adverse sequelae
of systemic infection.

Regulation of inflammation converges on a
limited repertoire of intracellular pathways

Although the soluble mediators of an acute inflammatory re-
sponse are many, their expression is regulated through a rel-
atively small number of intracellular signaling pathways; tar-
geting these, rather than individual products of their activation,
is an intuitively, more attractive concept. Signals transduced
through TLR4, for example, classically activate pathways that
are dependent on or independent of the recruitment of MyD88
(Fig. 3), and recruitment of MyD88 adaptor-like [Mal; also
known as Toll/IL-1R (TIR) domain-containing adapter protein
(TIRAP)] to the cytoplasmic region of TLR4 results in MyD88
recruitment, and the formation of a signaling complex includ-
ing IL-1R-associated kinase-1 (IRAK1), IRAK4, and TNFR-
associated factor 6 (TRAF6), which in turn activate TGF-B-
activated kinase-1 (TAKT1) [45], initiating a cascade leading to
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Fig. 2. In a variety of preclinical models of sepsis in eight different species, there is a consistent signal, suggesting that neutralizing TNF improves outcome

following systemic challenge with LPS or Gram-negative bacteria and certain Gram-positive organisms (with the exception of S. pneumoniae; A) but not following
challenge with Candida, M. tuberculosis, or Listeria (B); from ref. [39]. E. coli, Escherichia coli; S. aureus, Staphylococcus aureus; Grp. B Strep., Group B

Streptococcus.

the phosphorylation of IkB and its dissociation from inactive
cytoplasmic NF-kB. Free NF-kB can translocate to the nu-
cleus, where by binding to its specific consensus sequence, it
can up-regulate the transcription of a large number of proin-
flammatory genes.

The fundamental, evolutionary tradeoff between effective
antibacterial activity and harm from the adverse consequences
of acute inflammation is further evident in the intracellular
signaling pathways downstream of the TLRs. A single nucleo-
tide polymorphism (SNP) involving the substitution of leucine
for serine at amino acid 180 in Mal has been shown to be
protective for heterozygous individuals in a variety of infectious
diseases including tuberculosis, malaria, and pneumococcal
disease [46].

Small molecule inhibitors of these intracellular signaling
pathways have not been evaluated in septic patients, but an

Fig. 3. A simplified schematic representation of
events following the engagement of TLR4 by endotoxin.
Engagement of Mal (TIRAP) by the intracellular tail of
TLR4 recruits MyD88 and a complex of proteins in-
cluding IRAK1, IRAK4, and TRAF6. This complex, in
turn, activates TAKI, leading to the phosphorylation of
IkB and the translocation of NF-kB to the nucleus,
where it can promote the transcription of a number of
proinflammatory cytokines. TAK1 can also be activated
by a MyD88-independent pathway, initiated by the
interaction of TLR4 and TIR domain-containing adap-
tor-inducing IFN-B (TRIF)-related adaptor molecule
(TRAM) and leading to the recruitment of TRIF, recep-
tor-interacting protein 1 (RIP1), and TRAF6. Adapted
from ref. [44]. MD2, Myeloid differentiation protein 2.

Lipopolysaccharide

Plasma Membrane

inhibitor of the p38 MAPK pathway can attenuate endothelial
activation and inhibit fibrinolysis in human volunteers chal-
lenged with i.v. endotoxin, although it does not affect other
inflammatory pathways [47]. A synthetic lipid A analog that
functions as an inhibitor of ligand binding to TL.R4 can block
or attenuate the clinical and biochemical alterations associated
with i.v. endotoxin infusion [48]. This compound is currently
being evaluated in a phase-III trial of severe sepsis.

CLINICAL CHALLENGES

As more is learned about the biology of the innate immune
response that produces the syndrome of sepsis, the limitations
of our knowledge regarding the clinical syndrome and the
shortcomings of contemporary approaches to clinical research

New Gene Transcription

476 Journal of Leukocyte Biology Volume 83, March 2008

http://www.jleukbio.org



are increasingly evident. These impact research in all domains,
from the evaluation of resuscitation strategies to long-term
rehabilitation; the focus of this manuscript, however, is novel
therapies that target putative mediators of sepsis.

Clinical sepsis is a dynamic process whose
epidemiology and natural history are
poorly defined

Current estimates suggest the incidence of severe sepsis (sep-
sis associated with acute organ dysfunction) and septic shock
(sepsis associated with cardiovascular compromise) to be be-
tween 300,000 and 750,000 cases each year [49, 50]. Respon-
sible for more than 200,000 deaths each year, sepsis claims as
many victims as acute myocardial infarction and is one of the
10 leading causes of death in the developed world. In the
developing world, acute infectious diseases such as tubercu-
losis, malaria, HIV, and infectious diarrhea exact a substantial
toll in preventable mortality, making sepsis a global health
problem of major importance. Yet, although it is true that
infection is an important cause of preventable morbidity and
mortality and that much of that morbidity is affected through
the activation of innate immunity, it will be readily apparent
that sepsis is not a single homogeneous disease process but a
generic term for a large group of diseases. Moreover, it will be
further evident that the morbidity of a significant number of
other acute inflammatory disorders, including pancreatitis, au-
toimmune disease, burns, and trauma, is driven by the same
alterations in innate immunity that mediate the acute response
to infection.

The nonspecific clinical criteria of SIRS are met by the
majority of patients admitted to an ICU [51] and by a signifi-
cant number of patients who are successfully managed outside
the ICU [52]. Many of these have infection as the cause or the
consequence of their state of acute illness. Two key questions
arise: Does an infectious cause discriminate between patients
who might benefit from supportive therapies (other than spe-
cific anti-infectious interventions) and those who will not? For
patients who have infection, would we expect patients with
polymicrobial peritonitis from an anastomotic leak, nosocomial
pneumonia from a highly resistant Pseudomonas, systemic
candidiasis, a urinary tract infection acquired in a nursing
home, and Pneumocystis carinii pneumonia in the setting of
advanced HIV to respond equally well to an intervention that
modulates innate immunity? Intuitively, we would not, but we
do not have the basic knowledge of the epidemiology of differ-
ing causes of sepsis to stratify patients more effectively, and all
of these patients would meet the entry criteria for contemporary
sepsis trials.

A number of years ago, for example, we sought to delineate
the contribution of microbial and host response factors to the
mortality of critical illness [53]. We studied a cohort of 211
critically ill patients admitted to a surgical ICU. The diagnosis
of infection required the objective documentation of a micro-
bial pathogen, by culture of normally sterile tissue or by the
demonstration of pus in a sterile body cavity, and was estab-
lished on microbiologic criteria alone, without reference to
clinical manifestations. The presence and severity of a sys-
temic inflammatory response were quantified using a sepsis
score that graded abnormalities in five domains characteristic

of a systemic inflammatory response—temperature, leukocyte
count, cardiac output, insulin requirements, and changes in
level of consciousness—on a scale of 0 (normal)-3 (markedly
abnormal) and that generated a daily score from 0 to 15, which
provided a measure of how clinically septic a patient was.
Meeting criteria for infection was associated with a signifi-
cantly increased risk of ICU mortality; only four of 123 patients
without infection died (3.3%), compared with 23 of 107
(21.5%) patients with microbiologic evidence of infection (odds
ratio, 8.1; 95% confidence interval 2.7-24.4; P<<0.0001). In-
creasing maximal values of sepsis score similarly showed a
strong association with mortality risk (Fig. 4). When we as-
sessed patients with infection, nonsurvivors had significantly
higher sepsis scores than survivors (Fig. 4). Yet, when the
corollary analysis was performed, evaluating only patients with
elevated sepsis scores (seven or higher), we were unable to
identify any infection-related variable that discriminated sur-
vivors and nonsurvivors, suggesting that it is the magnitude of
the response rather than the trigger that elicited that response
that is the major determinant of outcome.

Advances in the management of cardiovascular diseases
have been crucially dependent on the availability of large,
longitudinal, epidemiologic studies such as the Framingham
study to define risk factors for adverse outcome and so, to
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Fig. 4. Mortality increased with increasing maximal values of a sepsis score,
from 0% at a score of 0-100% when the score was greater than 10, indicating
that the intensity of the systemic inflammatory response correlates with risk of
death (A). For patients with infection at the time of ICU admission (Primary)
or infection acquired within the ICU (ICU-Acquired), nonsurvivors had higher
sepsis scores than survivors. Adapted from ref. [53].
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identify promising approaches to intervention [54]. In the field
of oncology, successful adjuvant therapy only became possible
following large international initiatives to define the natural
history of specific kinds of cancer and the risk factors for
recurrence or death [55]. Progress in the adjuvant therapy of
sepsis will require that we move from our current approach of
attempting to define disease through a process of expert con-
sensus to one of characterizing the clinical and biochemical
course of acute inflammation through large, epidemiologic
studies and using the insights deriving from these to inform
future attempts at disease stratification. The questions for such
studies are many; some of the more basic are outlined in Table 3.

The phenotype of sepsis is shaped by the initial
insult and subsequent clinical interventions

The clinical syndromes that evolve in critically ill patients in
an ICU differ from diseases that have affected humans over the
course of our existence in one fundamental regard: They arise
in patients who, in the absence of ICU care, would have died
a rapid death. They are, therefore, quintessentially iatrogenic
disorders. They arise in the survivors of otherwise lethal dis-
ease, and the very act of subverting that lethality dictates that
their subsequent course will be shaped by the medical deci-
sions that are being made.

The natural history of sepsis, therefore, is not only poorly
characterized but driven by the initial insult and the decisions
made by the treating physicians. ARDS, a disorder character-
ized by the development of diffuse pulmonary infiltrates and
impairment of oxygen uptake in the lung, is recognized to be a
complication of sepsis, the pulmonary manifestation of the
generalized capillary permeability increase that accompanies
systemic inflammation [56]. However, the lung injury of ARDS
can be exacerbated by over distention of the lung during
mechanical ventilation [57], an insult that triggers the release
of proinflammatory cytokines [58] and in the experimental
animal, induces remote epithelial cell apoptosis and organ
dysfunction [59]. The transfusion of RBCs [60], the liberal use
of sedation [61], and the overuse of antibiotics [62], common
sources of variability in ICU clinical care, are associated with
exacerbation of organ dysfunction or worsening of the prognosis
for ultimate survival.

TABLE 3. Key Questions in the Epidemiology of Sepsis and

Systemic Inflammation

e Which individual biomarkers or groups of biomarkers at the time
of initial presentation predict failure to respond to early
intervention, and an increased risk of new organ dysfunction and
ultimate mortality?

e What clinical features present early in the course of illness
predict a failure to respond to early intervention, and an
increased risk of new organ dysfunction and death?

e What microbiologic factors predict failure to respond, new organ
dysfunction, and death?

e What clinical variables present early in the course of disease
predict each of the specific characteristic late complications of
sepsis including nosocomial infection, prolonged cardiovascular
dysfunction, acute respiratory distress syndrome (ARDS), and
acute renal failure?

e To what extent do the above predictors vary from one country to
the next?
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Clinical studies of agents that target innate immunity, there-
fore, must take into consideration not only the initial insult that
elicited the response but also the modification of the course of
that response by subsequent clinical intervention. It is recog-
nized that the mortality of sepsis differs significantly through-
out the countries of Europe [63]; variability in clinical practice
is likely responsible for at least some of that outcome variabil-
ity. Understanding the epidemiology of variable clinical care is
yet another prerequisite to the design of informative clinical
trials in sepsis. Similarly, during the conduct of those trials,
care must be taken to ensure that clinical management is
consistent with current knowledge about best practice [64].

The objectives of therapeutic intervention are
poorly defined

It may seem self-evident that the therapeutic objective in
treating a patient with a lethal disorder such as sepsis is to
increase the odds of survival, and regulatory agencies have
been resolute in their insistence that 28-day all-cause mortality
is the appropriate primary outcome measure for pivotal trials of
new therapies [65], but elevating the short-term mortality ben-
efit to the position of primary endpoint for clinical research
poses three major challenges.

First, mortality is an insensitive measure of biologic activity.
In the experimental animal, where resuscitation is minimal,
physiologic support is rarely provided, and the experimental
circumstances can be manipulated to maximize a signal, short-
term mortality is a simple and feasible measure of biologic
activity. To use mortality as a measure of biologic activity in
humans, for example, to determine optimal dose or duration of
therapy or to identify potential toxicity, is at best inefficient
and at worst, unethical. Yet, preliminary human studies to
document activity and infer optimal dosing are rarely per-
formed; rather, activity and dosing are inferred from animal
data or from preliminary work in healthy humans. It has been
all too common that large phase III trials generate indetermi-
nate results, which on closer scrutiny, may reflect shortcomings
of study design or conduct, rather than a failure of the thera-
peutic concept. For example, a phase-III trial of an antibody to
TNF that enrolled 1879 patients was unable to demonstrate
improved survival in treated patients [66]. Assay of bioactive
TNF in the serum of a subset of these patients showed no
evidence of reduced bioactivity in treated patients: It is en-
tirely possible that the trial was conducted with an inactive
antibody or with a suboptimal dose of an active one. A phase-
I study of inhibition of NO generation by N(G)-methyl-L-
arginine (L-NMMA) was terminated early because of increased
mortality in the treated group [67]. A review of the data from
that study shows that the mean arterial blood pressure target in
the treated patients was ~85 mm Hg and that although mor-
tality was increased in patients receiving the highest doses of
L-NMMA, it was significantly reduced in those who had re-
ceived the lowest doses. Finally, a phase-III study of the
recombinant tissue factor pathway inhibitor, an endogenous
anticoagulant, reported an absolute mortality benefit of almost
10% in patients in the first half of the study and an inexpli-
cable increase in mortality of the same magnitude in the
second half, so that the overall study results showed no effect
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[68]. The discrepancy, highly improbable on the basis of ran-
dom variability, remains unexplained.

Second, the morbidity and mortality of sepsis evolve over a
prolonged period of time, and although deaths occur in the first
few days, the increased risk of death persists for a period of
years [69, 70]. Thus, an improvement in short-term survival
may not translate into a longer-term survival benefit, and an
improvement in health-related quality of life in a disease whose
morbidity is chronic may not be reflected in mortality status.
As many as 40% of surviving patients enrolled in sepsis trials
remain in the ICU for at least 1 month [6]. When mortality is
evaluated, a longer-time window, perhaps 90 days, appears to
be more appropriate [71].

Finally, sepsis commonly occurs as a complication of other
diseases that are associated with a significant short-term mor-
tality risk and with a marked diminution in quality of life. For
the patient who develops sepsis as a consequence of a pneu-
monia acquired in a nursing home or a soft-tissue infection
associated with malignancy or peripheral vascular disease,
death may not be the most feared outcome, and measures of
independence and quality of life may assume primary impor-
tance.

The development and evaluation of new therapies for sepsis
entail the integration of multiple lines of study to show proof of
concept, to define optimal patient populations for intervention,
to establish optimal dose and duration of treatment, to docu-
ment short-term efficacy, and to establish long-term benefit in
mortality and morbidity [72]. Too often these aspects have been
ignored in studies whose primary goal is expedited drug reg-
istration.

Patients with sepsis are highly heterogeneous
with respect to risk and the potential to benefit
from specific therapies

An underlying theme to the preceding discussion is that sepsis
is not a simple disease with uniform expression in all patients
but a complex process that displays a tremendous degree of
heterogeneity and that this heterogeneity, by increasing the
inherent noise of clinical research, has obscured signals that
would indicate therapeutic efficacy. A key challenge, therefore,
is to reduce that heterogeneity by appropriately stratifying
patients for the purposes of research and clinical management.

The problem of clinical heterogeneity is not unique to sepsis
but rather, is an inherent property of complex diseases or
diseases with highly variable expression and multiple thera-
peutic options. Recognition that patients with cancer do not
share a single disease but rather have many different diseases
whose optimal management depends on the extent of the dis-
ease at the time therapy is instituted led oncologists to appre-
ciate the importance of developing validated staging systems to
be used to stratify patients enrolled in therapeutic studies [73].
Cancer staging proceeds from the assumption that patient
populations must first be segregated by the anatomic and
histologic nature of the cancer and then staged based on the
extent to which the tumor has spread beyond the primary. The
most widely used such system, the tumor, nodes, and metas-
tases (TNM) system, stratifies patients based on the size and
invasiveness of the primary tumor, the presence and extent of
regional nodal spread, and the presence of remote metastases.

In doing so, it not only groups patients based on their risk of
dying from cancer but also stratifies them by their potential to
benefit from specific classes of therapy. A localized tumor will
respond to surgical management alone. If there is regional
spread, adjuvant therapies can improve prognosis, whereas if
there are distant metastases, surgery is unlikely to be benefi-
cial, and more aggressive forms of therapy can provide palli-
ation.

Using these concepts from oncology as a model, it has been
proposed that sepsis might be staged in a similar manner on the
basis predisposition, insult, response, and organ dysfunction
(PIRO; Table 4) [74, 75]. The so-called PIRO model exists as
an untested hypothesis rather than as a clinical tool, although
initiatives to evaluate its feasibility and use are in progress.
Multiple lines of evidence, however, indicate that each of these
domains can impact not only prognosis but also the potential
for differential benefit or harm following intervention.

There is evidence that each of these variables can impact the
outcome following the neutralization of TNF. A number of
epidemiologic studies have shown that prognosis in sepsis is
significantly impacted by genetic factors [76] and specifically
by the presence of SNPs in innate immune response genes [77].
A SNP in the promoter region of the TNF-a gene that replaces
a guanine nucleotide with an adenine is associated with an
increased risk of mortality from sepsis in some but not all
studies [78]; perhaps more importantly, as anti-TNF therapies
become more widely used in rheumatology, it has become
apparent that patients most likely to benefit from treatment are
those who have this polymorphism [79]. In animal models, the
impact of neutralizing TNF is highly dependent on the chal-
lenge organism (Fig. 2) [39]. Clinical studies have suggested
that the impact of TNF neutralization may be greatest in
patients with elevated levels of 11.-6 [10, 80] and also that the
greatest benefit accrues to patients who do not have significant
organ dysfunction at baseline [81].

It will require an enormous amount of work to transform the
PIRO concept into a useful stratification tool for clinical re-
search and therapeutic decision-making. Nonetheless, the de-

TABLE 4. The PIRO Model

Domain Measures
Predisposition Genetic polymorphisms
Comorbidities
Sex
Age
Cultural/religious beliefs
Insult Infection—microbiology, site
Intoxication—e.g., endotoxemia
Injury
Ischemia
Response Physiologic (e.g., temperature, heart rate)

Nonspecific markers of inflammation (e.g.,
C-reactive protein, procalcitonin, IL-6)

Specific measures of therapeutic target
(e.g., TNF, endotoxin)

Physiologic measures of dysfunction

Use of specific therapies

Biochemical markers of deranged processes
(e.g., apoptosis)

Organ Dysfunction
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velopment of staging systems for sepsis is intuitively appealing
and pragmatically necessary if we are to progress.

CONCLUSIONS: TOWARD A MORE
EFFECTIVE APPROACH TO
CLINICAL RESEARCH

The concept of sepsis is disarmingly simple and the clinical
syndrome, only too familiar to all who have cared for the
acutely ill. Yet, beyond the treatment of infection by source
control and antibiotics and the support of the acute physiologic
derangements by cardiovascular resuscitation and 1CU-based
organ support, advances in management have proven elusive.
Our failure to make progress reflects in no small part a per-
sistent reluctance to change our approach to clinical research
in response to a new, biologic understanding and to insights
gained from clinical trials that have been undertaken over the
past quarter century. At the risk of oversimplifying an admit-
tedly complex challenge, I would suggest that the possibility of
success in the future hinges on our ability to address 10 key
issues:

1. Our understanding of the biological and clinical natural
history of acute illness is inadequate. We need large, intensive,
and unbiased epidemiologic studies of acutely ill patients to
define clinical and biochemical natural history. These studies
should not start from arbitrarily defined, syndromic categories
such as sepsis or ARDS but rather, seek to determine the
biochemical profiles associated with adverse outcome and the
clinical phenotypes that associate with these biochemical pro-
files.

2. We do not understand the impact of clinical practice on
the phenotype of critical illness. We need large, international
studies to characterize practice variability in patient manage-
ment and to correlate this variability with subsequent clinical
course.

3. We need to develop plausible, validated systems to strat-
ify acutely ill patients in those domains that predict increased
risk of adverse outcome and differential potential to respond to
therapy. The PIRO model can serve as an initial template for
such an initiative, but the final architecture must be dictated
by data.

4. Our therapeutic targets in innate immunity may be sub-
optimal. We need to evaluate interventions that target pro-
cesses arising later in the course of illness or processes such as
signal transduction that can modify the expression of multiple
endogenous mediators.

5. A substantial body of information has been accumulated
that can inform the design of future trials targeting classical
mediators such as TNF, LPS, or IL-1. We are now in a position
to treat acute TNF- or IL-1-mediated disease rather than
sepsis. We need to refine entry criteria for clinical trials to
reflect this knowledge about patient populations who will op-
timally benefit from intervention.

6. In early-phase clinical research, we need to focus first on
establishing proof of concept in acutely ill patients by perform-
ing small studies whose objective is to show that intervention
can alter levels of relevant biomarkers or affect acute changes
in physiology [72].
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7. We need to focus our efforts in early-phase research on
rescuing patients with disease refractory to available therapy as
further proof of concept.

8. Having characterized promising populations of patients
who might benefit from a particular therapy, we need to show
in adequately powered phase Il trials that intervention can
alter levels of biomarkers related to the intervention and pro-
duce more rapid or complete reversal of study entry criteria.

9. Having accomplished the above, we should focus on
demonstrating clinical effectiveness, reflected not only in
short-term mortality but also in longer-term mortality and
improvement in quality of life.

10. Finally, we need to study the long-term morbidity and
mortality associated with intervention, to evaluate the cost-
effectiveness of therapy, and to re-evaluate the continuing use
of the approach in a changing therapeutic environment.

Albert Einstein defined insanity as “doing the same thing
over and over, and expecting a different result.” It is time to try
something different.
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