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Abstract

For the past thirty years, since IL-1p and TNFa were first cloned, there have been efforts to
measure plasma cytokine concentrations in patients with severe sepsis and trauma, and to use
these measurements to predict clinical outcome and response to therapies. The numbers of
cytokines and chemokines that have been measured in the plasma have literally exploded with the
development of multiplex immune approaches. Dozens of relatively small cohort studies have
shown plasma cytokine concentrations correlating with outcome in sepsis and trauma. Despite
what appears to be a consensus that plasma cytokine concentrations should be useful in the clinical
setting, only two cytokines, IL-6 and procalcitonin, have approached routine clinical use. IL-6 has
been used as a research tool for entry into sepsis-intervention trials, while procalcitonin is being
used clinically at a large number of institutions to distinguish sepsis from other inflammatory
processes. For most cytokines, the relative lack of sensitivity and specificity of individual or
multiplex cytokine measurements has hindered their utility to predict clinical trajectory in
individual patients. The problem rests with a general misunderstanding of cytokine biology,
failing to appreciate the general paracrine nature of these mediators, the presence of binding
proteins, chaperones and inhibitors in the plasma, and the rapid clearance of these proteins by
binding to cell receptors and clearance predominantly by the kidney. The future of using plasma
cytokine measurements as an indicator of sepsis/trauma severity or predicting outcome is
generally behind us, although there is optimism that procalcitonin measurements may ultimately
prove to have utility in the diagnosis of severe sepsis.
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Despite years of investigation and advances in intensive care management, morbidity and
mortality from sepsis and severe traumatic injury remain unacceptably high [1, 2]. Mortality
from sepsis and septic shock was traditionally presumed to be a consequence of an
overabundant early innate immune response, caused by an over-production of early pro-
inflammatory mediators, notably tumor necrosis factor-alpha (TNFa), interleukin (IL)-6,
IL-1, and IL-8, that contributed to tissue damage, multiple organ failure (MOF), and
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ultimately leading to death [3, 4]. Many of these are proximal, proinflammatory cytokines
that have the ability not only to induce expression of chemokines and other inflammatory
mediators, and at the same time, activate endothelial cell dysfunction and prothrombotic
events [5-11]. More recent studies have clearly demonstrated a simultaneous immune
compromised state evidenced by increased anti-inflammatory and immunosuppressive
cytokines in the blood, most notably IL-10, that can lead to secondary nosocomial or
opportunistic infections [12, 13].

Inflammation and survival from sepsis and trauma

The optimism for a biological response modifier-based therapy to improve survival from
severe sepsis and trauma in humans by modifying the endogenous host immune response
began nearly 25 years ago when mice and then primates showed radical improvements in
survival to a lethal injection of endotoxin or live bacteria by blocking a single inflammatory
cytokine [14]. Since then, there have been over 100 clinical trials utilizing various drug
therapies; most consisting of agents to suppress or block this proinflammatory response,
which have been unsuccessful in reducing the mortality from sepsis [15-17]. The inevitable
question has always been why the clinical trials have failed when studies in rodents and
primates have almost always been successful. The answers are clearly multifactoral, but
much of the responsibility of early failures falls both on an over interpretation of the value
of rodent and primate models of sepsis, as well as the early models that employed a bolus
injection of either endotoxin or living bacterial [18, 19]. In retrospect, these early models
emphasize the proinflammatory component of sepsis, and poorly reflect the complexity of
sepsis that originates from a nidus of infection, rather than a bolus administration. A clear
signal that we were on the wrong track was that plasma TNFa and IL-1p concentrations
were often several logs higher in these models than they were in human sepsis or trauma
(Table 1). More recent models that have been employed over the last decade include the
commonly used models of polymicrobial abdominal sepsis, including the cecal ligation and
puncture (CLP) model [20] and the colon ascendence stent peritonitis model (CASP) [21].
Early on, these models were thought to incite not only the early proinflammatory SIRS
component of sepsis, but also, the later anti-inflammatory response, representing the early
SIRS-CARS model proposed by Bone and colleagues [22]. However, as time has
progressed, so has our understanding of sepsis, and the traditional SIRS-CARS model
continued to evolve, especially as the results of studies utilizing these models began to call
in to question the “compensatory nature” of the anti-inflammatory response [23, 24].
Traditionally, the most commonly used model of murine trauma, has been the trauma-
hemorrhage models, which includes hemorrhagic shock followed by a simple, laparotomy
[25-27]. Recently, the validity of this and all murine models have been called into question
as recent reports have found significant differences between human trauma, burns, and
endotoxicosis, and traditional murine models of these same disease entities [28]. Although it
has been increasingly recognized that murine models do not fully mimic the human
condition [19], which is likely a significant contributor to failure of translation of successful
preclinical models to the clinical setting; further research into the utility of murine models
for trauma and sepsis research is needed, as other reports show that by refining currently
used models, to ones that better recapitulate the human condition, cytokine, phenotypic, and
genomic responses can be improved [29].

We do not believe that the failure of biological response modifiers in severe sepsis and
trauma can be explained entirely by imprecise rodent and nonhuman primate models. The
lack the complexity of the human condition, including pre-existing comorbidities, age,
guided antibiotic therapy, and intensive care unit (ICU) care and interventions are important
explanations. One principle failure has been the inability to identify prospectively those
patients who would benefit from biological response modifiers. It is generally accepted that
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many of these treatment failures have been due to the inability to select patients who will
benefit from such therapy. Most clinical trials in sepsis are inundated with patients who
would either survive or die, regardless of the intervention, and these populations clearly
dilute any drug-based effect [30]. Additionally, multiple studies have revealed that treatment
with biological response modifiers can actually be harmful when used indiscriminately in
less severely ill patients [31-33]. Unfortunately, drug trials to treat patients with severe
sepsis have been unable to identify patients prospectively who will or will not benefit from
interventional therapies.

With the implementation of the Surviving Sepsis Campaign, early diagnosis of those at risk
for severe sepsis and at an increased risk for death is imperative [34, 35]. Currently, sepsis is
diagnosed and monitored using physiologic parameters combined with bacterial cultures,
although positive cultures are not found in close to one third of patients exhibiting a clinical
diagnosis of sepsis [36, 37]. Such scoring systems as the Acute Physiology and Chronic
Health Evaluation (APACHE) Il score, the sequential organ failure assessment (SOFA)
score, and the multiple organ dysfunction (MOD) scoring system (Denver or Marshall) are
often utilized to classify the physiological derangements produced by sepsis and trauma, and
organ function. These scoring systems however, do not measure the magnitude of either the
inflammatory response, or the adaptive immune dyscrasia that accompanies trauma and
sepsis. This is an important weakness since most of the current biological response
modifiers that have been or are in clinical trials are directed against these responses. These
scoring systems can only crudely predict which patients will have a complicated course
ending in death or who will benefit from immunomodulatory therapy. This has led many
researchers to investigate the utility of plasma cytokine measurements as biomarkers to
identify an immunological profile that can identify which patients with sepsis or trauma
have increased risk from mortality, and to direct therapy with immune modulating drugs
[37]. For the past two decades, researchers have sought that magical or mystical cytokine(s)
whose persistent or continued elevation is associated with poor outcomes, while decreasing
levels can signal response to therapy and eventual recovery in severe sepsis or trauma.

Unfortunately, with few exceptions discussed below, none have proven efficacious enough
for mainstream use to help predict outcome and guide therapy [38, 39] and currently the role
for the use of biomarkers remains undefined, and according to the recently updated
Surviving Sepsis Guidelines, “No recommendation can be given for the use of these markers
to distinguish between severe infection and other acute inflammatory states” [35].

Capturing the early inflammatory response via plasma cytokine

concentrations

Conceptually, the idea that plasma cytokine concentrations could predict the severity of the
inflammatory response in sepsis and trauma is sound. In practice, it has proven more
challenging. Since it has been determined that early activation of the innate immune system
with release of proinflammatory cytokines is in part responsible for the early systemic
inflammatory response syndrome (SIRS), the value of utilizing measurements of these
cytokines would be to allow the clinician a glimpse of the patients immunological status
beyond the routine physiologic or anatomical markers of injury or sepsis severity. Almost
thirty years ago, we speculated that because of the rapid onset of the inflammatory response
and innate immune activation, treatments initiated hours after the onset of symptoms would
inevitably miss the early cytokine and inflammatory mediator release [38]. By the time that
SIRS is recognized and sepsis is diagnosed, and the therapeutic agent prepared and
administered, early inflammatory mediator release had already peaked and the inflammatory
cascade well initiated. Biomarker therapy using early inflammatory cytokines would in turn
allow for early intervention, thus improving a patient's prognosis. Early inflammatory
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cytokines such as IL-1p and TNFa are produced early in response to pathogen invasion, and
are believed to be responsible for the early SIRS response [6, 40].

Unfortunately, we couldn't have chosen a worse pair of cytokines to measure in plasma. At
the time, we readily assumed that these two proximal mediators were readily released into
the circulation, and their plasma concentrations reflected tissue production. This was
simplistically based on observations from mice and humans where massive doses of
endotoxin or live bacteria were used [7, 41-43]. We couldn't have been more wrong. After
twenty years of study, we recognize that TNFa and its other family members are not
primarily secreted proteins, but exist predominantly as cell-associated homotrimers [44, 45]
(Figure 1). Their primary functions are paracrine, and their appearance in the circulation
requires both up-regulation of their expression, but also successful cleavage of the cell-
associated form by the cell membrane metalloproteinase, ADAM17 (TACE) [46]. In
addition, the shed receptors of TNFa are also released and bind circulating TNFa., often
making it undetectable if not biologically inactive [47].

The story for IL-1p is even more problematic from a plasma measurement point of view.
IL-1p is produced as an inactive intracellular protein without a classic signal sequence, and
must first be processed by caspase-1 and the inflammasome before it can be released [48,
49] (Figure 2). How it is released is still controversial, and it has generally been assumed
that a primary mechanism is through cell death. Like TNFa, IL-1p has a dummy receptor,
the type Il receptor that is shed and can bind the protein in the circulation [50]. Although
these cytokines are perhaps the most proximal mediators of inflammation, they would not be
a good first choice for their use as plasma biomarkers.

as plasma biomarkers

The search for prognostic biomarkers in sepsis or trauma based on immunological measures
has been substantial; however, the results of clinical studies examining the role of cytokines
in patients with varying degrees of sepsis have often been conflicting, and only one
cytokine, procalcitonin (PCT)) has shown any value for routine clinical use. The numbers of
cytokines detected in the circulation of patients with severe sepsis and trauma are
overwhelming; a partial list includes over 15 cytokines, 4 members of the TNF superfamily,
at least 10 chemokines, and at least 5 cytokine receptors, binding proteins and antagonists
(Table 2). Multiplex approaches to the measurement of plasma cytokines have
revolutionized the field, and if you have the money, you can measure almost as many
cytokines as you desire [51]. Routine commercially available multiplex kits measure as
many as 31 cytokines simultaneously from 25 L of plasma, and the limits are more
financial than theoretical. We have routinely measured anywhere from 10 to 31 plasma
cytokines simultaneously in pharmaceutical-driven studies in sepsis and trauma, and tend to
find that the concentrations appear to be strongly correlated, when they do appear in the
circulation. One of the most common traits that we have seen with cytokine measurements
in blood is that their appearance is rarely normally distributed. Most commonly, there are
significant numbers of patients in whom concentrations are undetectable or at the lower
limits at detection, with a smaller number of patients with marked variation in their
concentrations. Not unexpectedly, some of the highest plasma cytokine concentrations and
most labile, involve chemokines. When one considers their role in regulating the efflux of
leukocyte populations from one compartment to another and the need to create a gradient
across different tissues, it is not surprising that the plasma concentrations of these proteins
would be so variable. We have found that the common chemokines, IL-8 (CXCL8), MCP1
(CCLT7), IP-10 (CXCL10), SDF1 (CXCL12), MIP1a (CCL3) are often as reliable as IL-6 in
measuring the magnitude of the injury or sepsis response [51, 52]. Additionally, there are a
number of studies that have claimed that combinations of individual cytokines, or even

Methods. Author manuscript; available in PMC 2014 May 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gentile et al.

Page 5

ratios of proinflammatory to anti-inflammatory cytokines are more predictive than
individual cytokines alone [53-55], however, this has yet to be consistently proven in the
literature.

Other cytokines that have been found to be predictive of sepsis-related mortality include
IL-8, monocyte chemotactic protein-1 (MCP-1), SRAGE, and the immunosuppressive
cytokine IL-10 [56, 57]. Out of a panel of cytokines obtained from patients diagnosed with
severe sepsis, Bozza, et al. showed that IL-8 and MCP-1 had the best accuracy for predicting
28 day mortality, while IL-6 and 1L-8 were good predictors of worsening organ dysfunction
[58]. Additionally, Bopp et al. showed that SRAGE measured by enzyme linked
immunoassay (ELISA) was elevated in non-survivors compared to survivors in a 29 patient
observational study [59]. Other studies have focused on anti-inflammatory cytokines. In fact
de Pablo et al found that it was the anti-inflammatory mediators STNFRI, sTNFRII, and
IL-1ra that were the best predictors of mortality in septic shock [60].

Despite an overwhelming body of literature too large to review, none of these most studied
cytokines above exhibit either the sensitivity or the specificity to be reliably used alone as a
marker or predictor of prognosis in sepsis. Additionally, the literature is variable, as many
studies have found no correlation between cytokine measurements and outcome or prognosis
[61-63]. Recently, attention has turned to the utilization of several biomarkers to create a
“bioscore” that could be used for early sepsis diagnosis and outcome prediction that were
found to be superior to individual biomarkers alone [55, 64]. In a prospective pilot study of
29 patients, Anuluz-Ojeda et al. recently showed that IL-6, IL-8, IL-10, and MCP-1 levels
were elevated in patients who died compared to those who survived [65]. Additionally, they
found that IL-6, 1L-8, and IL-10 levels were associated with mortality early, on day three,
and later on day 28. Therefore they developed a bioscore based on these cytokines, which
was able to better predict mortality than the individual cytokines alone [65]. Likewise, Gibot
et al. showed that when utilizing a bioscore consisting of levels of procalcitonin, STREM-1,
and PMN CD64 index, proved to be useful in the rapid diagnosis of sepsis vs. SIRS, with a
diagnostic accuracy of greater than 80% [55]. The use of a composite score of multiple
cytokines is likely to be better than individual cytokines alone as is shown in the previous
studies, and may eventually be of potential clinical use for the early detection of sepsis.
Additionally, these efforts are more in line with the complex immune response the body
generates toward sepsis; however, their clinical application to date has been limited by their
complexity and their cost.

It has been our experience that measuring the plasma concentrations of cytokines has been
helpful in cohort studies to determine the severity of the inflammatory response, and the
response to therapy, but has lacked the specificity and sensitivity to be useful for predicting
outcome or trajectory in individual patients. The explanations vary for each individual
cytokine. However, blood leukocytes are not the primary source of most cytokines in the
plasma [41].

Since most cytokines are meant to signal in a local paracrine environment, appearance in the
plasma is often a byproduct of local production. Most cytokines are cleared from the
circulation by either binding to their receptors or clearance via the kidney, as well as by
binding to specific binding proteins, and the plasma concentration varies over minutes to
hours. Thus, for the most part, we have argued that in general, plasma cytokine
concentrations are a relatively crude and inefficient measure of the immunological state of
the patient [66, 67]. In many cases, more is not better than less, and the availability of large
multiplex measurements doesn't necessarily mean that they are more informative, at least for
evaluating the overall inflammatory response.
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Rather, we have argued that a judicious use of inflammatory cytokines combined with
physiological or anatomical scoring systems may be more beneficial in predicting response
to therapy in severe trauma patients [68], but importantly, these findings have not been
validated prospectively.

Plasma IL-6 measurements

Since the 1980's many preclinical and clinical studies studies have shown IL-6
measurements in the blood to be a reliable marker to predict the severity of sepsis [64,
69-72]. We were the first to show that IL-6 circulates in the plasma of humans; those studies
were conducted in human volunteers administered endotoxin [73]. Interestingly, IL-6 is a
highly and variably glycosylated cytokine and it is presumed that this glycosylation prolongs
its biological half-life. Many individuals have natural antibodies to IL-6, and some have
proposed that these antibodies are not inhibitory, but serve as chaperone proteins, again
extending their half-lives [74].

IL-6 is a novel cytokine that plays many roles. Thought to be both pro-inflammatory and
anti-inflammatory at the same time, it is now recognized as an essential player in cell
development. In addition, IL-6 is a key cytokine in initiation of innate immunity and
functions in adaptive immunity as well [75]. It's attractiveness as a biomarker has nothing to
do with its function, but rather lies in the fact that it is known to be elevated early, and can
reach peak concentration within two hours under experimental conditions [75, 76], thus
potentially being informative prior to the onset of clinical symptoms. Initially, scientists
found that elevated levels of IL-6 were associated with abnormal physiologic measurements
and routine laboratory measurements such as heart rate, mean arterial pressure, lactate
levels, and platelet levels [77]. Additionally, many studies found that early levels of IL-6
were of prognostic significance [37, 69, 72, 78-81]. For instance, we showed that in a
prospective randomized double-blind placebo controlled trial that baseline IL-6
concentrations were higher in patients with septic shock and those who went on to die by 28
days [37].

Although the success of plasma IL-6 measurements seemed to be promising, and there have
been efforts to develop an IL-6 assay approved by the FDA, plasma IL-6 measurements
have still not been integrated into the clinical armamentarium. The reason clearly is not
technical. The validity of these measurements has been well demonstrated and even “fast”
IL-6 measurements that can be done at the bedside have been used in research protocols.
The failure to use I1L-6 routinely in the clinical setting has more to do with the interpretation
of the results, and their value when compared to existing biomarkers. At present, IL-6 is
primarily used to assess the severity of the inflammatory response, and simply put; most
clinicians see no compelling need to add an additional biomarker. The general consensus is
that existing diagnostics, such as total and differential white blood cell count, C-reactive
protein and the clinical condition of the patient are adequate to judge the severity of the
inflammatory insult. Mouse studies by Remick et al have shown that early 1L-6
concentrations could both predict mortality in mice, but also response to therapy. Until a
similar human prospective study demonstrates that addition of IL-6 measurements can better
identify individual patient trajectories or responses to therapy, plasma IL-6 will likely
remain a research tool.

Procalcitonin

Procalcitonin is a calcitonin precursor involved in calcium homeostasis that is released
during the inflammatory response that is currently one of the most well-described
inflammatory mediators thought to be predictive of outcome in sepsis, as it has been shown
to correlate with the severity of sepsis and organ failure [82]. Unfortunately, one of the
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greatest downsides of procalcitonin is that it has been found to be elevated in a number of
inflammatory states other than in in sepsis [38]. High procalcitonin levels are also found in
other states of generalized inflammation, including trauma and burns [83], post-operatively,
in cardiogenic shock [55], pancreatitis, or heatstroke [84]; therefore it's elevation may be
nonspecific, and cannot be attributed to a single disorder alone, like an ongoing infection.
For example, in a study by de Werra et al. examining procalcitonin levels among patients
with septic shock, cardiogenic shock, and bacterial pneumonia, they found that
concentrations in patients with septic shock were similar in magnitude to the patients with
cardiogenic shock and bacterial pneumonia and were not predictive of outcome [85].

Despite the growing body of literature promoting procalcitonin as a diagnostic and
predictive biomarker [86], we remain concerned that the marker may lack the requisite
sensitivity and specificity to be of value. Although numerous studies have revealed that
procalcitonin may be useful in the diagnosis of and as a prognosticator of severe sepsis [82,
87, 88], other studies have shown conflicting results and revealed that procalcitonin is not
useful in these realms [56, 89-92]. In a meta-analysis of 14 studies meeting criteria
performed by Tang et al., they showed that the diagnostic performance of procalcitonin for
differentiating sepsis from SIRS was low in critically ill patients [93]. More interestingly, a
recent meta-analysis published in Lancet-Infectious Diseases evaluated 30 clinical studies of
3844 septic patients. A simple bivariate analysis of sepsis presence or absence gave a mean
sensitivity of 0.77 and specificity of 0.79 with the area under the receiver operating
characteristic curve was 0.85 [94]. The studies had significant heterogeneity and none of the
common variables including population demographics, admission criteria, assay used, and
severity of disease could account for the heterogeneity.

One realm where the use of procalcitonin may be beneficial is by using the fact that a patient
has low levels to help guide clinicians in the discontinuation of empiric antibiotic therapy
that was started in a patient with suspected sepsis, as is recommended by the most recent
Surviving Sepsis Guidelines, however, there is limited prospective data to support the use of
this strategy [35, 95]. Additionally, procalcitonin assays have not yet been found to be
neither sensitive nor specific enough for individual patients in order to be reliable enough to
direct therapy.

Conclusions and Recommendations

Severe sepsis, trauma and burn injury remain a significant cause of morbidity and mortality.
Identifying severely inflamed patients early who will have a complicated clinical outcome,
and thus are more likely to benefit from innunomodulatory therapy has been difficult.
Interventions in critically ill patients need to be early to be most effective. Existing criteria
for biological response modifiers are primarily physiologic and are limited to nonspecific
inflammatory responses and overall organ injury, and despite the complexity of the host
immune response, we know that not all patients respond to sepsis in the same manner [96].
Consequently, the well-established clinical criteria used to enter patients into sepsis trials
includes individuals who will either not benefit from the therapy or may actually be harmed
[30]. This has led researchers to explore cytokines as biomarkers to predict clinical
trajectory and outcomes, and to initiate treatment based on the magnitude of the early
inflammatory response. These efforts have generally failed [97, 98].

Although researchers have been able to elucidate distinct cytokine profiles associated with
sepsis severity, organ failure, and mortality [58], there has yet to be a way to make these
measurements useful prospectively in clinical practice. Current literature offers no
consensus opinion, as it is plagued with a multitude of studies both in support of and against
the usefulness of cytokines as prognostic biomarkers, mostly hampered by variable patient
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populations, small sample sizes, and hetergenous biomarker assays [77]. Multiplex cytokine
approaches have also been employed [99], but have not been readily accepted into clinical
practice. Perhaps, only a single cytokine has any probability of entering the routine clinical
practice in the immediate future, procalcitonin [86]. Procalcitonin has been promulgated for
the identification of sepsis and to guide the discontinuation of antibiotic therapy when levels
are not elevated [35]. Both are controversial, and the defining study demonstrating their
utility has not yet been performed. Thus, the quest continues for early biomarkers as a means
to identify patients with adverse clinical outcomes who might benefit from interventional
therapies.
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Figurel.

Diagrammatic representation of TNFa processing initially as a cell-associated homodimer,
processed by the matrix metalloproteinase TACE (ADAML17) to release the soluble form.
STNFa can bind the shed sSTNFRI or STNFRII, blocking its bioactivity. Reprinted with the
permission of Cytokine and Growth Factor Reviews, vol 22, 319, 2011.
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Figure 2.

Daigrammatic representation of IL-1p processing. IL-1p is expressed as an inactive
precursor protein that must be cleaved to an active form by caspase 1 in secretory
lysosomes. Since it has no signal sequence, it is not actively secreted, and its exit from the
cell is not completely known, although exocytosis and cell death is known to release the
mature active protein. Reprinted with permission from Institute Pasteur. http://
www.pasteur.fr/ip/easysite/pasteur/en/research/scientific-departments/infection-and-
epidemiology/units-and-groups/cytokines-e-inflammation/figures
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