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Abstract - Sepsis

Inflammation and coagulation are so tightly linked that the cytokine storm which accompanies the development of sepsis initiates thrombin activation and the development of an intravascular coagulopathy.  This review examines the interaction between the inflammatory and coagulation cascades, as well as the role of endogenous anticoagulants in regulating this interaction and dampening the activity of both pathways.  Clinical trials attempting to improve outcomes in patients with severe sepsis by inhibiting thrombin generation with heparin and or endogenous anticoagulants are reviewed.  In general, these trials have failed to demonstrate that anticoagulant therapy is associated with improvement in mortality or morbidity.  While it is possible that selective patients who are severely ill with a high expected mortality may be shown to benefit from such therapy, at the present time none of these anticoagulants are neither approved nor can they be recommended for the treatment of sepsis.   
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Core tip: 

The interaction between the coagulation and inflammatory cascade contributes to the overall pathophysiology of severe sepsis.  These processes become unchecked and thus can lead to significant morbidity and mortality.  Many anticoagulants have been studied in clinical trials as a means to modulate the inflammatory and coagulation cascade with the aim to improve outcomes for septic patients via modulation of these cascades.  This article outlines the pathophysiology and interaction between inflammation and coagulation in severe sepsis and also reviews the anticoagulants previously studied for modulation. 
Sepsis is a leading cause of mortality in the United States responsible for more than 200,000 deaths each year.  The overall mortality is estimated to be approximately 28.6% for all age groups with mortality increasing in the elderly. 1
    Furthermore, the incidence of sepsis is increasing secondary to increased use of immunosuppression therapy, invasive procedures, transplantation, and chemotherapy.    Mortality in sepsis is frequently due to organ failure and the risk of mortality increases with the number of failing organs.   Individuals with sepsis and three or more failing organs have a 70% mortality rate compared to a mortality rate of 15% without organ failure.  [
 ADDIN EN.CITE 

2
]
Much of the organ failure in sepsis is thought to be caused by microvascular thrombosis .  Local thrombus formation is protective when an infection is localized as it works to prevent bacteria spread systemically to other organs.    However, once the infection spreads to the blood stream and sepsis develops, the formation of thrombi within the microvasculature acts counterproductively and increases organ damage which may lead to organ failure.   Significant coagulation disturbances are thought to complicate approximately 35% of all severe sepsis cases. [3]   Small and medium size vessels show fibrin deposition that has been found during autopsy studies of patients with DIC and sepsis.  Fibrin is also found in many organs under pathological examination following sepsis.[4]   Measures of coagulation activation in patients with sepsis show that some amount of clotting is present in all patients with septic shock regardless of the presence of overt disseminated intravascular coagulation (DIC).[
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]
Inflammation and coagulation are frequently partners in crime in severe sepsis.   Studies in the 1990s showed the complex relationship between these two systems in patients with sepsis or a traumatic insult.   The inflammatory mediators were shown to activate coagulation and vice versa as inflammation may be induced by activation of the coagulation cascade.[7]   The two are linked through similar activation mechanisms via a variety of pathways.  Ultimately it is thought the uncontrolled systemic expression of both systems which plays a key role in the pathogenesis of multi-organ failure in sepsis.   In this review article we will outline the role of inflammatory markers and coagulation in sepsis as well as the intricate relationship between the two.  Subsequently, we will then review the results of clinical trials attempting to modulate this inflammation in patients with severe sepsis. .
Inflammation and Coagulation Cascade Response to Severe Sepsis 
The innate immune system responds to bacterial infections initiated by cells which detect pathogen associated molecular patterns (PAMPs) that are expressed on invading bacteria.   The damaged tissue and cells from the host in sepsis will release intracellular proteins commonly known as alarmins.[
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8
]  Together alarmins and PAMPs are termed damage-associated molecular patterns (DAMPs).   The initial immune response to a pathogen or DAMPs is driven by pattern recognition receptors (PRRs) that are expressed on immune cells.     PRR, however, can also be found on other cells which are primary involved in hemostasis as these are highly conserved receptors.   In humans PRRs are mainly reported on platelets as toll-like receptors. [9]  This serves as a key link between the immune and coagulation systems as these cells are also then able to recognize and initiate the inflammatory response.    Both toll-like receptors and complement receptors are PRRs which can initiate a complex cellular inflammatory response to pathogen invasion.  These PRRs further activate the coagulation system through increased production of tissue factor and impairment of anticoagulation and fibrinolysis.[10]
Activation of the coagulation cascade and thrombus in sepsis are generally thought of as adverse events occurring as a result of pathogen invasion.   However, the recently described process of immunothrombosis suggests that some local thrombosis in response to microorganisms may actually be an independent line of host defense against pathogens.[11]    This theory suggests that small amount of clot formation actually is beneficial for the host as bacteria and DAMPs are trapped and kept away from the host circulation, preventing systemic spread of infection and inflammatory cytokines or DAMPs to other organs.   The immune system and coagulation systems work closely together via cross signaling to produce immunothrombosis.  The innate immune cells, particularly monocytes and neutrophils, are recruited to sites of intravascular thrombosis in response to DAMPs at the site.  In turn these cells express activated intravascular tissue factor (TF) which enhances clot formation via the extrinsic pathway of coagulation. [11] 

Although immunothrombosis may have a beneficial effect for the host in localized infection, this is not true in profound system wide infections.  Severe sepsis, septic shock, and disseminated intravascular coagulation (DIC) occur together when the control mechanisms of inflammation and coagulation and the intricate relationship between these to two breaks down and each proceeds unchecked.   The crosstalk between each system may actually perpetuate this process in severe systemic infection.   There are several key aspects of the coagulation cascade which, when up-regulated, have a significant impact and are then in turn influenced by the immune system; these include tissue factor, thrombin, and platelets.    Likewise, cells which are part of the inflammatory response, particularly neutrophils, and the complement system link inflammation to coagulation during sepsis.   Furthermore, the regulation of the coagulation system fails during DIC, endogenous anticoagulant proteins including; tissue factor pathway inhibitor, anti-thrombin, and activated protein C fail to regulate coagulation. [ 
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]
TF is thought to have a key role in the connection of sepsis and coagulation.  It is up-regulated in sepsis through both activation by inflammatory cytokines and failure of control mechanisms like tissue factor pathway inhibitor (TFPI).[10]   The cytokine triggers that cause TF to be expressed include; tumor necrosis factor, IL-1, and other inflammatory mediators including complement. [
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12
]   TF is part of the extrinsic pathway of coagulation and in the healthy state, is not exposed on peripheral blood or endothelial cells although it has a significant presence on extravascular cells. [13]    The physiologic activation of the extrinsic pathway occurs through disruption of the endothelium and exposure of blood to extravascular cells which express TF or in the intravascular space through triggers that cause circulating monocytes, leukocytes, and neutrophils to expose TF on their cell membranes.    The latter is through to be the more common pathway for enhanced expression of TF during pathogen invasion, as the recognition of PAMPs and / or DAMPs by cells of the innate immune system directly enhances TF expression. [11]   (Figure 1)
The initiation of coagulation by TF does not always lead to overt DIC in sepsis.  Much of the impact of TF on the host response to sepsis may also be due to increasing the inflammatory response.    The main inhibitor of TF is TFPI which tightly regulates the interaction of TF with other factors of the extrinsic pathway.  TFPI has been studied as a method to modulate the host response to sepsis and through these studies it has become clear that TF has a strong inflammatory contribution during sepsis.  Studies have shown that various levels of coagulation are noted in response to sepsis and the effectiveness of TFPI on host survival can be unrelated to differences in coagulation which suggests that much of the beneficial effects of TFPI are from an anti-inflammatory property it can exert on inhibiting TF augmentation of  inflammation. [14]
Thrombin, like TF, has a large role in coagulation but also exerts some influence on inflammation during sepsis.  Thrombin is the central serine protease mediator of hemostasis.  It is activated by Factor Xa and, once active, creates an active feedback loop for continued activation of Factor X.   Thrombin also converts soluble fibrinogen to insoluble strands of fibrin for clot formation.[11,
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] Activated thrombin can promote activation of several pro-inflammatory cytokines including, TNF alpha, IL-beta, and IL-6 as well as generate C5a (part of the complement response to infection) independent of C3.  This activity of thrombin is crucial and demonstrates the complex relationships that exist as it shows the crosstalk that occurs between the coagulation system and components of both the inflammatory and complement systems. [
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]
Thrombin further actively participates in the inflammatory cascade that occurs during sepsis through specific receptors on platelets, endothelial cells, and white blood cells.  These receptors are called protease activated receptors (PARs) and they are responsible for inducing TF emergence from cells and release of plasmin activator inhibitor I or via PARs, which inhibits fibrinolysis as well as decreasing thrombomodulin (a thrombin co-factor that decreases clot formation). [16]   Thrombin promotes platelet aggregation and activation.  The activated platelets express P-selectin after being exposed to thrombin.   P-selectin is critical for attachment of white blood cells to endothelial cells and thus initiating white blood cell activation which contributes to diffuse microvascular injury. [
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]
Thrombin is regulated by anti-thrombin (AT), which is a serum protein with significant enzymatic activity to prevent coagulation and with its broad spectrum of activity it is considered a central inhibitor of the coagulation system.    AT forms a complex with thrombin and inactivates it in addition to inhibiting other factors within the coagulation cascade (including the generation of Factors XIIa, XIa, IXa, and  Xa).  It acts on both the intrinsic and common coagulation pathways via inhibiting the action of Factors IXa and Xa respectively. [7]  AT may also have direct anti-inflammatory actions during sepsis beyond its anti-coagulation properties.   AT has the ability to inhibit the function of lipopolysaccharide (LPS) signaling on macrophages.  This acts to decrease the level of inflammation through blocking macrophage activation.    AT may also compete with bacterial pathogens for binding sites on endothelial surfaces and thus prevent endothelial damage by pathogens. [
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]
In septic patients with organ failure AT activity is reduced and the degree of reduction is proportional to the severity of sepsis, DIC and organ failure. [16]   Part of this fall in AT levels is likely related to the decreased half- life of AT during sepsis.  Typically the half-life of AT is between 36-48 hours but decreases to less than 18 hours during sepsis. [7]   Additionally, part of the decrease in half-life for AT is related to neutrophil actions.  Activated neutrophils release elastase which destroys AT, and therefore significantly decreases natural regulation of the coagulation system.  

Activated Protein C (APC) is another endogenous anticoagulant that has additional anti-inflammatory properties as well.    Overall the function of protein C is reduced in sepsis and DIC which results in significant compromise of in regulation of coagulation.    APC is down-regulated during the host response to sepsis through cytokines and thrombomodulin loss on the endothelium as well as a decrease in its primary co-factor protein S. [3]  This down-regulation may reflect a conserved part of immunothrombosis and theoretically may be protective in localized tissue infection.  However, in sepsis the down-regulation of APC prevents it from actively controlling the host inflammatory response.  

APC actually has been found to have an anti-inflammatory role during sepsis that may serve partly to keep host response to pathogen invasion in check.   APC can decrease apoptosis of endothelial cells and lymphocytes during infection thus reducing DAMPs in the bloodstream which serve to perpetuate further inflammatory reactions.   APC also decreases the inflammatory response of key cells; including monocytes, leukocytes and neutrophils.    APC decreases NF-kB signaling which decreases monocyte response to inflammation .   APC further acts closely with endothelial cells in an anti-inflammation manner.  APC specifically decreases tissue factor up-regulation via leukocytes and decreases neutrophils adherence to endothelial cells in response to pathogen invasion. [19] 
Thrombin is further regulated by thrombomodulin (TM) which is physiologically found in the intravascular space on vessel endothelial walls.   TM plays a key role in preventing intravascular clot formation under normal physiological conditions.   Thrombin binds with TM in a high affinity complex that prevents thrombin from  activating fibrinogen to fibrin.  The TM-thrombin complex also works as an anti-coagulant and activates protein C which then inactivates Factors Va and VIIIa. [
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18
]    The Thrombin-TM activation of protein C further also acts to decrease the overall inflammatory response to infection by suppressing monocyte-dependent cytokine production.[19]
The Thrombin-TM complex has further influence on the anticoagulation and inflammatory systems.  Thrombin activatable fibrinolysis inhibitor (TAFI) activity is increased three-fold by the Thrombin-TM complex formation.  TAFI enhances fibrin clot stabilization leading to better control of inflammation as part of immunothrombosis.   The activity of TAFI also has systemic anti-inflammatory properties.  TAFI inactivates endogenous pro-inflammatory mediators, including bradykinin, osteopontin, and some elements of the complement system (C3 and C5).[19] 
Platelets, like AT and APC, are also frequently decreased in any host response to insult including pathogen invasion.  The decrease in platelets is not fully explainable by overt DIC, but rather more likely related to platelet consumption from immunothrombosis and the role platelets play in the inflammatory response.  Thrombocytopenia is in fact, a predictor of poor outcome in sepsis and septic shock.  This includes severity of thrombocytopenia as well as overall duration of low platelet count indicates poor outcomes. [
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] 
Platelets have a key role in coagulation and clot formation.   Platelets also recognize pathogens via PRRs and therefore, stimulate the host inflammatory response.   An important example of cross-linkage between inflammation and coagulation via PRRs is toll-like receptor 4 (a subfamily of PRRs) on platelet cells, which recognize DAMPs and play an intricate role in activating neutrophils in the immune response.[
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15
]   Toll-like receptor – 4 (TLR4) on platelets recognizes pathogen associated molecular patterns of pathogens specifically lipopolysaccahrides (LPS) of gram negative bacteria.  These receptors also recognize endogenous DAMPs which include heat shock proteins and fibronectin. [
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]  Platelets are further able to present microorganisms to neutrophils other immune cells, activating a portion of the innate immune system.     

In addition to pathogen recognition, platelets up-regulate and alter the host immune response to pathogens.   Platelets, for example, assist in recruiting and enhancing the microbicidal activity of leukocytes by releasing multiple mediators in the bloodstream.   Platelets also act to recruit innate immune cells at the site of infection.  In addition to recognizing DAMPs, platelets also release DMAPs which promotes additional TF and likely increases thrombosis intravascuarlly.  This process was likely conserved in host immune response as part of the concept of immunothrombosis.   Finally, platelets directly bind to neutrophils during the host response to bacterial infection which subsequently stimulates the formation of neutrophil extracellular traps, although the exact methodology behind this is not known. [
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]
Neutrophils are terminally differentiated cells that are involved in the early immune response to invading microbes.  Neutrophils are directed by cytokines to infected tissue where the cell is activated and may engulf a pathogen for intracellular killing.   Neutrophils may also act though extracellular traps or NETs.  NETs are composed of chromatin complexes with granular proteins which bind both Gram negative and positive bacteria and effectively kill microbes in an extracellular matrix.  The NET releases cellular components that have antibacterial properties including DNA, myeloperoxidase and elastase and histones.  The release of these components into the circulation can have unintended harmful effects on the host during sepsis through activation of the coagulation cascade. [
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]  
NETs can activate coagulation via multiple mechanisms.  NETs deliver TF to the extracellular surface and thus activate the extrinsic coagulation pathway.    The NET surface is polyanionic and can activate certain contact phase proteins like Factor XII.   They further stimulate platelet activation via  histones H3 and H4 specifically.  These histones also promote the extrinsic pathway through damage to the endothelial wall.  Finally, NETs inactive tissue factor pathway inhibitor and thrombomodulin through a complex enzyme pathway.  The inactivity of these endogenous anticoagulants further leads to uncontrolled coagulation during DIC.   Much of the coagulation function of NETs is proposed to be protective of the host as immunothrombosis to contain pathogens at an infectious site.   However, in systemic infection the protective process becomes destructive through unchecked inflammation and coagulation. [11]
The complicated and complex interactions between the traditional coagulation system and the inflammatory system are further complicated by the role of complement during sepsis and DIC.   Complement can be viewed as an “alarm system” which can recognize DAMPs and respond to both infectious and non-infectious changes within the host.[23]   The complement system is crucial to host defense against invading microbes. It  is well known that deficiency in some components of complement can make an  individual susceptible to increased risk of infection.  For example, deficiency in opsonization contributes to increased susceptibility to infections by pyogenic bacteria including Haemophilus influenza and S. pneumonia.  However during multi-organ failure secondary to sepsis, complement is thought to have a detrimental effect on the host and contribute to organ failure. [24]  

Complement and in particular C5a can have harmful effects during sepsis that act through both inflammation and coagulation dis-regulation.   High levels of C5a act to decrease the effectiveness of neutrophils by blocking the NADPH formation of superoxide anions essential for killing gram negative bacteria.   Then in turn C5a can increase the function of macrophages causing increased or overproduction of cytokines which contribute to the cytokine storm of sepsis.  C5a further enhances the expression of tissue factor therefore disrupting the coagulation balance further.   Finally C5a increases the apoptosis of thymocytes decreasing B cell production and leading to an immunodeficiency state in late sepsis.[25] 
Sepsis and the resulting multi-organ failure are clearly much more complex of a process to be explained by unregulated inflammation or coagulation alone.   Instead, it is an intricate web with multiple cross-talk interactions between the various components of each system.  This intricate web is the over-riding etiology that leads to sustained multi-organ failure which causes host demise.  These are numerous targets within these systems that may be targeted as therapy to augment the overall host response to overwhelming sepsis.  Many of the initial clinical trials in sepsis focused on blocking various components of the inflammatory cascade in sepsis.  When these trials failed to show a significant improvement in morbidity or mortality it was natural to turn to modifying the coagulant response in an attempt to influence the outcome.  Key clinical trials which investigate anticoagulants in an attempt to improve outcomes in septic patients will be reviewed in the following sections. 
Anticoagulant Effects on Severe Sepsis  
Antithrombin

AT is an endogenous anticoagulant synthetized by the liver.  As its name implies, AT inhibits thrombin as well as factors Xa, IXa, VIIa, XIa, and XIIa.  In addition to its anticoagulant effect, AT also has an anti-inflammatory effect at high serum levels .  AT binds to glycosaminoglycans on the endothelial cell surface and enhances the microvascular production of prostacyclin I2, a potent vasodilator and inhibitor of platelet function.[
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] 
AT levels are decreased in patients with severe sepsis, and this is associated with a worse prognosis.  Several small studies initially suggested that AT administration could have a beneficial effect on organ function and survival in patients with severe sepsis.  AT was subsequently studied in the phase 3 KyberSept trial.  This study was a large (n=2314) double blind, placebo controlled, multicenter trial, to determine if high dose AT would provide a survival advantage in patients with severe sepsis.[
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]  There was no significant effect on the overall mortality at 28 days, 38.9% in the AT group vs 38.7% in the placebo group.  However, these results may have been complicated as the concurrent use of low dose heparin for venous thromboembolism prophylaxis was allowed in this study.  (Table 1)
The simultaneous use of heparin competitively inhibits the binding of AT to other glycosaminoglycans and may have affected the efficacy of AT.  Also, AT must bind to glycosaminoglycans on endothelial surfaces to promote local anticoagulant and anti-inflammatory activity.16   In the subgroup of patients who did not receive concomitant heparin during the treatment phase, the 28 day mortality was lower in the AT group (37.8%) than in the placebo group (43.6%) but this difference did not reach statistical significance (p=0.08).  This mortality trend, however, became significant after 90 days, 44.9% in the AT group vs 52.5% in the placebo group, suggesting that there might be a role for AT therapy in the absence of heparin. 
 The KyberSept trial examined the results of high dose AT on patient with severe sepsis irrespective of DIC status.  Kienast et al in a subsequent analysis evaluated patients in the Kybersept trial with DIC and noted an absolute reduction in 28 day mortality of 14.6% compared to placebo. (p=0.02), whereas no effect on 28 day mortality of patients without DIC was seen.[28]  A systematic review by Wiedermann suggested that the administration of AT to septic patients with DIC may increase overall survival.[
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29
]   AT is approved and is currently being used for the treatment of DIC (including sepsis related DIC) in Japan.  
Several studies from Japan have showed positive outcomes from AT use in severe sepsis. A recent small randomized controlled, multicenter trial by Gando et al, evaluated the efficacy of a supplemental dose of AT for septic patients with DIC.[30]   They enrolled septic patients with DIC and AT levels of 50-80% normal.  The patients were randomly assigned to receive supplemental doses of AT or placebo for 3 days.  They noted that AT treatment resulted in significantly decreased DIC scores and better recovery rates from DIC compared with a control group without an increased incidence of bleeding complications.  Tagami et al identified 9075 patients with severe pneumonia and sepsis related DIC in a nationwide Japanese database.[31]   Using propensity matching to account for confounding factors, they identified 2194 pairs of matched patients who did or did not receive AT treatment.  They noted a beneficial effect of AT on 28 day mortality (confidence interval 40.6% vs 44.2%) and adjusted odds ratio favoring AT use.   A prospective multicenter study from Japan compared 1500IU/day vs 3000 IU/day supplemental dose of AT in septic DIC patients.[ ADDIN EN.CITE 
32
]   It noted that the AT dose of 3000IU/day improved survival.  AT has been studied extensively and is widely used for the treatment of sepsis related DIC in Japan, however, it remains unavailable for the treatment of severe sepsis or sepsis related DIC in other countries.

Protein C

Protein C has multiple actions within both the coagulation and inflammation pathways.  Low levels of protein C are associated with a poor outcome in patients with severe sepsis, suggesting repletion of protein C may  benefit these  patients .  Protein C is converted by thrombin into activated protein C (APC) which is an endogenous anticoagulant that inhibits activated cofactors V and VIII, thereby reducing thrombin generation.  In addition to its ability to reduce thrombin generation, APC also has anti-inflammatory properties that are independent of its effect on thrombin generation.   
Numerous basic science research studies have demonstrated  potentially advantageous effects of APC.   Extracellular histones released in response to an inflammatory challenge contribute to endothelial dysfunction, organ failure and death during sepsis.  APC enhances histone degradation of histones,[


33

] which may account for the cytoprotective activities of APC which include anti-apoptotic activity, ant-inflammatory activity, and endothelial barrier stabilization.[34
}   Protein C levels are decreased in patients with sepsis and recovery of protein C levels is associated with improved survival. Thus it would seem logical to examine its efficacy as a therapeutic agent.
The Prospective Recombinant Human Activated Protein C Worldwide Evaluation in Severe Sepsis (PROWESS) trial evaluated the effects of recombinant APC (rhAPC) in patients with severe sepsis. [


35

]   This was the first phase 3 clinical trial to demonstrate improved survival in patients with severe sepsis.   PROWESS was a randomized, double blind placebo-controlled multicenter trial which was stopped early because of the improved survival observed in the treated group. The overall mortality rate was 30.8% in the placebo group and 24.7% in the APC group, a reduction of 6.1% (relative risk reduction of 19.4%). The survival benefit was greatest in the sickest patients, those with the most organ failures and highest APACHE II scores.   Patients with overt DIC had an absolute reduction in mortality from 40.3% to 30.5%, which is a relative risk reduction of 29.1%.[


36

]   The bleeding event rate was only 3.4%.  Subgroup analysis indicated that the mortality benefit was limited to patient with increased illness severity. Based on this study, recombinant human activated Protein C (rhAPC) was approved by the Food and Drug Administration in 2001 for the treatment of severe sepsis in patients with an APACHE II of 24 or greater, the median APACHE II score in the PROWESS study. 

A subsequent open label trial (ENHANCE) confirmed the mortality rate of approximately 25% in patients with severe sepsis but left open the question of whether rhAPC would be beneficial in less sick patients.[


37

]   The ADDRESS trial randomized 2640 patients with severe sepsis and a single organ failure or APACHE II <25 to either rhAPC or placebo.[


38

]   There was no difference in survival in these less severely ill patients, but the rate of serious bleeding with rhAPC was 2.4%, double that of the control patients.   A subsequent trial focusing on the severely ill patient with septic shock (PROWESS – SHOCK) failed to confirm the improved outcomes noted in the original PROWESS trial, and in 2011 rhAPC was withdrawn from the world market.


39

 

The mortality rates in the PROWESS-SHOCK trial were substantially lower the expected given the inclusion criteria of septic shock, 26.6% vs 24.2% in the APC and control groups respectively.  APC did not reduce mortality at 28 or 90 days, as compared with placebo, but was associated with increased bleeding risks in patients with severe sepsis and septic shock. [


39

]   A subsequent retrospective multicenter cohort study of patients with septic shock, early use of APC was associated with 6.1% absolute reduction in 30 day mortality[


40

]   Another meta-analysis by Kalil et al, noted a significant reduction in hospital mortality (18%), and increased bleeding rate (5.4%) with the real life use of APC compared with controls.[


41

]   
Although rhAPC is no longer accessible, plasma derived APC is available in Japan.  A randomized double blind trial compared the efficacy and safety of plasma derived APC with unfractionated heparin in the treatment of DIC by a Japanese group.[


42

]    No significant difference in the rate of complete recovery from DIC was seen  between the 2 groups.  The rate of death from any cause within 28 days after treatment was 20.4% in the APC group, significantly lower than the 40% death rate observed in the heparin group (p<0.05).   There were no severe adverse events in either group.  These findings suggests that plasma derived APC as  a remarkably reduced dose compared to rhAPC  can improve DIC, without increasing bleeding and its effects should be evaluated in future trials.

Thrombomodulin
TM is an endogenous anticoagulant located on the surface of the endothelial cell that acts by inhibiting thrombin mediated clot formation and enhancing protein C activation at the site of clotting. In addition to its anticoagulant activity, TM also has anti-inflammatory properties, including interfering with the activation of complement and inactivating high-mobility group protein B1, a mediator associated with mortality in late sepsis.[


43

]   TM expression on the endothelial surface is down regulated in patients with sepsis and may contribute to the development of DIC.  Replacement of TM, therefore,  may offer therapeutic value.[44
]   
Saito et al, evaluated the efficacy of recombinant TM in treating DIC in a randomized, multicenter, double blind controlled trial.  Recombinant TM or unfractionated heparin was administered to patients with DIC due to either malignancy or sepsis and resolution of DIC was assessed after 7 days.[


45

]   DIC resolved in 66.1% of the group that received  recombinant TM, as compared with 49.9% of the heparin groups, respectively (p<0.05).   The incidence of bleeding related adverse events was lower in the recombinant TM group 43.1% as compared to 56.5% in the heparin group.  Based on this study, recombinant TM was approved for the treatment of DIC in Japan in 2008.  
Subsequently a phase 2 trial evaluated the safety and efficacy of TM in patient with sepsis and DIC.[


46

]  In this trial, DIC was diagnosed by a modified scoring system based on the platelet counts and prothrombin time and international normalized ratio (INR).   Patients (371) randomized to TM and  patients (370) who received placebo were similar at baseline.   Twenty eight day mortality was 17.8% in the TM group and 21.6% in the placebo group. There were no significant differences between the two groups in organ dysfunction, inflammatory markers, bleeding  thrombotic events or in the development of new infections during the study.   In a post hoc analysis, the greatest benefit from TM was seen in patients with at least one organ dysfunction and an INR of greater than 1.4 at baseline.   Based on the results of this encouraging study, a phase 3 trial of recombinant thrombomodulin in patients with sepsis induced DIC and either shock or acute respiratory failure is currently in progress.

Heparin

Heparin is a sulfated polysaccharide with a heterogeneous structure and complex polymerization (MW, 3 57 kDa).   Heparin binds to AT, causing a conformational change that increases the flexibility of the reactive site loop, activating AT.  The activated AT then inactivates thrombin and other proteases, including factor Xa. Heparin also binds platelets to inhibit platelet aggregation, resulting in a strong anticoagulant effect.  Heparin at high concentrations prevents histone interactions with platelets, which is a possible therapeutic target to modulate inflammation in severe sepsis . .  Fuchs et al, noted that heparin is highly sulfated and rich in negative charges, and electrostatic interactions with histones, are responsible for its  histone-neutralizing effects, which suggests heparin could prevent cytotoxicity and collateral organ damage from histones.[47
] 
Interest in heparin as a therapeutic agent in sepsis was spurred by the observation of Davidson et al, that the use of low dose prophylactic heparin in the placebo arms of Kybersept (phase 3 AT trial) and PROWESS (phase 3 rhAPC trial) was associated with a trend for reduced mortality which was not statistically significant.   Heparin use was not randomized in either study and a subsequent study designed to show the safety of concomitant heparin and rhAPC use observed neither benefit nor an increase in bleeding risk.   A subsequent retrospective study of 695 propensity matched pairs of patients with septic shock who did or did not receive high dose therapeutic heparin therapy suggested potential reduction in morbidity and mortality with heparin.  In the prospective randomized double blind HETRASE Study, 319 patients were randomized to intravenous heparin or placebo.  Heparin treatment was safe as there was no increased risk of bleeding.   However, there was no significant difference in the primary endpoint, length of hospital stay.   Moreover, the heparin treated patients failed to demonstrate a more rapid improvement in organ failure score or increase in survival. [48
]   Thus, while heparin is readily available, inexpensive, and widely used for DVT prophylaxis in septic patients, its role in the treatment of sepsis remains undetermined. 

Tissue Factor Pathway Inhibitor 
Tissue factor is the major initiator of the blood coagulation process during sepsis and TFPI, an endogenous serine protease inhibitor which is synthetized and secreted by endothelial cells, acts to inhibit both the factor VIIa/tissue factor catalytic complex in a Xa dependent fashion as well as factor Xa directly. [49
]   TFPI may also play a role in maintaining endothelial cell integrity. [50
]
The initial trial results of recombinant TFPI (rTFPI) administration to patients with severe sepsis were encouraging.   A multicenter, randomized placebo controlled, single-blind, dose escalation study enrolled 210 patients who received a continuous infusion of either placebo or rTFPI (dose 0.025 or 0.05mg/kg/hr.) for 4 days.   Although the trial was not powered to evaluate mortality, this study noted a trend toward reduction in 28 day all-cause mortality as well as improvement in pulmonary organ dysfunction in the rTFPI group as compared with placebo.  Logistic regression modeling suggested a more apparent coagulopathy, manifested by a higher baseline (INR), was associated with more pronounced beneficial TFPI effect. [


51

]  

Subsequently Abraham et al, examined this concept in a phase 3 randomized, double blind, placebo controlled, multicenter trial which enrolled 1754 patients with severe sepsis and high INR (>1.2) who were randomly assigned to receive either rTFPI (tifacogin) or placebo.  In addition, 201 patients with a low INR (<1.2) were randomized to receive either rTFPI or placebo.  Tifacogin was effective in reducing markers of thrombin activation, but had no effect on 28 day mortality (34.2 % with tifacogin vs 33.9% with placebo, p=0.88).  Tifacogin administration was associated with an increase in risk of bleeding, irrespective of baseline INR.[
 ADDIN EN.CITE 
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]  The most common site of infection in this study was community acquired pneumonia.   A post hoc analysis suggested patients, who did not receive concomitant heparin, appeared to benefit from treatment with tifacogin.   This led to a large phase 3 trial of rTFPI in patients with severe sepsis from community acquired pneumonia.
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    Again, rTFPI treated patients demonstrated a greater reduction in markers of thrombin activity, but no improvement in mortality was noted.
SUMMARY

Inflammation and coagulation are tightly linked with each pathway capable of initiating and amplifying the activity of the other.  Full blown expression of the coagulation pathway in the septic patient leads to overt DIC, overt but some degree of coagulation activation is apparent in virtually all patients with severe sepsis.  Increasing coagulopathy is associated with the development of organ failures and increased mortality. [
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]  Simultaneous with the development of the coagulopathy there is a fall in the levels of endogenous anticoagulants including APC, AT, and TFPI as a consequence of both increased consumption and impaired production.  Survivors of severe sepsis have more rapid return of this endogenous anticoagulant to normal levels.  Because these endogenous anticoagulants appear to have anti-inflammatory activity independent of their ability to inhibit thrombin generation, they were administered to patients with severe sepsis in an attempt to improve outcomes.  One trial of rhAPC showed an improvement in the survival of the sickest patients, but this benefit could not be replicated in subsequent studies.   Phase 3 studies of AT and TFPI failed to demonstrate a clear benefit while a Phase 3 trial of TM is still in progress.   Anticoagulant therapy in a patient with an underlying coagulopathy increases the risk of bleeding, which may obscure any potential benefit.   At this time future trials of anticoagulant therapy for sepsis should focus on the most severely ill patients with the highest expected mortality, as this is the group in which benefit is most likely to be demonstrated.  Until they can be shown to reduce morbidity and mortality, andticoagulants should not be used for the treatment of severe sepsis.
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Figure 1 
Pathogenesis of Disseminated Intravascular Coagulation in Sepsis10

Through the generation of proinflammatory cytokines and the activation of monocytes, bacteria cause the up-regulation of tissue factor as well as the release of microparticles expressing tissue factor, thus leading to the activation of coagulation.  Proinflammatory cytokines also cause the activation of endothelial cells, a process that impairs anti-coagulant mechanisms and down regulates fibrinolysis by generating increased amounts of plasminogen activator inhibitor. 
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	Year
	Inclusion criteria
	N
	Design
	Therapy
	Primary Outcome
	Treatment
	Control
	p value

	AT
	
	
	
	
	
	
	
	
	

	Warren et al, (Kybersept)


27


	2001
	Severe sepsis
	2314
	Phase 3 RCT*
	AT 30000 IU x 96 hours or placebo
	Mortality
	450/115 (38.9%)
	446/1157 (38.7%)
	0.94

	Gando et al30

	2013
	Sepsis
	60
	Prospective randomized
	AT 30IU/ kg x 72 hours or placebo
	DIC Recovery (%) on day 3
	16/30 (53.3%)
	6/30 (20%)
	0.015

	Tagami et al31

	2014
	Sepsis-associated DIC in severe pneumonia
	4388
	Retrospective, propensity matched
	AT 1500 IU/day
	Mortality
	890/2194 (40.6%)
	270/2194 (44.2%)
	0.02

	rAPC
	
	
	
	
	
	
	
	
	

	Bernard et al 
(Prowess trial)


35


	2001
	Severe sepsis
	1690
	Phase 3 RCT
	APC 24 µg/kg/h X 96 hours or placebo
	Mortality
	210/850 (24.7%)
	259/840 (30.8%)
	0.005

	Vincent et al 
(Enhance trial)


37


	2005
	Severe Sepsis
	2378
	Prospective single arm multicenter
	APC 24 µg/kg/h X 96 hours
	Mortality
	25.30%
	NA
	NA

	Abraham et al
 (Address trial)


38


	
	Severe Sepsis with APACHE<25
	2613
	Phase 3 RCT
	APC 24 µg/kg/h X 96 hours or placebo
	Mortality
	243/1316 (18.5%)
	220/1297 (17%)
	0.34

	Ranieri et al 
(Prowess shock)


39


	2012
	Septic shock
	1680
	Phase 3 RCT
	APC 24 µg/kg/h X 96 hours or placebo
	Mortality
	223/846 (26.4%)
	202/834 (24.2%)
	0.31

	Rimmer et al


40


	2012
	Severe sepsis with septic shock
	933
	Retrospective, 2:1 propensity matched
	APC 24 µg/kg/h X 96 hours
	Mortality
	180/311 (34.7%)
	254/622 (40.8%)
	0.05

	THROMBOMODULIN
	
	
	
	
	
	
	
	
	

	Saito et al


45


	2007
	DIC associated with hematologic malignancy or infection
	234
	Phase 3 RCT
	Thrombomodulin 0.06 mg/kg x 6 days or Heparin 8 U/kg/h x 6 days
	DIC Recovery (%) on day 7
	74/112 (66.1%) (Thrombomodulin)
	56 (49.9%) (Heparin)
	0.027

	Vincent et al


46


	2013
	Sepsis with DIC
	741
	Phase 2 RCT
	Thrombomodulin 0.06 mg/kg x 6 days or placebo
	Mortality
	66/371 (17.8%)
	80/370 (21.6%)
	0.273

	HEPARIN
	
	
	
	
	
	
	
	
	

	Jaimes at al
 (HETRASE Study)48

	2009
	Sepsis
	317
	RCT
	Heparin 500 U/hours x 7 days or placebo
	LOS+ 
	12 days
(median)
	12.5 days

(median) 
	0.976

	rTFPI
	
	
	
	
	
	
	
	
	

	Abraham et al


51


	2001
	Severe sepsis
	210
	Phase 2 RCT 
	rTFPI 0.025 or 0.05 mg/kg/h x 96 hours or placebo
	Mortality
	43/141 (30%)
	26/69 (38%)
	0.3

	Abraham et al (OPTIMIST trial)


52


	2003
	Severe sepsis
	1754
	Phase 3 RCT
	rTFPI 0.025 mg/kg/h x 96 hours or placebo
	Mortality
	301/880 (34.2%)
	296/874 (33.9%)
	0.88

	Wunderink et al (CAPTIVATE Trial)


54


	2011
	Severe sepsis with community acquired pneumonia
	2102
	Phase 3 RCT
	rTFPI 0.025mg/kg/h X 96 hours or placebo
	Severity adjusted 28 day mortality
	185/955 (19.4%)
	178/914 (19.5%)
	0.56

	*RCT – randomized controlled trial 

+LOS- length of stay 
	
	
	
	

	
	
	
	
	


Table 1: Previous Trials of Anticoagulant Therapy in Severe Sepsis 
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