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In 1969, Dr. Oscar Ratnoff, a pioneer in delineating the mechanisms by which coagulation is activated and complement is regulated, wrote, “In the study of biological processes, the accumulation of information is often accelerated by a narrow point of view. The fastest way to investigate the body’s defenses against injury is to look individually at such isolated questions as how the blood clots or how complement works. We must constantly remind ourselves that such distinctions are man-made. In life, as in the legal cliché, the devices through which the body protects itself form a seamless web, unwrinkled by our artificialities.” Our aim in this review, is to highlight the critical molecular and cellular interactions between coagulation and complement, and how these two major component proteolytic pathways contribute to the seamless web of innate mechanisms that the body uses to protect itself from injury, invading pathogens and foreign surfaces.
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Introduction


Historical perspectives

While early sages, including Hippocrates and Aristotle recognized that blood clots rapidly after it leaves the body, it was not until at least the 16th and 17th centuries that scientists determined that clots formed in blood vessels following injury (1). William Hewson showed in the 1770s that blood coagulated and that the so-formed clot was not derived from the cells, but rather from the liquid portion of blood, i.e., the “coagulable lymph” or serum. Studies of the chemical basis for clotting were triggered in the 1870s with the discovery and purification of fibrinogen by the Swedish scientist Olof Hammarsten, and descriptions of prothrombin, “thrombokinase” and calcium as key participants. In 1905, a landmark “classic theory of coagulation” was described by the German physician Paul Morawitz (2), in which coagulation was proposed to occur in two stages, with thrombin generation and fibrinogen coagulation. Thus, the foundation for today’s much more intricate step-wise paradigm was established.

In parallel to this blood clotting system work, in 1888, the American-British bacteriologist, George Nuttall reported that sheep blood was bacteridical for anthrax bacilli. This effect was later shown to be negated by preheating the blood to 55°C (3). Thereafter, the German bacteriologist, Hans Buchner named this bactericidal factor “alexine” from the Greek, loosely translated as “protective stuff” (4). Further study by the Belgian scientist, Jules Bordet, determined that the in vivo activity of this serum-based, heat-labile alexine was partly dependent on the presence of other heat stable factors. These findings aligned with those of German physician-scientist Nobel laureate, Paul Ehrlich, who had introduced the concept of humoral immunity, and proposed that alexine was indeed complementary to the action of antibodies. And so, in 1899, the term “complement” was coined, relegating alexine to its ancient Greek origins (5).

During the first 30-40 years of the 20th century, there was frenzied activity in both coagulation and complement, with scientists studying these complex systems distinctly, with the goal of establishing mechanistic clarity. Interestingly, in the 1920s and 1930s, Jules Bordet and others published papers claiming that complement and coagulation were related, and indeed, that prothrombin was the “midpiece of complement” (6). This notion was discarded by most, including in 1935 by the famed American chemist, Armand Quick, who made numerous contributions to coagulation, including the prothrombin time test (1).

By the 1930s, a “classical pathway” of the sequential activation of four serum complement fractions C1-C4-C2-C3, had been characterized, triggered by infection-specific immune reactants. This remained the only recognized complement activation pathway until the late 1950s (7), when Louis Pillemer, at Western Reserve University, introduced the notion of an “alternative pathway” with his discovery of properdin (8, 9). The relevance of this alternative pathway is now acknowledged for its central importance in health and disease.

Similarly rapid advances in understanding coagulation and clot dissolution (i.e., fibrinolysis) were made in the mid-1900s, as the conversion of prothrombin to thrombin had been characterized, and factor (F) V to FXIII, to varying extents, were identified, often discovered by analysis of patients with inherited deficiencies and consequent bleeding disorders (1). With the introduction in the 1960s of more powerful protein purification and analytical technologies, and the ability to generate specific polyclonal antibodies, many more components and fragments of the coagulation and complement systems were characterized (10). Interestingly, many of these discoveries in complement and coagulation occurred simultaneously - not infrequently in adjacent laboratories. Indeed, Louis Pillemer and Oscar Ratnoff were colleagues at Western Reserve University and famously collaborated on multiple works that bridged these disciplines (11) and led to the wisdom that our “body protects itself [by] a seamless web, unwrinkled by our artificialities” (12).

Over the past several decades, it has become widely accepted that complement and coagulation must be viewed as inextricably intertwined. The biochemical pathways intersect and impact the other’s endpoints. The cells and molecular pathways with which each communicates are shared. The finely tune balance of initiating factors, and the site and timing of activation, amplification and resolution of coagulation and complement are most often overlapping, and most certainly coordinated via complex feedback mechanisms. Most notably, genetic studies in conjunction with sensitive biochemical assays and an improved understanding of the interplay between these pathways and their common cellular and molecular partners, have revealed mutations in complement regulatory factors. These cause excess complement activation, resulting in feedback-mediated hyper-coagulation and hyper-inflammation, leading to tissue damage and organ failure. Thus, introduction of remarkably effective anti-complement drugs for paroxysmal nocturnal hemoglobinuria (PNH; see Table 1 for a list of abbreviations) and atypical hemolytic uremic syndrome (aHUS) (13, 14), two devastating complement-mediated thrombotic disorders, underlines the value of bringing these two biochemical proteolytic pathways together in the clinic.


Table 1 | Table of Abbreviations.



In spite of the tremendous increase in our understanding of the molecular mechanisms by which coagulation and complement pathways intersect, there is much more to be learned. In this report, we review some of the more recent and prominent discoveries of how these complex, primarily blood-borne proteolytic cascades, interact and indeed, how they interface with other critical pathways involved in innate defense. We begin with brief descriptions of each of the pathways (the reader is referred to other publications for in-depth reviews), and then highlight some of the key, potentially relevant cellular and molecular links that tie them into a cohesive, albeit complex unit. Throughout this discussion, we are reminded of Dr. Ratnoff’s caution (12), that the distinction of these pathways is man-made, based partly on the limitations of in vitro test-tube analyses; and in reality, complement and coagulation are just two of several interacting participants in a seamless web of innate pathways, designed to effectively and efficiently protect the host.




The coagulation system


Coagulation overview

Cardio-cerebrovascular diseases and thromboembolic disorders have been the leading causes of death globally for >100 years (15). The blood coagulation system has thus long been at the forefront of scientific study [for reviews (16–19)]. The system features a series of reactions in which a specific injury or stimulus triggers a cascade of limited proteolysis, whereby inactive proteins (zymogens) are converted sequentially to their respective proteases, amplified at each step to ultimately generate a fibrin clot (1, 20). Coagulation-related protease systems are tightly regulated and delicately balanced to maintain vascular homeostasis under a wide range of pathophysiologic stimuli (21). Thus, while the system is continuously active, sequential proteolysis of zymogen to active protease, and protease activity on respective substrates are held in check at each step under healthy conditions, by an array of natural anticoagulant mechanisms (22), disruption of which results in a thrombotic diathesis. These coagulation protease components and regulators not only modulate the hemostatic-thrombotic response, but also participate in other fundamental biologic processes including innate and adaptive immunity, inflammation, cell proliferation, wound healing, and cancer. It follows that dysregulation of the coagulation system may have far-reaching effects.



Coagulation initiation: Platelets, anionic phospholipid and tissue factor

Blood coagulation is initiated at sites where the vascular endothelial cell monolayer is damaged. This exposes the subendothelial stratum which contains molecules, such as collagen and von Willebrand Factor (VWF), to plasma and circulating platelets which adhere, activate and aggregate (23), thereby forming the primary vascular seal. Clot formation stabilizes the platelet plug, which alone is insufficient to withstand the shear forces of blood flow. The platelet response to vascular damage, features regulated flipping of anionic phospholipids (aPL: e.g. phosphatidylserine) from the inner to the outer cell membrane bilayer leaflet (19, 24) and the release of granule contents (25), both of which are relevant to the initiation and amplification of coagulation. Platelets release important hemostatic constituents into the circulation from α- and dense-granules (26), including, for example, platelet activating factor, platelet factor 4 (PF4), P-selectin, adenosine diphosphate and polyphosphate. These elicit local cell stimulatory effects, recruit and activate neutrophils and monocytes, and may promote further accessibility of aPL, an essential cofactor for assembly of all coagulation cofactor/enzyme protein complexes.

The essential physiologic trigger of coagulation is the transbilayer receptor, tissue factor (TF). Normally present throughout the vasculature in a subendothelial pool, TF becomes available, i.e., it is decrypted and activated, upon vascular damage (27, 28) (Figure 1). Binding of the zymogen, factor (F)VII to TF, drives a conformational transition that enables autoproteolytic activation to FVIIa (29). TF then accelerates FVIIa-mediated activation of FX by ~100,000-fold (30, 31) to form the first FXa molecules. TF/FVIIa constitutes the extrinsic tenase, which can also initiate activation of FIX (32) and FVIII (33). FIXa and FVIIIa are the protease and cofactor within the intrinsic tenase, respectively. Like all coagulation protease complexes, tenase assembly and function are Ca2+- and aPL-dependent. Thus, together, TF and aPL are integral for initiation and localization of the procoagulant response to vascular damage. Particularly relevant to our discussion, TF is also located on endothelial cells and activated leukocytes, thereby well-positioned for mediating critical roles not only within, but also beyond coagulation.




Figure 1 | Coagulation Unwebbed. Upon vascular damage, hemostatic coagulation is initiated by exposure of TF and assembly of the extrinsic tenase, leading to prothrombinase and ultimate thrombin (IIa) production, which is responsible for direct fibrin clot formation and feedback amplification involving the intrinsic tenase. The nascent TF/FVIIa/FXa complex and thrombin facilitate PAR-mediated cell modulation. FXIIIa crosslink-stabilizes the clot. Initiation and amplification of coagulation may be facilitated by the so-called intrinsic coagulation/contact pathway. Clot degradation and solubilization is facilitated by the fibrinolysis pathway through tPA-mediated plasminogen (Pg) activation to plasmin (Pn), which can be enabled by kallikrein (PKa).





Feedback amplification by thrombin

Upon generation of sufficient FXa to overcome endogenous circulating anticoagulants, such as tissue factor pathway inhibitor (TFPI) (34) or antithrombin (AT) (35), FXa then activates its cofactor, FV to FVa (36) (Figure 1). Assembly of the Ca2+-dependent FVa/FXa prothrombinase complex on an aPL-containing membrane results in cleavage of prothrombin to generate the potent serine protease thrombin (37) which in turn triggers polymerization of soluble fibrinogen by proteolytic conversion to fibrin cross-linked by thrombin-activated FXIII to yield a stable clot.

Thrombin recognizes several protein substrates that contribute to its own generation and explosive feedback amplification (16). Thus, it activates FV and FVIII, and converts FXI to FXIa, the latter which contributes to generating the intrinsic tenase activity by further activating FIX. Combined with the newly available FVa, up-regulated FVIIIa/FIXa tenase activity tremendously augments downstream prothrombinase assembly and the ensuing production of thrombin.

Small amounts of TF-triggered coagulation proteases, including thrombin and FXa, also elicit a wide range of thromboinflammatory effects on neighbouring platelets, neutrophils and endothelial cells via direct activation of cell surface expressed PARs (38) (Figure 1). These are a group of four homologous receptors (PAR1-4) that are expressed on numerous cell types (39). PAR1 is the high affinity receptor for thrombin (40, 41), but may be cleaved by several proteases. PAR2 is expressed on leukocytes and endothelial cells, and rather than thrombin, is activated by FXa, particularly in the context of the TF/FVIIa/FXa complex. Through its direct cell agonist effects on PAR2 and indirect effects on PAR1 via thrombin generation, TF is therefore well integrated in the thromboinflammation web, with key roles in bridging coagulation, complement and inflammation (42).



Fibrinolysis: Plasmin-mediated clot dissolution and cell modulation

Once the fibrin/platelet clot has sealed the damaged vasculature, fibrinolysis is initiated to restore normal blood flow and effect healing by assembly of the protease/substrate tissue-type plasminogen activator (tPA)/plasminogen (Pg) complex, directly on the remaining fibrin (Figure 1). Fibrin serves to localize and orient the enzyme/substrate complex for efficient proteolysis of the zymogen Pg, to its respective serine protease, plasmin. With generation and activity of plasmin tightly regulated by plasminogen activator inhibitor (PAI)-1 and alpha-2-antiplasmin, plasmin can effectively solubilize the clot and trigger cellular events that facilitate healing. Indeed, the substrate specificity of plasmin is broad (43). For example, like thrombin, plasmin cleaves PAR1, and thus participates in platelet activation (44), macrophage release of proinflammatory cytokines (45) and expression of TF (46) on monocytes. Plasmin can also activate PAR2, thereby modulating endothelial function (47). Finally, plasmin activates several matrix metalloproteases (48–50), which in turn, may impact on inflammation, hemostasis and tissue remodeling (51). Not surprisingly, plasmin has direct effects on complement activation, which will be further discussed below.




The complement system


Complement overview

A major blood-based proteolytic system, complement is orchestrated to innately respond as a first-line protector of the host from invading pathogens and damaged cells (52, 53). Like coagulation, the complement system is delicately balanced, tightly regulated and highly versatile, integrated with other innate and adaptive response systems, and linked to physiologic systems that prevent bleeding, and effect cell proliferation, tissue regeneration and healing (54). Mechanisms of generation and regulation of key proteolytic enzymes in complement versus coagulation, while similarly dependent on key ions and surface interactions, are distinct. Under healthy conditions, the complement system functions in a low activity-level surveillance mode. Like coagulation, it rapidly escalates to address the insult, in a highly localized and temporal manner. Thus, when danger signals to the host have been sufficiently averted, complement system activity defervesces, leaving biologically active proteolytic by-products that participate in recruiting inflammatory cells and adaptive immune responses, to ensure healing and a return to homeostasis.



Converging three complement initiating pathways

Complement initiation is traditionally viewed as proceeding via three pathways – classical (CP), lectin (LP) and alternative (AP) - all converging with the formation of C3 convertases that proteolyse C3 into cofactor, C3b, with release of the anaphylatoxin, C3a (Figure 2). Initiation of complement via the CP and the LP requires that complement components participate as pathogen recognition molecules (PRM) by direct or antibody-facilitated detection of a wide range of pathogen and damage/danger associated molecular patterns (PAMPs and DAMPs) perceived as being foreign. These include, for example, DNA, RNA, modified lipids, oligosaccharides, histones, heat shock proteins, formyl peptides, plasma membrane constituents, and/or extracellular matrix proteins (55), any of which may be exposed/released upon pathogen invasion and/or with cellular damage.




Figure 2 | Complement Unwebbed. The LP and CP are initiated by contact with a foreign particle or damaged cells, whereupon C4b is surface-deposited in complex with C2b, forming the LP/CP C3 convertase. The AP is continuously surveying the circulation for foreign bodies by spontaneous thio-ester hydrolysis and possible formation of a highly unstable fluid-phase C3 convertase. Either the LP/CP or AP C3 convertase may result in deposition of surface C3b and generation of respective C5 convertases. C5b production triggers the assembly of the lytic membrane attack complex by the addition of C6, C7, C8 and multiple C9 molecules. Surface-bound C4b and C3b are opsonic, as are degradation fragments of C3b (not depicted), which associate with complement receptors (CR1,3,4). C3a and C5a are anaphylactic, associating with C3aR and C5aR, respectively.



The initiator of CP activation is C1q, a multivalent PRM that continuously surveys blood in complex with a tetramer of the zymogen forms of the serine proteases C1r and C1s (C1qr2s2). With an infection or injury, C1q activity is triggered by the Fc regions of specific “complement-fixing” antibodies that are bound to neo-antigens and/or microbial surfaces (Figure 2). C1q can also recognize other targets, including C-reactive protein, modified lipids and carbohydrates. With binding of C1q to its target, the zymogen C1r undergoes a Ca2+-dependent conformational change to a serine protease (56), which in turn, cleaves/activates its neighbouring zymogen, C1s, to its serine protease form (57). C1s proteolyses C4 to generate two fragments: C4a is a weak anaphylatoxin, while C4b contains a reactive thioester, allowing it to covalently bind to the surfaces of nearby damaged cells/pathogens. The immobilized C4b provides a binding site for C2, which is subsequently cleaved by C1s into C2b and C2a. While C2a is liberated in a soluble form, C2b complexes with the cofactor C4b, yielding the CP C3 convertase, C4b/2b, which proteolytically catalyzes the generation of C3b and C3a from C3, thus propagating complement.

The LP follows a similar course as the CP to generate C4b/2b (58), but the triggering events are distinct. LP PRMs comprise mannose binding lectin (MBL), ficolins or collectin-11, which may individually circulate in complex with MBL-associated zymogens of serine proteases (MASP), MASP1/MASP3 and MASP2. These multi-molecular complexes specifically bind to sugars or N-acetylated groups on micro-organisms. MASP1 then autoactivates in a Ca2+-dependent manner, allowing it to cleave C2 and MASP2. MASP2 also autoactivates and cleaves both C2 and C4, resulting in the formation of the C4b/2b LP C3 convertase, which is identical to the CP C3 convertase (59).

While the CP and LP apparently require an “on” signal, the AP has historically been viewed as being constitutively active (Figure 2). This is analogous to the coagulation system, which is also in a continuous “ready” state, always minimally generating low levels of FVIIa and thrombin. In the AP of complement, this is reportedly achieved via the so-called “tick-over” mechanism to describe spontaneous thioester hydrolysis that circulating C3 undergoes, transforming it into C3(H2O) (60). In more recent studies, this theory has been adapted/questioned with the suggestion that AP activation of C3 to C3(H2O) may require contact - or at least may be initiated and accelerated by contact - with one or more biological or artificial surfaces, such as lipids/lipid complexes, gas interfaces or biomaterials (61, 62). A continuous source of C3(H2O) in the plasma may also be activated platelets (Figure 3) which transform C3 to C3(H2O) and stabilize other AP convertases (61, 63). Regardless of the mode, once it is generated, C3(H2O) exposes a Mg2+-dependent binding site for circulating zymogen factor B (FB) (64). Factor D (FD) [also known as adipsin (65)], a low abundance serine protease in serum that is secreted as a pro-enzyme by adipocytes, endothelial cells and monocytes (65, 66), may proteolyse its only known substrate, FB, in complex with C3(H2O), liberating a soluble activation fragment Ba, and a larger Bb fragment. FD is activated by MASP1 and/or MASP3 (67–69), and interestingly, also possibly by thrombin (68, 69), thereby establishing a direct connection between the LP and the AP, as well as the coagulation system. The FD-generated Bb contains an active serine protease domain and remains bound to C3(H2O), stabilized by properdin (70, 71), yielding C3(H2O)/Bb, a short-lived relatively unstable fluid-phase C3 convertase, that can cleave C3 to C3a and C3b. The reactive thioester exposed by C3b allows covalent deposition onto an amine or hydroxyl group on a nearby surface. In the absence of potent negative regulators, including for example, factor H (FH), CR1 and CD55, circulating FB binds to the immobilized C3b, and following FD cleavage of FB, results in the assembly of C3b/Bb, the AP C3 convertase that can be stabilized by properdin (70), followed by subsequent downstream complement activation.




Figure 3 | The NETosis-Coagulation-Complement Web. Neutrophils release NETs after binding of foreign particles to pathogen recognition receptors (PRR), engagement of complement anaphylatoxic or opsonic species, or association of P-selectin on activated platelets with P-selectin glycoprotein 1 (PSGL1). Stimulated neutrophils release numerous bioeffectors including neutrophil elastase, cathepsin G, myeloperoxidase and reactive oxygen species, which may affect production of coagulation and complement bioeffectors directly or indirectly through cell modulation. Release of DNA-based NETs from neutrophils, provides a complex matrix for interactions with stimulated platelets and localizes TF activity, possibly by trapping extracellular vesicles. Both coagulation and complement pathways are further propagated by direct protein factor association with NETs through the contact and alternative pathways, respectively. Multistep crosstalk between these pathways results in further generation of thrombin, C3a and C5a with potential for biological consequence. Histones, H3 and H4, are major protein constituents of NETs and enhance coagulation and complement by inhibiting the regulators, antithrombin (AT) and thrombomodulin (TM), and stabilize the clot by attenuating tPA-mediated fibrinolysis. The activated platelet surface is typically regarded as procoagulant because it provides anionic phospholipid (purple polar head groups), but platelet-bound P-selectin and properdin (P) also stabilize AP C3 convertase assembly via association with C3b and C3(H2O), respectively. The platelet surface may also associate directly with C3(H20) toward complement activation.





Complement amplification: C3b generation

The generation of C3b by cell-bound C4b/2b or C3b/Bb C3 convertases, converges the 3 initiating branches of complement (Figure 2). At this point, AP-mediated amplification may occur as more C3b is locally deposited, and more C3b/Bb complex is rapidly formed. This represents an unstable and transient non-covalent assembly, with ensuing rapid decay that is normally accelerated by control proteins, such as FH and CD55. However, unchecked by reduced functional expression of one or more of these negative regulators, the additional C3b molecules bind to the C3 convertases to form respectively, the CP/LP and AP C5 convertases, C4b/2b/C3b and C3b/Bb/C3b, resulting in a shift in substrate specificity favoring cleavage of C5 over C3. Further amplification is facilitated by a complex between C2b and a covalent C4b dimer, likely produced at low-levels, but uniquely not involving the participation of C3b or C3(H2O) in the enzymatic complex to yield C3 and C5 convertase activity (72).



The terminal pathway and the membrane attack complex

C5 convertases cleave C5 into C5b, liberating the potent biologically active anaphylatoxin, C5a (Figure 2). Generation of C5b marks the start of the terminal pathway, which spontaneously proceeds in an ion-independent manner, with rapid formation of a stable C5b,6 complex. Subsequent binding of C7 yielding the C5b-7 complex, provides first attachment of the complex to the outer leaflet of a target membrane. Addition of C8 and polymerization of ~18 C9 monomers, completes assembly of the C5b-9 pore-like, lytic membrane attack complex (MAC).



Bioactive complement activation products: ‘Small but mighty’ fragments

In the course of complement activation and regulation, several proteolytic by-products are generated, most of which are biologically relevant, not only for assembly of the convertases, but also in mediating further activation/amplification of complement, recruiting inflammatory cells and adaptive immunity via opsonization (e.g., C3- and C4-derived fragments: C3b, iC3b, C3c, C3d/g, iC4b, C4d) and triggering effects on other biological systems (e.g., anaphylatoxins C5a, C3a, C4a), including coagulation. Indeed, C3a and C5a interact with their cognate G-coupled receptors (C3aR for C3a; C5aR and C5L2 for C5a), thereby mediating diverse activities that are context-dependent, modulated by expression levels of their receptors, and local factors that control their clearance. These small but mighty fragments have profound cell modulatory effects on the immune system that, as will be discussed, spill-over into diverse responses in coagulation and beyond (73–76).




Complement and coagulation and the seamless web


Neutrophils and neutrophil extracellular traps: the web’s NETs

In parallel with recruitment and adhesion of platelets and monocytes to damaged vascular endothelium at the outset of a localized infection and/or vascular inflammatory insult, neutrophils are early and key participants in thromboinflammation. Neutrophils innately respond to many stimuli, including PAMPs, DAMPs, N-formyl peptides, as well as - importantly - complement-generated anaphylatoxins C3a and C5a (Figure 3). Neutrophils are short-lived effector cells that are phagocytic, and can release multiple proteolytic enzymes (e.g., elastase, myeloperoxidase, metalloproteases, cathepsins), reactive oxygen species, cytokines and chemokines, and PF4. These may impact profoundly on thromboinflammation, for example, by further activating platelets, activating coagulation factors V, VIII and X, and complement component C5 through specific proteolysis, and inactivating natural anti-coagulant/anti-complement factors TFPI, thrombomodulin and AT (77). Stimulated neutrophils are consequently an important fulcrum for localized regulatory complement-coagulation mechanisms. It follows that major research efforts are being directed to better understand the molecules that effect neutrophil priming, activation and release. Among others, these include the C5a/C5aR axis and neutrophil chemokines such as CXCL8, neutrophil elastase and CXCR2 (78–80), some of which are being explored as therapeutic targets.

Activated neutrophils can also release neutrophil extracellular traps (NETs) (Figure 3), a process referred to as NETosis. NETs are web-like structures that are secreted during a specialized type of cell death where the cell remains intact and retains certain biological function (81, 82). NETs can also be released by activated eosinophils, basophils and monocytes. NETs trap and kill bacteria and invading pathogens, and provide a scaffold for aggregating platelets and red blood cells, contributing to thrombosis and thromboinflammation (83, 84). They are provoked by various stimuli, including bacteria and viruses, activated platelets, hypoxia, reactive oxygen species and cytokines (81, 85). Discharge of NETs by neutrophils can also be triggered by C3a and C5a via interactions with their receptors, C3aR and C5aR, respectively, by C5b-9 (see below), as well as following opsonization with C3b/iC3b (85–87). Interestingly, mice that are deficient in C3 or C3aR do not readily form NETs (87), emphasizing the link to complement. This is further evident in studies with COVID-19, where disease severity is tightly correlated with NETosis, reduced NET clearance, and augmented thrombin generation (88, 89). Release of TF positive NETs triggered by COVID-19 patient plasma is blocked by C5aR inhibitors (90) and pilot clinical studies with ant-C3 and anti-C5 agents suggest some protection against NETosis, inflammation and leukocytosis (91).

Since NETs comprise multiple constituents, including DNA, histones, various proteolytic enzymes, complement factors C3 and FB, lipids and other associated proteins (87, 92), they convey a myriad of properties that bridge coagulation and complement (Figure 3). The negatively charged NET components provide surfaces for activation of the contact pathway of coagulation, resulting in generation of FXIa, FXIIa and kallikrein (PKa) (93). NETs also release or expose functionally active TF and release TF positive extracellular vesicles that participate in the local amplification of thrombin generation. Histones H3 and H4 are major NET constituents. They act as DAMPs to activate complement, and to locally concentrate neutrophil elastase, cathepsin G, and myeloperoxidase (94), which themselves may activate complement. Histones also block the function of the serpin AT, promote autoactivation of prothrombin to thrombin (95), interfere with tPA-mediated plasmin generation (96), and bind to thrombomodulin and protein C to reduce thrombin-mediated generation of activated protein C (APC) (97). While APC normally digests histones, when NET-bound (98), the histones are resistant to degradation. It follows that NET-associated thrombi are more resistant to fibrinolysis (83, 99). Neutrophil-derived proteases and reactive oxygen species also exhibit pro-inflammatory and pro-coagulant properties, suppressing the functional expression of thrombomodulin (100), and inactivating natural inhibitors of the coagulation/complement systems, including TFPI (101). Overall, NETs underline the extensive interplay between coagulation and complement - truly major components in the seamless thromboinflammatory web.



Contact activation and the kallikrein-kinin system

Triggering thrombin generation, complement activation and inflammation, the so-called intrinsic blood coagulation system and kallikrein-kinin systems, herein collectively referred to as the contact system (CS) (18). The CS represents a critical nexus within the thromboinflammatory web that is intimately connected to complement and coagulation. The major components of this system are high molecular weight kininogen (HK), plasma prekallikrein (PK) and FXII, which also assemble on negatively charged surfaces (e.g., aPL) in an auto-activating complex to produce FXIa, and thus downstream generation of thrombin (Figure 1). Based on clinical evidence that deficiency of FXII is not associated with excess bleeding, this pathway was not considered relevant in hemostasis-thrombosis. However, within the past couple of decades, the pathophysiologic relevance of this pathway in coagulation has been revealed in pre/clinical trials demonstrating that targeting FXII by various means, protects from thromboembolic disease (102–104). Its additional central role in inflammatory disorders is evident by the association of excess FXII activity with the sometimes life-threatening inflammatory disorder, hereditary angioedema (HAE) (102, 105). Indeed, anti-FXIIa treatments are holding promise as prophylaxis against angioedema due to C1-INH deficiency (106).

FXII normally circulates in the blood as a single polypeptide zymogen, that constitutively expresses a low level of activity (107), catalyzing its autoactivation, and activation of PK and FXII when in contact with a negatively charged surface, such as damaged blood vessels, invading pathogens, DNA, RNA (108), neutrophil extracellular traps (NETs) (109), anionic polysaccharides, polyphosphate, and activated endothelial cells and platelets (110, 111). FXIIa is then able to recruit HK bound to PK, leading to local cleavage of PK to generate the plasma serine protease, plasma kallikrein (PKa) (105). This in turn feeds back to generate more FXIIa and PKa. With sufficient FXIIa, FXI is activated, triggering thrombin generation and ultimately fibrin formation. Occurring at the initial site of vascular injury, FXIa is considered a supplementary source of thrombin generation. In that regard, the efficacy of FXII and FXI inhibitors, alone or in combination, to prevent thrombosis and inflammation are being explored by several groups (103, 112–114).

From within the HK/PKa/FXIIa complex, PKa proteolyses HK to form the pro-inflammatory, bradykinin (BK) (102), a nonapeptide that regulates vascular permeability and blood pressure (115). BK, tightly regulated by several peptidases (116) including, among others, carboxypeptidase B2 (CPB2) (117), also binds to G-protein coupled receptors on endothelial cells and activated leukocytes, stimulates nitric oxide and prostacyclin (PGI2) synthesis, and release of tPA from endothelial cells (118), which dampen coagulation, platelet activation and fibrin deposition. Exogenous tPA also increases PKa activity via a FXII-dependent manner, a notable observation that raises the consideration of inhibiting PKa during tPA-mediated thrombolysis in stroke to reduce brain hemorrhage and edema (119).

As noted previously, FXIIa also activates complement, cleaving C1r to trigger formation of the CP C3 convertase. Whether this pathway substantially contributes to complement activation in health and disease is unknown. More likely, particularly in C1-INH deficiency, heightened release of anaphylatoxins C3a and C5a could more readily be attributed to 1) excess PKa that can cleave C3 and FB, 2) lack of neutralization of C1r, C1s and MASPs, and 3) lack of inhibition of plasmin (116, 120).

Taken together, insights gained particularly from biochemical and genetic studies of the complex role of the CS in regulating coagulation, complement and inflammation, is uncovering exciting potential therapeutic targets, including for example, FXII/FXIIa, FXI/FXIa, BK, BK receptors, HK, PK, PKa, C1-INH, and gC1qR, for a wide range of thromboinflammatory disorders.



Complement activation fragments, big and small


Terminal pathway complexes promote coagulation

Several observational studies have revealed that complement components, including C3, C4, C5a and FB are often found in thrombi (121) where they may initiate and sustain inflammation (122). C3 enhances clot stability and increases clot resistance to fibrinolysis by binding directly to fibrin, findings consistent with the prolonged bleeding time and delayed thrombosis post-injury in mice lacking C3 (123). Remarkably, few studies have further explored the molecular mechanisms by which these complement factors alter fibrin clot structure. There has been, however, considerable focus on the pore-forming C5b-9 MAC.

With MAC assembly, the membrane integrity of the unwanted cell or microorganism can be disrupted, thereby ensuring its destruction and elimination. Not surprisingly, altering the configuration and structure of membrane components, engages other biological systems, including coagulation. Platelets, endothelial cells and leukocytes are well-positioned to participate in complement activation, and indeed to be targeted as innocent bystanders, for destruction. Indeed, these cells are particularly sensitive to sublytic concentrations of C5b-9 (sC5b-9), which induces transbilayer flipping of aPL that can readily support coagulation activation through assembly of respective cofactor/enzyme complexes, and the ultimate generation of thrombin (124, 125). This occurs in concert with augmented secretion of VWF, P-selectin and pro-inflammatory cytokines, heightened expression of leukocyte adhesion molecules (126), and the release of microvesicles that are rich in C5b-9 and P-selectin, and complement inhibitors C1-INH, clusterin, CD55 and CD59 (127), as well as functionally active TF (128). C5b-9 has also recently been shown to directly trigger NETosis, that in turn induces neutrophil release of the pro-inflammatory cytokine, IL-17 (85). Most intriguing, these latter effects of C5b-9 were dampened by exosomes derived from mesenchymal stem cells in a CD59-dependent manner (85). The clinical relevance is being tested in pilot studies, as administration of mesenchymal stem cell exosomes that naturally accumulate abundant CD59 (an inhibitor of MAC formation), appears to dampen the inflammation associated with COVID-19 (129).

When combined with thrombin, the terminal pathway components result in enhanced activation and aggregation of platelets and the release of granules (130). This is similar to the apparent co-operativity of thrombin and C5 convertase in generating a more lytic MAC (C5bT-9) (131). In fact, even partial assembly to the point of C5b-7, by attaching to the outer leaflet of a target membrane, may be sufficient to trigger activation of TF on monocytic cells without inducing aPL exposure, but rather by promoting enzymatic decryption of TF via protein disulfide isomerase (132).

These prothrombotic, proinflammatory properties of the assembling complement terminal pathway components must be tightly regulated to prevent unwanted damage to healthy host cells. Indeed, there are several mechanisms: 1) Vitronectin binds to C5b-7, preventing it from binding to the outer membrane surface (133); 2) Clusterin interacts with C7, C8 and C9, diminishing the capacity of the C5b-9 complex to integrate into the membrane (134); 3) Polyphosphate binds to C6, destabilizing C5b,6, preventing C5b-8 and C5b-9 complexes from integrating into the membrane (135); and 4) On the cell surface, glycosylphosphatidylinositol (GPI)-linked CD59 binds to C8 and C9 and prevents C9 polymerization (136). Thus, MAC-triggered thrombo-inflammatory effects are coordinately dampened by shared regulatory pathways.



Anaphylatoxins delicately modulate coagulation

Activation of the complement system is accompanied by the liberation of potent anaphylatoxins, C3a and C5a (see Table 2 for a summary of C5a biological effects). These relatively small peptides do more than just recruit inflammatory cells to sites of injury and infection. Via their widely expressed cognate receptors, C3aR for C3a, and C5aR1 and C5L2 for C5a, they exhibit multiple biological functions, including the promotion of coagulation and inflammation (137, 138).


Table 2 | Activities of complement factor C5a that modulate thromboinflammation.



Circulating quiescent platelets can become sensitized to stimulation by either C3a or C5a by minimal pre-activation, such as by adhesion to the subendothelium following vascular damage (139). By engaging their receptors, C3a and C5a induce platelet activation and aggregation (73, 140), triggering the release of C1q, C3, C4 and C5b-9 (141), surface exposure of chondroitin sulfate A, and α-granule release and surface exposure of P-selectin and the globular head receptor for C1q (gC1q-R). P-selectin is a receptor for C3b, and thus provides a means for assembly of the AP C3 convertases, while C1q binding to gC1q-R triggers the CP. Engagement of C1q with gC1q-R also induces conformational changes in the integrin GpIIbIIIa that supports platelet adhesion and aggregation (142) and promotes further P-selectin release with recruitment of leukocytes via interactions with P-selectin glycoprotein-1 (PSGL-1) (143). C3 that is hydrolyzed to C3(H2O) can also bind to the surface of activated platelets in the presence of leukocyte derived properdin, thereby facilitating formation of a platelet surface-localized AP C3(H2O)Bb convertase (63, 139). This platelet bound C3(H2O) may also serve as a ligand for leukocyte cell surface receptor CD11b/CD18, promoting platelet-leukocyte interactions and recruitment of activated TF-bearing, prothrombotic monocytes.

The LP has also been implicated in platelet-facilitated hemostatic mechanisms (144), as ficolins, MASP-1 and MASP-2 are found on the surface of activated platelets. This may be attenuated by the release from activated platelets of the thiol isomerase ERp57, which interferes with ficolin recognition via disruption of its multimerization (145). Indeed, there are several negative regulatory mechanisms that limit complement activation on the platelet surface, presumably to prevent the early demise of these important cells. Thus, the cell surface-expressed chondroitin sulfate A (CsA) can bind to C1q, C4b binding protein and FH, the latter two which dampen the immune response and limit further complement activation (146). Furthermore, platelet α-granules can release C1-INH, FH, CD55, CD59, CD46 and clusterin, while polyphosphate is released from dense granules. When secreted onto the surface of activated platelets, these can dampen MAC generation at different stages within the complement system. Although tightly regulated, the mechanisms that trigger P-selectin expression and accumulation of C3(H2O) on activated platelets enable C3a and C5a to sustain their own production and activate more platelets, leukocytes and endothelial cells to propagate coagulation and hemostasis.

With activation of complement via the CP/LP, C4a is liberated. This is believed to also have anaphylatoxic properties, but less potent than C3a and C5a. Nonetheless, C4a is interesting, as it interacts with platelets, binding to PAR1 and PAR4, thereby triggering intracellular events that promote their activation (147). A pathophysiologic contribution to hemostasis-thrombosis has not been established.

Endothelial cells also express receptors for C3a and C5a (74, 75, 148), engagement of which induces upregulation of leukocyte adhesion molecules, P-selectin, VWF and TF (149), suppression of thrombomodulin (150), and damage to the glycocalyx (151). Underlining a role for the engagement of C5aR in coagulation, in mice with a mutation in FH that causes diffuse microvascular and macrovascular thrombosis, blockade of C5aR protects against macrovascular thrombosis (152). Interestingly, lack of C3 or FD in those same FH mutant mice prevents all thrombosis (152). C5a also induces TF expression on neutrophils (153). Taken together, C3a and C5a and their receptors are pivotal, not only in recruiting circulating platelets and inflammatory leukocytes to the site of injury, but also in facilitating their participation in a thromboinflammatory response.

In addition to the likely roles of the anaphylatoxins, C3a, C5a and C4a in the function of primary hemostatic cells, platelets and endothelial cells, there is strong evidence that platelets, endothelial cells, neutrophils, and monocytes can be profoundly influenced by other “small” complement factors (154). This is exemplified by a recent report on the potential mechanisms underlying the thrombotic syndrome, heparin induced thrombocytopenia and thrombosis (HITT), a clinico-pathological arterial and venous thrombotic syndrome associated with the generation of heparin-dependent IgG anti-PF4 antibodies. These antibodies assemble into ultra-large immune complexes (ULICs) with heparin and PF4 on platelets. In a recently proposed model (155), the HITT ULICs bind to C1q and activate complement via the CP in the blood and on leukocytes, which leads to incorporation of C3c and C4d. These in turn engage complement receptors and Fcγ receptors on neutrophils and monocytes, upregulating TF expression and promoting coagulation and platelet activation/adhesion on endothelial cells, leading then to further thromboinflammation. Interventions that block C1 or C3 prevent leukocyte TF expression, while C5 blockade has no effect. Although yet to be confirmed in vivo, the model highlights the important role that each of the many proteolytic complement activation fragments may have in coagulation and the innate response to injury, and the potential therapeutic implications.




Complementary enzymatic routes of complement and coagulation activation


Thrombin, more than a hemostatic factor

While thrombin is recognized as a central regulator of hemostasis (156), its broad substrate specificity within the humoral and cellular responses to vascular damage also interconnects thrombin to the host response to pathogen invasion through direct association with the complement network (Figure 4). Several laboratories have investigated the ability of thrombin to substitute as a C5 convertase, and claimed that thrombin, particularly at high concentrations, releases a fragment from C5 that is physically consistent with the generation of the anaphylatoxin, C5a (131, 157, 158). The C5 fragmentation milieu has biological activity in cell-based models (131, 157–159) and in some, but not all animal models (157, 160). A detailed biochemical investigation revealed that when the bona fide C5-convertase and thrombin are both present and active, as likely occurs with most injuries, non-canonical C5 and C5b cleavage products are generated that lead to the assembly of a more highly lytic C5bT-9 MAC (131), thereby augmenting the thromboinflammatory response to injury. This modified C5 was able to support binding of C6 and assembly of a MAC (161), potentially providing a “bypass” pathway that could be relevant in the strategic design of therapeutics. Contrary to its effects on C5, thrombin has limited capacity to generate a C3 convertase (162). However, thrombin may be able to enhance C3 convertase assembly indirectly via activation of pro-FD (68, 69), a fundamental accelerator of the AP.




Figure 4 | The Thrombin-Complement Web. Although the conditions under which this pathway exists in vivo remain to be shown, thrombin (IIa), in combination with the bona fide C5 convertase (not shown), cleaves C5 to C5bT and C5a, which promote assembly of the MAC and an anaphylactic response, respectively. The MAC may induce the generation of extracellular vesicles, a well-documented source of TF. Thrombin also cleaves C3 to generate anaphylatoxin C3a. Via PARs 1, 3 and 4, thrombin triggers modulation of many cell types. In particular, P-selectin (P-Sel) can associate with C3b to upregulate the AP. Stimulation through PARs also facilitates expression of TF activity to further the thrombin-mediated effects on complement.



Several of the preceding findings, mostly in vitro studies using various sources of C5, are not without controversy. In vivo, neither thrombin nor plasmin activated complement in a baboon sepsis model (160). More pointedly, elegant in vitro studies revealed that conformational changes in C5 in plasma from healthy donors, renders R947 inaccessible to cleavage by thrombin (163). It is not yet known whether protease cleavage sites, such as thrombin, within C5 (and C3) might be rendered accessible in diverse pathophysiological settings in which there are plasma disturbances in, for example, pH and electrolyte balance. In such situations, one or more of these non-canonical complement activation pathways may indeed be of clinical relevance, and thus potential therapeutic targets in disease. Further study is necessary!

Thrombin may also enhance complement via communication with cell surface receptors. Thus, exposure of platelets to thrombin causes deposition of C3 and the MAC (130, 164). This likely occurs via thrombin-triggered P-selectin release to the platelet surface, the latter which associates with C3b and enables assembly of the C3-convertase with subsequent C3 deposition and MAC formation (165). In line with the often opposing biological properties of thrombin, this also induces PAR1-mediated expression of the AP membrane control protein, CD55 (166) on vascular cells, indicating that spatial-temporal factors must be considered when evaluating the effects of these multi-versed proteases. Such observations also further underline a major theme of this review that the pathways involved in the thromboinflammatory response do not exist in isolation, but rather must finally be evaluated in the context of a more physiologic “web” of interactions.

Several other serine protease enzymes, particularly those involved in inflammation, have been reported to exhibit C5 convertase properties (167). The physiological relevance of most of these have not been established, but are worthy of consideration and further study. For example, neutrophil elastase directly cleaves C5, generating C5b,6 and a C5a-like moiety. Formation of the C5b-9 complex in this case, is limited by elastase-mediated hydrolysis of C6 (168). Cathepsin D that is released following severe tissue injury, has been directly correlated with C5 activation and generation of C5a (169). Factors IXa, Xa, XIa and PKa, have also been reported to cleave C5, bypassing the bona fide convertases in a C3-independent manner (157–159, 161). PKa can also cleave FH and FB (170, 171).



Plasmin: clot buster and complement activator

Several lines of evidence point to crosstalk between the fibrinolytic system and complement. For example, many chronic inflammatory disorders, such as atherosclerosis, exhibit colocalized and temporally overlapping activation of Pg with the accumulation of complement degradation products (172, 173). In addition to localization to the clot surface, plasmin generation may occur at sites of injury on endothelial cells, leukocytes or platelets - cells that are crucial for thrombin amplification and clot propagation - and where several receptors for Pg have been identified (174), including, for example, annexin A2-S100A10 (175) and Plg-Rkt (176). Upon activation either by tPA or urokinase plasminogen activator, cell-associated plasmin is likely involved in the recruitment and activation of inflammatory and immune cells and modulators (177). This is achieved via direct and indirect PAR-facilitated modulation of immune and inflammatory cells (177). However, it is also believed to occur in response to direct plasmin mediated proteolytic activation of C3 and C5, with release of the potent anaphylatoxins, C3a and C5a (158, 162, 178).

Interestingly, in spite of plasmin mediating the generation of C3a and C5a, there is little evidence for the subsequent assembly of their respective C3 or C5 convertases. This may be due to plasmin-mediated degradation of the key elements required for their formation (C3b, C5b, FB). There are, however, conflicting data as to whether plasmin activation of complement can provide an alternative route to generation and deposition of C5b-9 (162, 179). It is possible that such discordant observations are a function of differences in experimental setups, as well as the spatial-temporal availability of inhibitors and negative regulators of plasmin and complement (158).

The action of plasmin and plasmin-like proteases on the complement system likely extend further. As an evolutionary adaptation, plasmin-like activity is facilitated by bacteria-encoded activators (e.g. staphylokinase) directly on a pathogen surface. In this locale, previously deposited opsonins C3b and iC3b can be removed from the pathogen surface by the acquired proteolytic activity (180). Indeed, plasmin can cleave iC3b, yielding C3d/g-like peptides that bind to complement receptors CR3/4 and CR2 on leukocytes, thereby dampening phagocytosis and enhancing macrophage secretion of IL-12, respectively (174, 181, 182). The complement-fixing fragment of IgG (i.e., Fc) is furthermore stripped from the pathogen by these plasmin-like proteases. Overall, opsonization and further deposition of C3b by the classical and alternative pathways of complement are thus prevented. These immune-evading mechanisms highlight the complex and intertwined roles of plasmin and complement in pathogen surveillance.



MASPs: Complement activator or coagulation activator?

The most abundant of the MBL-associated serine proteases in complement, MASP1, is required for activation of the LP. However, MASP1 has a promiscuous catalytic site that is more like thrombin than its CP C2-activating counterparts, C1r and C1s (183). MASP1 directly activates endothelial cells via PAR4 (184), thereby triggering intracellular signaling cascades that promote a pro-inflammatory response (59, 185) (Figure 5). In purified in vitro systems, MASP1 also activates prothrombin (186) and CPB2, cleaves fibrinogen to fibrin monomers, activates FXIII, and generates BK from HK. MASP2 is more restricted, but similarly cleaves prothrombin to thrombin (187) and activates FXII and PK (188). Once activated to FXIIa by either MASP-mediated mechanisms or the canonical contact phase mechanism, FXIIa can cleave C1r, triggering feedback amplification of complement via the CP (189). With the most limited substrate range of the MASPs, MASP-3 cleaves pro-factor D into factor D, thereby triggering the AP, and thus not wandering beyond complement (69).




Figure 5 | The MASP-Coagulation Web: MASPs may be either solution phase or surface bound, possibly associated with MBL, ficolin or collectin. Once triggered by engagement with an appropriate foreign lectin or other ligand, the activated MASP may stimulate cells via PAR4, leading to the availability of procoagulant TF or cell adhesive P-selectin activity. The latter may also participate to enhance AP C3 convertase assembly and function. MASPs have a wide array of circulating coagulation factor substrates, which may lead to bradykinin (BK) and kallikrein (PKa) that can inactivate factor H (H) and consequently up-regulate the AP, FXIIa that can activate C1r, thrombin (IIa), FXIIIa, carboxypeptidase 2 (CPB2), and fibrin production.



The physiologic relevance of these apparent MASP-mediated proteolytic activities in coagulation and complement have not been confirmed. However, while MASP1 and MASP2 are >100-fold less active than the corresponding bona fide coagulation enzymes (FXa and thrombin) in cleaving prothrombin and fibrinogen, there are strong data supporting their contribution to thrombosis in various clinical situations. Mice deficient in either MASP1 or MBL are resistant to thrombosis in a carotid artery injury model (190). This is in line with clinical studies, in which patients with low MBL plasma levels had a lower risk of deep venous thrombosis (191). In light of the LP being implicated in contributing to the thromboinflammation associated with COVID-19 (183), major efforts are underway to identify agents that can block MASP2 (192). Phase 3 studies are ongoing to test the efficacy of a MASP2 inhibitor in protecting against the thrombotic microangiopathy associated with hematopoietic stem cell transplants (193). Overall, the story of MASPs in coagulation and complement and thromboinflammation is still unfolding.




Braking systems that affect complement and coagulation

As innate responders to bleeding, foreign or damaged cells, cellular by-products or invading pathogens, if unchecked, coagulation and complement activation may cause unwanted bystander damage to the host, leading to a proinflammatory and prothrombotic state with organ dysfunction and failure. Thus, tight regulation of these systems in a coordinated manner is essential. There are, indeed, multiple regulatory mechanisms at several steps - many of which are shared or overlap - these being achieved via membrane anchored and fluid-phase regulators.


Regulation of complement and coagulation proteases by serpins and non-serpins

Once activated, the proteases of complement, coagulation, fibrinolysis and the CS are under constant surveillance by multiple inhibitory mechanisms. Intrinsic to plasma are members of the serine protease inhibitor (serpin) homology family. Serpins deceive a protease by presenting a central reactive loop that resembles the target substrate. Upon cleavage, a gross conformational change traps the protease in an irreversible complex and is subsequently cleared (194). Serpins typically neutralize more than one type of protease. Perhaps the most important of these in coagulation is antithrombin (AT), which is the primary inhibitor of thrombin, FXa and FIXa (195, 196). Functional deficiencies in AT substantially increase the risk of thrombosis (197). Notably, AT also inhibits MASP1 and MASP2 in the LP (198), although its pathophysiologic importance in complement activation is not known.

Clearly demonstrating a complement-coagulation overlap, C1 inhibitor (C1-INH) is a broad-specificity serpin with special significance for regulating both the contact phase branch of coagulation (199) and the CP of complement. C1-INH regulates the CS by controlling PK activation, and neutralizing the activities of PKa and FXIIa, likely better for the former than the latter (200). It also inhibits plasmin (12). In so doing, C1-INH reduces generation of the potent pro-inflammatory BK (102, 115), and within the hemostatic network, contributes to downstream inactivation of FXIa (201) and plasmin (202), thus affecting functional protease regulation in several pathways, and cell signaling via the PARs.

Within complement, C1-INH blocks several proteases, including C1r and C1s of the CP (203), and MASP1 and MASP2 of the LP (204), dampening generation of the CP/LP C3 convertases. In the complement system, and the coagulation system, C1-INH function is potentiated by polyanions, including heparan sulfate and polyphosphate (205–207), the latter which is a major procoagulant at several steps, including a key trigger for the CS (208–210). Independent of its function as a serpin, C1-INH also directly interacts with C3b, preventing binding of FB, and thus the formation of the AP C3 convertase (211). Based on the genetic association of C1-INH deficiency with hereditary angioedema, C1-INH should most prominently be viewed as a strategic piece for controlling BK formation (212). Notably however, its physiologic contribution to regulating coagulation has recently been revealed, with evidence - contrary to previous claims - that C1-INH deficiency is in fact, associated with an increased risk of thrombosis (213).

Non-serpin protease inhibitors are also important for the regulation of coagulation and complement. The only endogenous inhibitor of the extrinsic tenase is tissue factor pathway inhibitor (TFPI) (34, 214, 215), which may be GPI-linked and therefore a proportion is cell surface-associated. TFPI forms a high affinity quaternary complex with TF/FVIIa/FXa. Microvascular endothelial cells, monocytes, platelets and smooth muscle cells constitutively express TFPI (216) and the non-GPI-modified isoform is identified in plasma. In addition to its role in coagulation, TFPI inhibits the LP by interfering with MASP2 cleavage of C4 and C2 (217). Interestingly, the acquired clonal hematologic disorder PNH, that is associated with excess complement activation and thrombosis, is caused by a mutation in the phosphatidylinositol glycan class A gene that encodes the protein necessary for GPI anchoring of several proteins, including in particular the complement negative regulators CD55 andCD59, but also TFPI. Thus, TFPI would predictably be absent in affected hematopoietic cells in PNH, a situation that might partially explain the heightened risk of thrombosis in these patients.

MAP-1 (aka Map44) and sMAP are alternative, non-enzymatic splice forms of MASP1/3 and MASP2, respectively. These compete for MASP binding to MBL, ficolins and collectins, thereby interfering with formation of the LP PRM (218). The relevance of these interactions, not only in complement activation and regulation, but also in coagulation, remain unclear.

Sushi domain-containing protein 4 (SUSD4) is a complement control protein that, due to alternative splicing, may be expressed as an integral membrane protein or a soluble protein. Although the mechanisms and physiologic relevance are incompletely understood, both forms inhibit formation of the C3 convertase, the soluble form targeting the CP and LP, and the membrane form, targeting the CP and AP (219). A potential direct role for SUS4 in coagulation has not been studied.



Convertases, FH and the AP

Although the convertases themselves are self-regulated by inherent instability, with half-lives in the range of minutes (220, 221), additional factors are essential to facilitate disruption of the integrity of the convertases, thereby preventing bystander injury to healthy host cells. Factor H (FH) is arguably the most potent and versatile AP negative regulator (222, 223) that targets C3 convertase, utilizing 3 distinct mechanisms to dampen complement activation. FH binds both to C3b and to host cells via defined molecular structures (224), whereupon it, 1) competes with FB binding to C3b, thereby preventing convertase assembly; 2) enhances serine protease factor I (FI)-mediated proteolysis of surface-bound C3b and C4b to iC3b/C3dg and iC4b/C4d, respectively, rendering them incapable of assembling a functional C3 convertase; and 3) accelerates decay of the C3b/Bb convertase. This latter decay accelerating mechanism is also used by CR1, CD55, FH-like protein-1 and the transmembrane glycoprotein receptor CD46. All of these, except CD55, also promote specific FI-mediated proteolysis of C3b and C4b (225). The liberated fragments, while incapable of assembling into a convertase, act as opsonins and trigger phagocytosis and adaptive immune responses. Interestingly, in the setting of inflammation or sepsis, C3b may be modified by a platelet-released kinase (226) such that it is resistant to the properties of FH (227). Whether this affects the function of the other cofactors for FI, is not known.

Recent in vitro studies have uncovered a potential co-regulatory complement-hemostasis relationship between FH and FXIa (228). FXIa cleaves FH at a site involved in enhancing the risk of age-related macular degeneration (229), reducing FH binding to endothelial cells, its cofactor activity in FI-mediated inactivation of C3b, and its C3b/Bb decay function. The FXa proteolytic activity was increased in the presence of polyphosphate, a prothrombotic polyanion that also binds to FH and exhibits anti-complement activity (135, 206). FH inhibits FXI activation by thrombin or FXIIa. Interestingly, FH has recently been found in plasma, complexed with FXIIa (230). Whether these interconnected regulatory mechanisms are relevant in health and thromboinflammatory disease is not yet known.

That FH and its protein binding-partners in the AP provide a bridge between coagulation and complement, is evident from extensive studies of patients with the thrombotic microangiopathy, atypical hemolytic uremic syndrome (aHUS). Patients with functional mutations in FH are at increased risk of developing aHUS (231–233); and indeed, loss-of-function or gain-of-function mutations in AP components that result in excess complement activation account for 60-70% of all cases of aHUS (234, 235). Interestingly, consistent with a potential role of Pg as a cofactor for FI-mediated inactivation of C3b (179), Pg-deficient variants have also been linked to aHUS (236). Most notably, and indicative of the role of complement hyperactivation triggering the thrombosis, is the protection afforded to almost all aHUS patients, with the anti-C5 antibody, eculizumab (13).



FH and thrombomodulin: Cooperative regulation of coagulation and complement

Thrombomodulin (TM) is a multidomain, transmembrane glycoprotein expressed on the surface of all vascular endothelial cells. It is a critical cofactor for thrombin-mediated activation of protein C (PC) to generate APC, catalyzing the reaction by ~1000-fold (237). Deficiency of PC augments the risk of deep vein thrombosis and thromboembolism (238) and the response to inflammatory stimuli. In a similar manner as for PC, TM also augments thrombin-mediated generation of the antifibrinolytic CPB2 (239), which also functions to inactivate pro-inflammatory mediators, BK, osteopontin, and the critical anaphylatoxins, C3a and C5a (117). The anaphylatoxins may also be proteolytically inactivated by MMP-12, activation of which is enhanced by CPB2-mediated prolongation of plasmin generation, which further produces complement opsonic fragments (240). TM reaches even further into the complement network by enhancing FI-mediated inactivation of C3b in the presence of FH (241–243). Overall, by sequestering thrombin from its myriad prothrombotic, pro-inflammatory and complement-activating effects, and by inactivating C3a, C5a and BK, and by augmenting the properties of FH, TM provides a critical and clinically relevant bridge between coagulation and complement that additionally integrates into the thromboinflammatory web via its diverse properties in cell proliferation, leukocyte trafficking, and endothelial function [reviewed (244)].



FH and VWF interconnect complement and coagulation

VWF plays key roles in hemostasis and complement activation. Synthesized by megakaryocytes and endothelial cells in an ultra large multimeric form (ULVWF), it is secreted by endothelial cells following stress or injury, whereupon it is normally cleaved into smaller units by the enzyme ADAMTS13. However, with insufficient cleavage, the ULVWF multimers accumulate and promote excess platelet adhesion and aggregation and the formation of microvascular thrombi. This is manifest as the thrombotic microangiopathy, thrombotic thrombocytopenia purpura (245). ULVWF multimers provide a binding site for C3b and thus assembly of the AP C3 convertase (246), with potential subsequent activation of complement and bystander injury to neighboring cells. FH has been shown to colocalize with VWF in endothelial cell Weibel-Palade bodies, strongly suggesting a functional relationship. Although controversial, evidence indicates that FH may facilitate ADAMTS13-mediated proteolysis of the ULVWF into monomers and dimers (247–250), in addition to its established role as an AP regulator. Not only are these smaller VWF forms less amenable to C3b binding, but they may also act as a cofactor for C3b inactivation by FI (251). Thus, VWF is reciprocally indicated as a negative regulator of complement.





Concluding remarks

The preceding review highlights some of the complex interactions between complement and coagulation and how these interface with the apparently seamless web that comprise other critical pathways that are involved in the thromboinflammatory response to injury and infection. The value in deciphering the intricacies of this web of molecular and cellular relationships on disease outcome, is underlined by the overwhelming success of the terminal pathway anti-C5 antibodies, eculizumab and ravulizumab, in preventing the devastating thrombotic manifestations of aHUS and PNH (13, 14, 193). It is also evident by exciting new advances in our understanding of these interactive pathways, as several newer agents that target, for example, MASP2, FB, FD, C3, the C5a-C5aR axis, BK, BR, FXII/FXIIa, FXI/FXIa, polyanions, platelets, neutrophils and NETs, are being evaluated in clinical studies that are at various stages of development, and in many cases with promising results (reviewed in (193, 252, 253). And more are on the horizon. Varying responses indicate that tailored and personalized interventional strategies will undoubtedly be required to optimally prevent unwanted thromboinflammatory responses where coagulation and complement participate. This will necessarily entail continued research efforts to tease apart the intricacies of the web - examining pathways in isolation and in more complex environments - to uncover novel techniques and therapies, diagnostic tools and biomarkers for a wide range of disorders that reside within and extend beyond those traditionally viewed as coagulation or complement.
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