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Introduction

Coagulation and innate immunity are linked processes
that orchestrate a host’s defense against invading patho-
gens and injury. The complement system is integral
to innate immunity and shares numerous interactions
with components of the hemostatic pathway, helping
to maintain physiological equilibrium. The term ‘immu-
nothrombosis’ was introduced to embrace this process,
and has become an area of much recent interest.'
Immunothrombosis designates an innate immune response
induced by the formation of thrombi inside blood vessels,
particularly in microvessels. The response is supported
by immune cells and by specific thrombosis-related
molecules and generates an intravascular scaffold that
facilitates the recognition, containment and destruction
of pathogens; thereby, protecting host integrity without
inducing major collateral damage to the host. However,
if uncontrolled, it constitutes a major biological process
fostering pathologies associated with thrombosis.

The clinical manifestations of the coagulation-comple-
ment interaction and the consequences of dysregulation
of either system is increasingly appreciated, as seen
in many inflammatory and thrombotic disease states,
such as sepsis, trauma, atherosclerosis, antiphospholipid
syndrome (APS), paroxysmal nocturnal hemoglobinuria
(PNH) and some thrombotic microangiopathies.”®
This review aims to explore the interactions between
hemostatic and complement systems and their potential

clinical impact.

Innate immunity
The innate immune system is the host’s immediate
nonspecific defense against invading pathogens and

infections. These range from physical barriers, such

as the skin and mucous membranes, to macrophages,
immunoglobulins and varied cellular and cytokine
responses. An important constituent of the innate
immune defense is the complement system. This process
opsonizes bacteria and danger-associated molecular
patterns (DAMPs) of invading pathogens by antibodies
and soluble plasma proteins, facilitating enhanced patho-
gen killing by host cellular responses.’

The complement system, consisting of over 50 plasma
proteins involved in host defense, is organized in three
pathways: the immune complex mediated classical path-
way, the lectin pathway and the alternative pathway.
These pathways converge at the level of complement
component C3 and the terminal complement pathway
that leads to generating Cba, a potent pro-inflammatory
molecule and Cbb-9, the membrane attack complex
or MAC (Figure 1). To highlight the close interaction
between innate immunity and coagulation, a fourth
pathway has also been described, where thrombin
cleaves and activates C5 to Cba independently of C3
convertase.”

Key properties of immunothrombosis involve cell-
specific prothrombotic pathways inherent to innate
immune cells operating within intact vessels to protect
the host from nonself pathogens or antigens. In response
to certain agonists, monocytes and their microvesicles
express activated intravascular tissue factor that then
initiates the extrinsic pathway of coagulation. Another
important aspect of immunothrombosis is the increas-
ingly recognized entity of neutrophil extracellular traps
(NETs). These are complexes of neutrophil DNA and
histones causing a multitude of immunothrombotic
sequelae. NETs can directly activate FXII of the contact

pathway of coagulation as well as tissue factor, to initiate
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Figure 1 The complement cascade, its activators and regulatory factors. The complement system can be acti-

C3%b3 (membirane

vated via three traditionally recognized pathways; the classical, lectin and alternative. The classical pathway is
initiated by the binding of antigen: antibody complexes on pathogen surfaces, the lectin pathway by the binding
of mannose binding lectin (MBL) to mannose containing carbohydrates on the surface of bacteria or viruses, and
the constitutively active alternative pathway is initiated when a spontaneously activated complement component
binds to the pathogen surface. Each pathway converges to form C3 convertases (i.e. C4bC2a, C3(H20)Bb) that
cleave C3 and subsequently cause Cb cleavage. This process also generates the potent anaphylatoxins C3a and
Cbha. Chbb combines with C6-C9 to produce membrane attack complexes, creating transmembrane channels within
infected cellular membranes leading to cell lysis and death. Certain coagulation factors (factor Xa, thrombin,
plasmin) also have C3 and Cb convertase activity, contributing to an additional pathway of complement activa-
tion. Regulatory factors including decay accelerating factor (DAF, CD55), CD59, factor H (CFH), factor I (CFI),
membrane cofactor protein (MCP) and C3b/C4b receptor 1 (CR1) act at various stages of the cascade to control
complement activation. FXa, activated factor X; FXIla, activated factor XII; MASP-1/2/3, mannose-associated

serine protease 1/2/3. (Modified from Keragala CB, et al. Br J Haematol. 2018;180:782-98)

the extrinsic coagulation cascade. NETSs also bind to  only promote intravascular thrombus growth but can

von Willebrand factor (VWF), a long multimeric glyco-
protein produced and secreted by the Weibel-Palade
bodies in endothelial cells, platelets and subendothelial
connective tissue, serving to ensnare platelets leading to
their aggregation and platelet plug formation. Specific
histones present in NET's, namely, H3 and H4, not only
directly trigger platelet activation, but also behave as
DAMPs, activating complement pathways.”® NETs can
also locally concentrate enzymes, such as neutrophil

elastase, cathepsin G and myeloperoxidase, which not

also cleave endogenous anticoagulants, tissue factor
pathway inhibitor and thrombomodulin, thus resulting

in a hypercoagulable state (Figure 2).”"

Effects of coagulation on complement activation and
regulation

The role of the complement system in coagulation,
immunity and immunothrombosis is becoming increas-
ingly appreciated, with an expanding body of literature

exploring the links between coagulation and complement
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Figure 2 Platelets, neutrophils and monocytes cooperatively trigger blood coagulation and immunothrombosis
in intact blood vessels during the innate immune response. Monocytes are activated by pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) and initiate the extrinsic pathway
of coagulation by expressing activated tissue factor and releasing tissue factor bearing microvesicles. Activated
neutrophils expel neutrophil extracellular traps (NETS), lattices consisting of DNA and histones that support blood
coagulation by several mechanisms. NETs bind activated tissue factor thereby localizing the extrinsic pathway
to sites of infection and inflammation. NETs also provide a surface for factor XII activation; thereby, initiating
the contact pathway of coagulation. In addition, coagulation is indirectly fueled by neutrophil enzymes that be-
comes immobilized and concentrated on NETs. Accordingly, neutrophil elastase cleaves natural anticoagulants,
including tissue factor pathway inhibitor (TFPI); thereby, further propagating coagulation. NET-bound VWF
and histones H3, H4 foster the recruitment and activation of platelets. Platelets in turn facilitate NETosis by
interacting with neutrophils via P-selectin and P-selectin glycoprotein ligand (PSGL). Platelets have additional
supportive functions during immunothrombosis. Correspondingly, platelet-secreted polyphosphates (polyP) activate
factor Xlla and initiate the contact phase of coagulation. In addition, platelet- and endothelial cell-derived protein
disulphide isomerase (PDI) likely supports the activation of leukocyte- and microvesicle-derived intravascular
tissue factor. The complement system (including C3a and Cba) also supports immunothrombosis, for example,

by triggering platelet activation.”

activation. A number of thrombosis-related potential
complement activators have been studied, including
thrombin, plasmin, damaged endothelium, DNA and
neutrophil elastase.”” Thrombin directly activates C3
and Cb, independently of C3 convertase; thus, introducing
the concept of an additional pathway of complement
activation.”® However, thrombin’s cleavage of C5 appears
suboptimal compared with its robustness in cleaving its

classical coagulation substrates, i.e., fibrinogen, factors

V, VIII, etc. This is evident in the supraphysiological
concentrations of thrombin often used in these studies
to achieve detectable amounts of complement cleavage
plroducts.5'15 In addition to thrombin, activated factors
XI (FXla), X (FXa), IX (FIXa) and plasmin have also
been found to effectively cleave C3 and Cb to its active
components in in vitro and in vivo murine models. FXa
and plasmin were identified as more potent drivers of

complement cleavage in this context.”"

a a 6 a a { o {
Msdslafiadineuazgeaasusnslaia O 31 atUf 1 unTesN-hnes 2564



68 Pantep Angchaisuksiri

The complement cleavage products following acti-
vation by coagulation factors have also been shown to
exhibit robust chemo-attractive properties to human mast
cells and neutrophils, highlighting the pro-inflammatory
effects of complement cleavage products despite the
different methods of activation. Interestingly, one study
found that FXa-induced cleavage of C3 was significantly
suppressed in the presence of a selective FXa inhibitor,
fondaparinux and enoxaparin, in a concentration-depen-
dent manner, highlighting possible anti-inflammatory
effects of such agents in these settings.’

Factor XII is also recognized as playing an important
role in immunothrombosis. Although traditionally per-
ceived as a dispensable coagulation protein, activated
factor XII (FXIla) initiates several pro-inflammatory effects
via contact pathway activation, showcasing another
unique link between coagulation and inflammation. Some
elements known to activate factor XII contact pathway
include mast cell-derived heparin, misfolded proteins
and collagen and nucleic acids (RNA and DNA)."® The
role of platelet polyphosphates potentially activating
the factor XII contact pathway has recently gained

s . 17-19
significant attention.

Contact pathway activation
then contributes to inflammation by activating the bra-
dykinin-producing kallikrein-kinin system.

Several notable links have been identified between the
contact pathway and complement, including kallikrein,
gC1qR protein and C1 esterase inhibitor (C1-INH). FXIla
causes conversion of prekallikrein to kallikrein, which in
turn drives further factor XII activation and also cleaves
high molecular weight kininogen (HMWK), generating
bradykinin. Kallikrein is also involved in the cleavage
of several complement proteins including C3, C5 and
factor B The multi-ligand binding protein gClqR
was first identified as a cell surface receptor for Clq,
and also found to be a major high affinity receptor for
HMWK and factor XIL” The ability of gC1qR to directly
activate the classical complement pathway by binding

C1qg and also the kallikrein-kinin-bradykinin system by
binding HMWK and FXII, enables it to effectively drive

thrombo-inflammation and generate vasoactive mole-
cules. The two binding ligands of gC1gR (HMWK and
C1q) are co-localized on activated endothelial cells and
inflammatory tissue, thus showcasing the potential
inflammatory and thrombogenic properties of several
disease states including atherosclerosis, malignancy and
angioedema.” In contrast, C1-INH is a potent inhibitor of
the classical complement pathway and a major regulator
of the kinin system, neutralizing the effects of FXIIa,
FXIa, kallikrein and HMWK-prekallikrein complexes.”

Platelets also play an integral role in the cross-talk
between coagulation and complement in addition to
their vital role in primary clot formation and propagation.
Platelets have specially evolved antimicrobial properties
that can directly interact with innate immunity while
also harboring many pattern recognition receptors. This
includes components of the lipopolysaccharide receptor
complex that can bind bacterial pathogens and present
these to appropriate cells of the innate immune sys-
tem."” This has been shown in recent studies describing
mechanisms of platelet glycoprotein (GP)1b and com-
plement C3 cooperation to transport systemic bacteria
to splenic CD8a+ dendritic cells in mice.” This pro-
cess appears essential to induce the adaptive immune
response as well as attempt to maintain sterility of the
circulation in the setting of bacteremia.”

In addition to roles in antigen presentation and
processing, platelet components, similar to coagulation
factor proteases, can also directly activate the comple-
ment cascade. Chondroitin sulfate A (CS-A), released
from platelet alpha granules during platelet activation,
is a potent activator of complement in the fluid phase,
generating anaphylatoxins, inflammatory mediators and
leukocyte activation. Similarly, platelet-bound C3 appears
to act as a ligand for leukocyte CR1 (CD35), potentially

encouraging platelet-leukocyte interactions.”*

Effects of complement cleavage products on coagulation
As mentioned earlier regarding the concept of

immunothrombosis, several cells of innate immunity

J Hematol Transfus Med Vol 31 No. 1 January-March 2021
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including monocytes and neutrophils are potent effectors
of thrombosis." Similarly, complement proteins play
a notable role in this framework of cross-activation.
C3a and C5 cleavage products (Cba and C5b) not only
form terminal MAC leading to cell lysis, but collectively
influence many aspects of coagulation. This includes
activating platelets, inducing tissue factor expression and
activating endothelial cells resulting in the secretion of
VWEF' as well as enhancing exposure of P-selectin, found
on activated endothelial cells and platelets."”” Some
early studies also demonstrated that C5b-9 (MAC) is
capable of enhancing the exposure of prothrombinase
assembly sites on the platelet surface by promoting
the secretion of platelet factor V and assembling the
functional FXa/FVa complex; thus, providing sites for
thrombin propagation.”” Many of these procoagulant
effects are clinically apparent in disorders of comple-
ment dysregulation, such as PNH and atypical hemolytic
uremic syndrome (aHUS), where macrovascular and
microvascular thrombi cause significant morbidity and
mortality.”* C5 inhibition in these disorders with the
monoclonal antibody, eculizumab, significantly amelio-
rates thrombotic disease, further reinforcing the potent
procoagulant effects of Cb. This link is also seen in
models of APS, discussed later in this review.
Important components of the lectin pathway (LP)
of complement activation are the serine protease pat-
tern recognition molecules: mannose-associated serine
protease 1 (MASP-1) and 2 (MASP-2). MASP-1 is the
key initiator protease of the LP while MASP-2 is the
main protease cleaving C4, and some C2, to generate
C3 convertase. Further to their role in complement
activation, indications in vitro revealed that both
enzymes also play a significant role in coagulation.”
MASP-2 cleaves prothrombin to thrombin while MASP-1
appears to possess a thrombin-like property, cleaving
FXII, HMWK, fibrinogen and activating thrombin acti-
vatable fibrinolysis inhibitor.® In vivo, MASP-1 appears
to be involved in thrombogenesis both in animal models

and in human plasma.**

MASP-1 resembles thrombin both structurally and in
terms of substrate specificity and is able to induce
coagulation only via the cleavage of prothrombin.”
Conversely, Kozarcanin et al. also demonstrated that
platelet activation followed by fibrin formation during
clot formation, leads to the activation of both MASP-1
and MASP-2, further amplifying coagulation as well as

inflammation in thrombotic disorders.”

Clinical consequences of coagulation and complement
coactivation

Clinical conditions with associated coagulation and
complement dysregulation are shown in Table 1. This
review will focus on APS.

Antiphospholipid syndrome (APS)

APS is an acquired thrombophilia characterized by
venous or arterial thrombosis and/or obstetrical morbidity
with persistently positive antiphospholipid antibodies
(aPL), including lupus anticoagulant (LA), anticardiolipin
antibody (aCL), and anti- beta-2-glycoprotein-I (B2GPI). "
Anti-B2GPI antibodies are considered the primary patho-
genic antibody in APS.** The mechanisms by which aPL
induce thrombosis remain unclear. Multiple mechanisms
have been proposed including inhibition of the natural
anticoagulant and fibrinolytic systems.”* Activation
of vascular cells including endothelial cells,® platelets46
and monocytes,” procoagulant effects of extracellular
vesicles,® disruption of the annexin Ab shield on cellular
surfaces” and complement activation.®® The lack of
a unifying mechanism likely reflects heterogeneity in
pathogenic antibodies and disease biology.

The presence of a LA”**and triple-positivity (pres-
ence of LA, aCL and anti-B2GPI antibody)™ ® are strong
predictors of thrombotic risk in APS." Long term an-
ticoagulation with a vitamin K antagonist remains the
standard care for thrombotic APS.* A severe form
of APS characterized by widespread thrombosis and
multi-organ failure developing over less than a week,

termed catastrophic APS (CAPS) (Table 2), affects a sub-
set (~1%) of patients with APS.* CAPS often presents
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Table 1 Clinical conditions with associated coagulation and complement dysregulation

Clinical condition

Coagulation dysfunction

Complement dysfunction

Sepsis

Trauma induced coagulopathy

Systemic lupus erythematosus

Antiphospholipid syndrome

Autoimmune and alloimmune hemolytic

anemia

Paroxysmal nocturnal hemoglobinuria

Potent activator of coagulation via tissue
factor, PAI-1, fibrin degradation products,

endothelial dysfunction

Potent activator of coagulation
Hyperfibrinolysis

Consumptive coagulopathy

Interference with platelet activation and

function

Complement activation products on plate-
lets may promote platelet activation and

thrombosis

Cbha engages ChaR on neutrophils resulting
in up regulation of tissue factor which
then activates coagulation and inflam-
mation

Tissue factor signaling through PAR-2 is
critical in neutrophil activation, tropho-
blast injury and fetal death

Antiphospholipid antibodies can activate

complement and also thrombosis

Complement-mediated red cell lysis causes
activation of coagulation via
- Exposure of phospatidylserine
- Release of tissue factor bearing micro-
particles
- Endothelial cell injury
- Altered vasodynamics

- Release of reactive oxygen species

Platelet activation

Absence of u-PA (GPI-linked) receptor with
impaired fibrinolysis

Vascular toxicity and endothelial dysfunc-
tion from free hemoglobin and nitric
oxide depletion

MAC and Cba generation may induce ex-

pression of tissue factor and PAI-1, thus

promoting thrombosis and anti-fibrinolysis

IL6 produced can promote thrombin genera-

tion and inhibit ADAMTS13 activity

Activation of multiple complement path-
ways including LP where microbial organ-

isms are involved

Increased C3a and C4d on surface of plate-

lets

Complement activation by nuclear autoanti-
bodies

Clq deficiency results in impaired classical
pathway activation

Deficiencies and mutations in other classical
pathway proteins (C1r, Cls, C4, C2)

Reduced expression of complement inhibi-
tors (factor H, CD46) increased sensitivity
to complement activation

Opsonization of cellular debris and micro-

particles with complement

aPL antibodies activate complement on
trophoblasts leading to Cba generation
Rare germline variants in complement

regulatory genes

Activation of the classical complement path-
way by IgM antibody-bound agglutinated
erythrocytes binding Cls

Extravascular hemolysis of C3b-coated
erythrocytes

Activation of complement by circulating free

hemoglobin

Complement-mediated hemolysis by unreg-
ulated production of MAC on cell surfaces

Cba generated can up regulate IL6, IL8,
TNF-a
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Table 1 Clinical conditions with associated coagulation and complement dysregulation (continue)

Atypical hemolytic uremic syndrome Endothelial cell damage and disruption of Dysregulation of alternate CP and C3 con-
microvasculature contributes to throm- vertase activity due to loss of inhibitory
bosis complement regulators (factors H, B and

Platelets are activated by MAC or Cba I; membrane co-factor proteins; CD46)

Unopposed complement-mediated destruc-
tion of platelets (due to lack of Factor H

and other membrane regulators)

Hereditary angioedema Unregulated activation of Deficiency/dysfunction of C1- inhibitor re-
prekallikrein-kallikrein-HMWXK-bradyki- sults in loss of neutralizing C1s, C1r and
nin system due to C1-INH deficiency or MASPs thus dysregulating CP and LP
dysfunction

Anti-neutrophil cytoplasmic antibody Neutrophil degranulation by ANCA results  Excessive AP activation

(ANCA)-associated vasculitis in release of tissue factor and NETs Cba can prime neutrophils for ANCA in-
contributing to thrombosis duced degranulation

Activated platelets can drive complement
activation C3a, C3b, Cbb-9

ADAMTS13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; AP, alternative pathway of complement
activation; CI-INH, Cl esterase inhibitor; CP, classical pathway of complement activation; GPI, glycosylphosphatidylinositol; HMWK, high
molecular weight kininogen; IL, interleukin; LP, lectin pathway of complement activation;, MCAC, membrane attack complex; MASPs,
mannose-associated serine proteases; NETSs, neutrophil extracellular traps; PAI-I, plasminogen activator inhibitor-1; TNFQ, tumor necrosis

factor o; u-PA, urokinase type plasminogen activator (Modified from Keragala CB, et al. Br J Haematol. 2018;180:782-98)

Table 2 Preliminary criteria to classify the catastrophic antiphospholipid syndrome63

Criteria

Evidence of involvement of three or more organs, systems and or tissues®
Development of manifestations simultaneously or in less than a week
Confirmation by histopathology of small vessel occlusion in the least one organ or tissuet
Laboratory confirmation of the presence of antiphospholipid antibodies (lupus anticoagulant and/or anticardiolipin antibodies)t
Definite catastrophic APS
All four criteria
Probable catastrophic APS
All four criteria, except for only two organs, systems and/or tissue involved
All four criteria, except for the absence of laboratory confirmation at least 6 weeks apart because of the early death of a patient never
tested for aPL before the catastrophic APS
1,2 and 4

1, 3 and 4 and the development of a third event in more than one week but less than one month, despite anticoagulation

*Usually, clinical evidence of vessel occlusions, is confirmed by imaging techniques when appropriate. Renal involvement is defined by a
50% rise in serum creatinine, severe systemic hypertension (> 180/100 mmHg) and/or proteinuria (> 500 mg per 24 h).

tFor histopathological confirmation, significant evidence of thrombosis must be present, although vasculitis may coexist occasionally.

$When a patient has not received a diagnosis of APS, the laboratory confirmation requires that presence of antiphospholipid antibodies
must be detected on two or more occasions at least 6 weeks apart (not necessarily at the time of the event), according to the proposed

preliminary criteria for the classification of definite APS.
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as a thrombotic microangiopathy and has a fulminant
course with > 40% mortality despite constituting the best
available therapy indicating a need for therapies beyond

: : 62,63
anticoagulation.

Complement inhibition has emerged
as an attractive therapeutic strategy based on evidence
of complement activity among patients with APS, mu-
rine models indicating a critical role of complement in

aPL-mediated thrombotic complications,™

and reports
of the efficacy of terminal complement inhibition with
eculizumab among patients with refractory thrombotic
APS™ and CAPS.”® Increased complement activation

70,71

products including C5b-9,” fragment Bb and C3a
have been observed in sera of patients with APS.”""
Several murine models have also demonstrated aPL-
mediated fetal loss to be a complement-driven inflam-
matory process. Antiphospholipid antibodies appear to
bind and activate complement on trophoblasts, leading
to Cba generation. Cba then engages the complement
receptor ChaR on neutrophils, consequently upregulat-
ing tissue factor expression resulting in activation of
coagulation as well as inflammation in the decidua with

. : 54,73
the release of reactive oxygen species.™

It appears
that tissue factor’s inflammatory signaling through the
protease-activated receptor 2 (PAR-2) is a critical event,
resulting in neutrophil activation, trophoblast injury and
fetal death.” This is supported by the observation of
PAR-2 knockout mice treated with antiphospholipid
exhibiting less neutrophil activation and normal preg-
nancies. At present, the mainstay of APS treatment
during pregnancy is anticoagulation in an attempt to
reduce fetal loss. The effectiveness of heparin-based
therapy in this context lies in its dual antithrombotic
and anti-complement properties.” Heparin can bind
and inactivate C1, inhibit MAC assembly and stop the
formation of C3 convertase.”®” Redecha, et al. have also
demonstrated the ability of simvastatin and pravastatin
(hydroxymethylglutaryl-CoA reductase inhibitors used as
anti-hyperlipidemic therapy) to reduce tissue factor and
PAR-2 expression on neutrophils and prevent pregnancy

loss in this setting; thus, blunting the inflammatory as

well as the procoagulant effects of this disorder.”

Recently, antif2GPI antibodies were shown to activate
complement and contribute to thrombosis among patients
with APS.”® Complement activation was investigated via
complement-dependent cell killing (using the modified
Ham assay) and cell surface deposition of C5b-9 (by
flow cytometry) using patient sera. The modified Ham
assay uses a line of TF-1 cells that are engineered to
lack PIGA and consequently lack membrane proteins to
protect cells from activated complement. These PIGA
null cells bind terminal complement pathway proteins
and are killed in the presence of activated complement.
A positive modified Ham was present in 85.7% of CAPS,
35.6% of thrombotic APS and only 6.8% of systemic lupus
erythematosus (SLE) sera. A positive modified Ham
assay was associated with triple-positivity and recurrent
thrombosis. These findings suggest that complement
activation may be a marker of more clinically import-
ant APS. The authors confirmed by flow cytometry
that patient-derived anti-B2GPI antibodies also induced
Cbb-9 deposition on PIGA null TF-1 cells, which could
be blocked completely by an antiC5 monoclonal anti-
body, but not by a factor D inhibitor, indicating that
complement activation by anti-B2GPI antibodies occurs
primarily through the classical pathway of complement.
In addition, the authors sequenced 15 known genes
related to complement function and found that patients
with CAPS have high rates of rare germline variants
in complement regulatory genes (60%) versus patients
with APS (21.8%), SLE (28.6%) or normal controls (23.3%)
and similar to the rate of mutations in aHUS (51.5%),
the prototypical complement-mediated microangiopathy.

A pathogenic model of CAPS is proposed in which
aPL are the ‘first-hit’ that can induce complement acti-
vation and cause thrombosis, while patients, who also
have a pathogenic complement regulatory gene mutation
(“second-hit”), are predisposed to uncontrolled comple-
ment activation, leading to CAPS in the setting of a
complement amplifying trigger such as infection, surgery,
pregnancy or autoimmune disease. These mutations

can result in proteins with either a loss of function of

J Hematol Transfus Med Vol 31 No. 1 January-March 2021
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complement-inhibitory proteins or a gain of function in
complement activating proteins.

These findings raise several questions and suggest
new areas for investigation. Should patients with APS
undergo mutational analysis to assess risk for CAPS?
Given the significant morbidity and mortality associated
with CAPS, should patients receive ongoing complement
inhibitor therapy in addition to anticoagulation when
the modified Ham test suggests increased complement
activity or when flow cytometry shows increased terminal
complement Cbb-9 deposition?

Several reports describe the successful use of eculi-

65-68

zumab to treat CAPS,”™ and thrombotic APS refractory
to anticoagulation;64 however, mechanistic data and
disease biomarkers are lacking. These findings provide
a rationale for studying complement inhibition as a
therapeutic strategy for CAPS and anticoagulation-re-

fractory APS.

Potential immunomodulatory effects of anticoagulation

Given the complex interplay between coagulation,
innate immunity and inflammation, the potential impact
of anticoagulation on these physiological systems has
gained significant interest.

Warfarin is an oral vitamin K antagonist inhibiting
vitamin K-dependent activation of factors II, VII, IX, X
and the natural anticoagulants, protein C and protein
S. Despite being one of the oldest anticoagulants in
use today, literature exploring its effects on immunity
is limited. In vitro studies from the late 1980s showed
that warfarin inhibits T-lymphocyte activation in a dose-
dependent nature. Warfarin was also found to prevent
IL2 production although often with concentrations in
excess of therapeutic serum levels.”

Heparin is a naturally occurring glycosaminoglycan of
variable polymer length, inhibiting coagulation by binding
to and potentiating the action of antithrombin. It also

possesses several anti-inflammatory properties, some of

which are independent of its role as an anticoagulant.
These include the inhibition of function and expression
of adhesion molecules, cytokines, angiogenic factors and
complement proteins.”* In fact, studies on the effect
of heparin among patients with sepsis, severe sepsis,
septic shock or DIC associated with infection consider
it a safe and feasible intervention. However, evidence
to support reduced mortality in this context requires
further investigation.*®

Bobek and Kovarik extensively reviewed the antitumor
and antimetastatic effects of warfarin and heparins.*
Anticoagulation-linked inhibition varied from apopto-
sis induction, inhibition of differentiation, interference
with tumor angiogenesis, metastatic processes and
the immune system. The immune system effects of
these anticoagulants include activating macrophages
and natural killer cells, increasing TNF and interferon ,
increasing the activity of neutrophils and inhibiting the
extravasation of leukocytes from vessel walls. Heparins
can also interfere with immune reactions by inhibiting
the complement system or by enhancing the suscep-
tibility of malignant cells to immunological attacks.”

The last decade has seen the increasing clinical
use of new targeted oral anticoagulants, which include
direct thrombin inhibitors (dabigatran) and antifactor Xa
agents (rivaroxaban, apixaban and edoxaban). These
have been clinically proven to provide noninferior
antithrombotic therapy compared with warfarin with
often, a more favorable bleeding profile.” The potential
immunomodulatory effects of these agents continue
to be explored. A study with a murine stroke model
showed that pretreatment of rats with rivaroxaban
attenuated stroke severity by a dual antithrombotic and
anti-inflammatory mechanism. Rivaroxaban appeared
to dampen the inflammatory response in the ischemic
brain by down-regulating intercellular adhesion
molecule 1 expression and activating CD68+ cells of

: 86
the immune system.
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Rivaroxaban may also be effective in limiting comple-
ment activation among patients with APS. A cohort of
patients with APS with previous venous thromboembolic
disease on therapeutic warfarin was randomized to either
switch to rivaroxaban or continue on warfarin. Markers
of complement activation were measured at baseline and
day 42 and compared with a group of normal controls.
Unsurprisingly, patients with APS exhibited significantly
higher C3a, Cba and terminal attack complexes compared
with normal controls at both time points irrespective
of the anticoagulation. Among patients randomized to
switch to rivaroxaban, complement activation markers
were lower at day 42 compared to those remaining on
warfarin.” Although the authors noted no correlations
between serum rivaroxaban levels and complement
activation markers, it remains clear that rivaroxaban
may provide immunomodulatory benefits to patients
with APS in addition to its primary anticoagulation role.

Until recently, data on the role of direct acting oral
anticoagulants (DOACS) in treating thrombotic APS have
been limited and derived from case reports, cohort
studies and small prospective, open-labelled, randomized
controlled studies. In a meta-analysis of 47 studies
comprising a total of 447 patients with APS receiving
DOACS, 73 patients (16%) developed a recurrent throm-
bosis after a mean period of 125 months.® The recur-
rent thrombosis occurred in 16.9% and 15% of patients
receiving a factor Xa inhibitor (rivaroxaban or apixaban)
or a factor Ila inhibitor (dabigatran), respectively. The
presence of all three aPL antibodies (triple positivity) was
associated with a four fold increased risk of recurrent
thrombosis compared with patients with single or dual
positive positivity [56% vs. 23%; OR = 4.3 (95%CI: 2.3-7.7),
p < 00001]. Patients treated for arterial thrombosis with
rivaroxaban or apixaban had a higher risk of recurrent
thrombosis compared with those with venous thrombosis
(32% vs. 14%; OR = 2.8 [95%CI: 1.4-5.7], p = 0006).”

The results of a randomized controlled trial in which

rivaroxaban was compared with warfarin in triple

positive patients with APS with a history of thrombosis
(TRAPS trial) have recently been reported.” The trial
was terminated prematurely after the enrolment of 120
patients due to an excess of events among patients in
the rivaroxaban arm. Thrombo-embolic events occurred
in 12% of patients randomized to rivaroxaban while no
thrombotic events were found in the warfarin arm at
mean follow-up of 19 months. Major bleeding occurred
among four patients (7%) in the rivaroxaban arm and
two patients (3%) in the warfarin arm. A study from
Japan also suggested that patients with APS treated
with factor Xa inhibitors had higher thrombotic events
than those treated with warfarin. The ASTRO-APS
study compared apixaban and warfarin among patients
previously anticoagulated for APS and venous throm-
boembolism for more than six months. However, this
trial has stopped recruiting.

Given that initial anticoagulation choices are often
made without knowledge of aPL antibody test results,
whether a patient receiving DOAC therapy who is sub-
sequently found to have a positive aPL antibody test
should be switched to warfarin when they seem to be
clinically stable on their current therapy remains unclear.
Could the modified Ham test be used to determine which
patients must be treated with warfarin and which pa-
tients may be safely treated with a DOAC? At present,
the findings recommended that DOACs should not be
used for secondary prevention among patients with
APS.” Tt would also be interesting to see whether the
modified Ham test and mutational testing will identify
a subset of patients having a low risk for recurrence

and may be able to stop long term anticoagulation.

Role of complement inhibitors

The growing appreciation of the molecular links
between coagulation and complement pathways has
invigorated the development of targeted complement
inhibition in specific disease states. At the forefront is

eculizumab, a humanized monoclonal antibody against
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C5 and the cornerstone of therapy for PNH and aHUS.”
However, the efficacy of eculizumab in inhibiting MAC
formation sees its therapeutic potential expand to other
disorders of unregulated complement activation. Diseases
complicated by thrombotic microangiopathy, glomeru-
lonephritis (including lupus nephritis) and severe cold
agglutinin disease (CAD) are some examples where
eculizumab has been studied.”* Eculizumab’s role in
reducing thrombosis is evident in PNH and aHUS and
further research is required to elucidate whether this
also holds true in other pathologies where it may have
therapeutic potential.***

Another drug in preclinical trials is compstatin, a cyclic
peptide inhibiting complement activation by binding
C3 and preventing subsequent C3 cleavage.” Other
small molecule monoclonal antibodies in development
include IFX-1 (InflaRx), a Cba inhibitor designed to treat
septic shock; TNT-009, an inhibitor of C1s and the clas-
sical pathway to treat CAD; lampalizumab, a factor D
inhibitor, and bikaciomab, a factor B inhibitor, both being
trialed to treat age-related macular degeneration.”*
Moreover, several agents operating at the gene expres-
sion level are also being developed including antisense
for factor B, RNA interference for C5 and preventing

C6 expression using locked nucleic acid technology.”

Conclusion

Our understanding and appreciation of the complex
relationship between coagulation, innate immunity and
inflammation has clearly advanced. The clinical conse-
quences of these interactions are evident in a variety of
pathologies where coagulation and inflammation often
appear inseparable. Complement inhibitors are gaining
significant attention as their therapeutic role expands to
include other disorders with complement dysregulation.
Additional clinical studies using complement inhibition
as a therapeutic strategy for CAPS and anticoagula-
tion-refractory APS are needed. Anticoagulation and
its potential for immune augmentation is an exciting

prospect requiring further delineation.
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