Seminars in Immunology xxx (XXXxX) XXX

Contents lists available at ScienceDirect

Seminars in Immunology

journal homepage: www.elsevier.com/locate/ysmim

ELSEVIER

Review

Complement C3 activation in the ICU: Disease and therapy as Bonnie
and Clyde

Marco Mannes °, Dimitrios C. Mastellos °, Kristina N. Ekdahl “¢, Bo Nilsson ¢,
Despina Yancopoulou ¢, John D. Lambris ! Markus Huber-Lang “

2 Insititute of Clinical and Experimental Trauma Immunology, University Hospital of Ulm, Ulm, Germany

® Division of Biodiagnostic Sciences and Technologies, INRASTES, National Center for Scientific Research ‘Demokritos’, Athens, Greece
¢ Department of Immunology, Genetics and Pathology (IGP), Rudbeck Laboratory C5:3, Uppsala University, Uppsala, Sweden

d Linnaeus Center of Biomaterials Chemistry, Linnaeus University, Kalmar, Sweden

¢ Amyndas Pharmaceuticals, Glyfada, Greece

f Department of Pathology and Laboratory Medicine, University of Pennsylvania, Philadelphia, PA, USA

ARTICLE INFO ABSTRACT

Keywords:
Complement system
C3 blockage
Intentive care unit

Patients in the intensive care unit (ICU) often straddle the divide between life and death. Understanding the
complex underlying pathomechanisms relevant to such situations may help intensivists select broadly acting
treatment options that can improve the outcome for these patients. As one of the most important defense
mechanisms of the innate immune system, the complement system plays a crucial role in a diverse spectrum of
diseases that can necessitate ICU admission. Among others, myocardial infarction, acute lung injury/acute res-
piratory distress syndrome (ARDS), organ failure, and sepsis are characterized by an inadequate complement
response, which can potentially be addressed via promising intervention options. Often, ICU monitoring and
existing treatment options rely on massive intervention strategies to maintain the function of vital organs, and
these approaches can further contribute to an unbalanced complement response. Artificial surfaces of extra-
corporeal organ support devices, transfusion of blood products, and the application of anticoagulants can all
trigger or amplify undesired complement activation. It is, therefore, worth pursuing the evaluation of comple-
ment inhibition strategies in the setting of ICU treatment. Recently, clinical studies in COVID-19-related ARDS
have shown promising effects of central inhibition at the level of C3 and paved the way for prospective inves-
tigation of this approach. In this review, we highlight the fundamental and often neglected role of complement in
the ICU, with a special focus on targeted complement inhibition. We will also consider complement substitution
therapies to temporarily counteract a disease/treatment-related complement consumption.

1. Introduction

The complement system represents a central effector arm of the
innate immune system. Traditionally seen as a “complementing” factor
supporting the antibody-driven elimination of pathogens, the comple-
ment system is increasingly becoming appreciated as a well-organized
network whose diverse immunomodulatory functions extend far
beyond its archetypal role in pathogen clearance. Complement’s
involvement in multiple biologic processes including the innate danger

response, tissue regeneration [1,2], central nervous system development
[3], and bridging the innate to the adaptive immune system [4], has
drawn increasing research interest in recent decades.

In its canonical perspective, this proteolytic cascade of protein in-
teractions can be activated specifically by antibody-antigen complexes
(through the classical pathway, [CP]) or carbohydrate patterns (through
the lectin pathway, [LP]) while the low-level, fluid-phase activation of
its central component, C3, through spontaneous hydrolysis of its thio-
ester bond, represents the “tick-over” route that is responsible for the
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initial activation of the third complement pathway, the alternative
pathway (AP). However, there is an ongoing debate that the unspecific
activation of the AP is less meaningful in comparison to the specific
pathways in pathological conditions [5]. All these routes converge in the
activation of the central protein, C3, which in turn sets off the AP
amplification loop. If not properly regulated by a variety of
surface-bound and soluble regulators, the AP amplification loop can
perpetuate detrimental pro-inflammatory responses in host tissues.

All three pathways ultimately result in terminal pathway activation
and cell lysis but, regardless of the initiating route or trigger, AP
amplification is in fact responsible for almost 80% of the downstream
effector response [6]. This amplification is the cornerstone of powerful
effector functions, including the release of highly potent anaphylatoxins,
opsonization of particles, and ultimately the activation of the common
terminal pathway, through which downstream complement components
form a membrane attack complex that induces lysis. Meanwhile, it is
well known that complement is embedded in a complex network with
other cascade systems and immune cells under the shield of the intra-
vascular innate immune system. Consequently, non-canonical activation
routes have also been found to underlie complement’s broad area of
action and involvement [7].

Although the complement system is traditionally associated with
healing and protection from foreign invaders, in extreme medical situ-
ations it can overreact and remain permanently on red alert, responding
in an uncontrolled manner to perceived threats. Imbalance between
activation and regulation leads to a harmful transformation of the
complement system from a host-protecting to a self-attacking system
[8]. It is therefore not surprising that a variety of severe medical issues
are accompanied or even driven by deregulated complement responses
and that complement inhibition strategies are now of major interest in
the intensive care unit (ICU) setting [9,10]. Despite the fact that they
target a blood-borne innate defense system, complement inhibitors can
also elicit broadly beneficial anti-inflammatory effects that can collec-
tively produce a significant improvement in the healthy status of an ICU
patient.

This review will cover major severe diseases of the ICU spectrum,
summarize what is known about the complement’s role in their patho-
physiology, and critically evaluate the relevant pre-clinical or clinical
intervention strategies, with a focus on therapeutic C3 modulation. In
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addition, we will broaden the angle of view and consider potential
mechanisms that may be activated during extensive complement ther-
apeutic intervention and can eventually intensify complement-mediated
adverse effects (Fig. 1).

2. Complement system in ICU diseases

Severe diseases disturb tissue homeostasis and challenge the immune
response to the maximum. The following section provides insights into
major ICU diseases, considering their relation to the activation and
dysregulation of the complement cascade. We have not included sepa-
rate sections about polytraumatic and septic diseases, as we and others
have previously covered these extensively [8,9,11,12].

2.1. Acute myocardial infarction

Acute myocardial infarction (AMI), caused by coronary vessel oc-
clusion, is one of the most lethal cardiovascular diseases and accounts, in
general, for almost one-third of all deaths worldwide [13]. The opening
of blood vessels achieved through the use of clot-dissolving reagents (e.
g., fibrinolytic drugs) or coronary angioplasty has been shown to reduce
mortality rates drastically. Nonetheless, tissue reperfusion is accompa-
nied by inflammatory processes that themselves can intensify the tissue
damage (Fig. 2).

Elevated plasma levels of activation fragments of the proximal and
terminal complement pathways were already described in the setting of
AMI a few decades ago [14-17]. Increases in C3 and C4 levels have been
found in several forms of acute coronary syndromes [18], both posi-
tively correlating with plasma C-reactive protein (CRP) levels. Inter-
estingly, in patients with non-complicated AMI, neither an association
between systemic complement activation and raised CRP levels, nor a
correlation between infarct size and complement activation can be
found [19]. More recently, a comprehensive de novo serum analysis of
AMI patients and respective controls by 2D-electrophoresis and mass
spectrometry (MS-MALDI-TOF) has been performed and has revealed
increased Clr levels that are positively correlated with necrosis and
troponin plasma levels at admission [20]. Of note, complement activa-
tion products are detected in plasma from AMI patients even earlier than
classical necrosis markers, supporting the use of these activation
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Fig. 1. Complement activation in the ICU. Complement can be not only activated by a row of severe diseases requiring ICU but also by robust intervention strategies.

Created with BioRender.com.
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Fig. 2. Complement response during acute myocardial infarction. Coronary vessel occlusion causes diminished oxygen supply to cardiac tissue, consequently
decreasing the cardiac output. Fibrinolytics or coronary angioplasty allow reperfusion which can lead to massive complement activation. This is marked by leukocyte
infiltration, edema formation and complement deposition on cardiomyocytes. Created with BioRender.com.

products as putative biomarkers [21]. In addition to increased systemic
complement activation, several groups have documented local com-
plement deposition in the infarcted myocardium [22-24]. Interestingly,
deposition of terminal complement components (the membrane attack
complex [MAC]) has been shown to be associated with the loss of
surface-expressed CD59 [25], which is increasingly found in soluble
form (sCD59) at the systemic level within 24 h after AMI [26].

A study investigating complement expression at the RNA and protein
levels in heart tissue has pointed out that all the classical complement
pathway components are expressed in cardiomyocytes locally and that
their expression is significantly upregulated in injured myocardial tis-
sue, with Clq showing the highest upregulation (>20-fold) of all the
complement components [27,28]. From a mechanistic standpoint,
AMI-induced cell necrosis can lead to the release of sub-cellular dan-
ger-associated molecular patterns (DAMPs), which by themselves can
trigger complement activation. An elegant in vitro study has revealed
that isolated heart mitochondrial membranes can activate the classical
pathway, as evidenced by an association of Cl1 with mitochondrial
membrane components [29]. Tissue proteases from the myocardium
have been postulated to cleave C3 in a “bypass” manner concept,
thereby leading to the generation of activation fragments that can
induce leukocyte infiltration; this infiltration can be inhibited by pro-
phylactic C3 depletion achieved with cobra venom factor (CVF) [30].
The protective effects of CVF administration were further supported by a
series of in vivo studies in various animals (dogs, rats, and baboons)
[31-33].

As a result of these investigations, therapeutic complement modu-
lation at several steps of the cascade has gained increased interest as a
strategy for attenuating the detrimental pro-inflammatory consequences
of AMI (extensively reviewed in [34]). For instance, Buerke et al. have
demonstrated the protective effects of C1 esterase inhibitor (C1-INH),

which in general has a broad target base, including the classical and
lectin complement pathways as well as proteases from the coagu-
lation/kinin/kallikrein systems [35,36]. The administration of this in-
hibitor in the setting of a feline model of myocardial reperfusion has
been found to result in a reduced necrosis and cardiac myeloperoxidase
activity (as a marker of PMN accumulation), as well as improved cardiac
contractility [35]. In an ischemic reperfusion model involving isolated
rat hearts, the presence of the soluble complement receptor 1 (sCR1)
prevents complement deposition on the endothelial surfaces of cardiac
capillaries and the generation of a complement-mediated oxidative burst
by polymorphonuclear leukocytes (PMNs) [37].

Farther downstream in the complement cascade, a monoclonal
antibody against C5a has been shown to decrease the area of infarction
in pigs exposed to a 50-min occlusion of the left coronary artery and a
subsequent 3-h reperfusion [38]. Of note, whereas neutrophil cytotox-
icity was reduced, PMN infiltration and accumulation into infarcted
tissue was unaffected. After reperfusion injury, the condition of ex
vivo-perfused rabbit hearts was shown to be significantly improved by
the application of a low molecular weight heparin molecule (LU 51198)
in terms of several hemodynamic variables as well as
complement-mediated damage [39].

Despite such promising preclinical studies of complement inhibition,
complement is still considered as an “underappreciated therapeutic
target” [40]. Only few clinical trials based on C1-INH and C5 inhibitors
have been performed, with partially inconclusive results (reviewed in
[34]). For instance, administration of the single-chain monoclonal
anti-C5 antibody pexelizumab (developed by Alexion) [41] in patients
receiving angioplasty treatment showed no effect on infarct size but
significantly reduced mortality rates [42]. However, in the same study
series, using the same application protocol for pexelizumab but in pa-
tients who had undergone thrombolytic treatment, pexelizumab did not
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improve the clinical outcomes [43]. Consistently, Armstrong et al. have
reported no effect on mortality rates after the use of pexelizumab with a
comparable application protocol [44]. Therefore, further clinical in-
vestigations are needed to unequivocally establish the therapeutic merit
of complement C5 inhibition in AMI.

Given the broader activity profile of C3 inhibitors and the likely
involvement of multiple effector pathways operating upstream of C5 in
AMI pathology, it is tempting to speculate that transient complement
inhibition at the central level of C3 could provide a broader and more
effective inhibitory effect than can C5 inhibition. However, with regard
to the chronic response to myocardial infarction, an animal study of C3-
knockout (KO) mice exposed to permanent coronary artery ligation has
revealed essential contributions of C3 to long-term myocardial preser-
vation and regeneration [45]. Thus, the timing of the C3 inhibition may
be critical for determining long-term recovery and outcome following
AMIL

2.2. Stroke

Ischemic stroke results from the interruption of blood flow to the
brain ends up in long-term motor and cognitive neurological deficits and
itis a leading cause of death and disability [46]. Current interventions in
the ICU focus on the restoration of blood flow to limit neuronal death,
but these treatments have a therapeutic window of only a few hours and
do not address post-stroke cerebral inflammation [47]. Complement
activation has been implicated as a key perpetrator of neuro-
inflammatory tissue damage in the early stages following ischemic
stroke [46].

In models of ischemic stroke, sCR1 improved reflow, reduced infarct
volume, improved neurological function and survival and decreased
platelet and neutrophil influx both as a pre-treatment and as a post-
stroke treatment [48]. Further studies identified that the benefits were
largely the result of C3 convertase inhibition and C3a blockade [49] and
to a lesser extent C5a [50], and that the key initiators are the LP and the
AP [51,52]. Studies in experimental intracerebral hemorrhage models
confirmed the benefits of C3a blockade and that combinatorial C3a and
C5a blockade was more effective than either alone [53,54]. Investigators
have also shown that C3aR antagonism is best applied in the early
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post-stroke setting where it does not impair complement mediated tissue
repair and regeneration [55,56]. These experimental observations are
supported by a large body of observational data in humans with stroke.
Following ischemic stroke, elevated plasma C3a and C5a levels were
observed as well as LP activation, as evidenced by MASP-1 and MASP-2
activation [57]. Complement activation via the LP has been correlated
with both survival and functional outcome in stroke patients [58].

Further evidence for the pathogenic involvement of complement in
post-ischemic stroke and proof of concept for the therapeutic efficacy of
complement modulation has been provided by studies of surface-
directed complement inhibitors in models of cerebral ischemia-
reperfusion (IR) and post-ischemic stroke. Indeed, surface-directed
complement inhibition via chimeric constructs that combine comple-
ment regulatory and C3 opsonin-binding moieties has yielded promising
results by ameliorating key pathologic indices in preclinical models of
stroke [59,60]. The fusion of the complement regulatory domains of
AP-directed inhibitors such as factor H (FH) to the iC3b/C3dg-binding
domains of CR2 has defined an elegant strategy for blocking C3 acti-
vation near opsonized surfaces, while avoiding exposure of systemic
circulation to increased doses of complement inhibitors [61,62]. Fig. 3.

The dual role of complement in neuronal injury and repair after
cerebral IR was investigated using C3-deficient mice and different site-
directed complement inhibitors in a model of transient middle cere-
bral artery occlusion [59]. C3 deficiency and site-targeted complement
inhibition with either CR2-Crry (inhibits all complement pathways) or
CR2-FH (inhibits the alternative pathway) significantly reduced infarct
size, ameliorated apoptotic cell death, and improved neurological deficit
score in the acute phase after stroke. An elegant preclinical study pro-
vided further support for the translational potential of complement in-
hibition in stroke patients [63]. A ‘fusion’ complement inhibitor
(B4Crry) was developed encompassing a scFv moiety that recognizes a
stroke-associated ischemic neoepitope, thereby directing complement
inhibition to the ischemic region of the brain. B4Crry was administered
systemically as a single dose after stroke and blocked complement
deposition, improving long-term motor and cognitive recovery [63]. Of
note, the neoepitope recognized by this fusion inhibitor is overexpressed
in the ischemic brain tissue from stroke patients, suggesting that a
similar approach might be effective in the clinical setting.
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Fig. 3. ICU therapy-induced complement activation. Several intervention strategies frequently used in the ICU treatment are associated with complement activation
and can contribute to an imbalanced immune response. Created with BioRender.com.
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Taken together, these studies support the pathogenic role of an
overactive AP and C3 convertase activity in the early stages of tissue
injury following cerebral IR. Moreover, these findings suggest that
blocking C3 activation could be a more comprehensive therapeutic
strategy to restore the local complement imbalance and attenuate the
detrimental consequences of cerebral ischemia.

While most PoC studies of complement inhibition in ischemic stroke
have evaluated the therapeutic efficacy of site-directed inhibitors, the
use of systemically delivered C3-targeted inhibitors, such as the
compstatin-based drug candidate AMY-101, is also considered a prom-
ising treatment option [46]. By virtue of their smaller size, compstatins
could likely produce a multi-pronged therapeutic benefit by not only
modulating intravascular inflammation but also ‘homing’ into the
infarcted brain region in sufficient amounts to inhibit local C3 activa-
tion. The homing of such peptidic C3 inhibitors into the brain may be
facilitated by a likely higher permeability/diffusion index through the
already impaired BBB of ischemic stroke patients, as compared to larger
biologics [64]. Future investigations will have to address these trans-
lational hurdles in the way of optimizing brain-permeable complement
therapeutics and providing a more concrete framework for advancing
their clinical evaluation in stroke.

2.3. Major surgery

As well as traumatic injuries with major tissue damage, regularly
scheduled surgical procedures can also result in rapid complement
activation and subsequent consumption [8,9,65]. Major surgery, per-
formed worldwide each day on numerous patients with various diseases,
can elicit the activation of the intravascular innate immune system as
well. For example, during elective open colorectal surgery, C3a con-
centrations have been found to rise to almost 250 ng/ml and decreased
30 min after surgery, only to rise again within the next 24 h after the
operation. This pattern is accompanied by a significant increase in
pro-inflammatory mediators such as IL-6 and IL-8, peaking at 30 min
after the end of surgery [66]. In contrast, a decrease in sC5b-9 has been
found during and soon after colorectal surgery [66]. Major abdominal
surgeries, including replacement of the abdominal aorta, pan-
creaticoduodenectomy, and major intestinal resection, are known to
lead to enhanced C3a concentrations in both the plasma and bron-
choalveolar fluid (BALF), along with a decrease in CHsq values in BALF
and increased air-blood permeability, indicative of the development of
lung damage [67].

Two decades ago, a study of rather small patient cohorts found no
significant change in C3d concentrations in plasma after thoracotomy
[68]. In another study, C3agesarg concentrations > 1800 ng/ml were
detected during cardiopulmonary bypass surgery, and, of note, this form
of C3a appeared to be trapped in the heart circulation during the early
reperfusion period [69]. Furthermore, complement activation and
depletion have been suggested to be associated with excessive bleeding
after coronary artery bypass surgery [70]. Although transplantation
surgery is in principle associated with C3 activation [68], this phe-
nomenon is not within the focus of the present review and has been
discussed in detail elsewhere [71].

2.4. Organ failure

A major aim of intensive care is to monitor and treat single or mul-
tiple organ dysfunction, by the use of a temporarily installed artificial
organ device. Here, we focus on some of the main organs that are
routinely addressed by intensivists.

2.4.1. Kidneys

The kidneys of patients frequently fail while they are in the ICU.
Acute kidney injury (AKI) can be caused by microbes (in sepsis, for
example), nephrotoxic agents (reactions to contrast media), hemor-
rhagic shock (severe trauma) or ischemia-reperfusion injury
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(transplantation).

Sepsis and sepsis-induced multiple organ dysfunction is associated
with massive systemic complement activation [11,72,73] and with the
appearance of C3- and C5-cleavage products in the urine [74]. In a ba-
boon model of Escherichia coli (E. coli)-induced sepsis, a rise in creatinine
and associated morphological signs of septic AKI such as congestion,
tubular necrosis, glomerular thrombi, and congestion have been signif-
icantly reduced when C3 was blocked by the small-peptide C3 inhibitor
compstatin, and, of note, this reduction occurred even when the treat-
ment was delayed by 5 h after the onset of sepsis [75]. In the context of
AKI induced by contrast agents, which are most frequently required for
advanced imaging and vascular interventions, serum concentrations of
C1q seem to be predictive of AKI development [76].

Complement also seems to be involved in the pathophysiology of
trauma-related AKI (TRAKI) [77]. In an experimental ICU setting of
traumatic-hemorrhagic shock in non-human primates, the compstatin
analog Cp40 (clinically developed as AMY-101 by Amyndas Pharma-
ceuticals) has been found to normalize biochemical signs of TRAKI [78].
C3 inhibition can also reduce the inflammatory response and the asso-
ciated thirty-eight-negative kinase 1 (TNK1) expression in the kidneys
that can act as a driver of organ damage [79]. In kidney transplantation,
complement activation is triggered under ischemia-reperfusion condi-
tions after exposure to foreign antigens and DAMPs and appears to be a
crucial driver of the clinical course and fate of the transplanted organ
[71]. Other forms of kidney failure such as rhabdomyolysis-induced AKI
are highly complement-dependent and show tubular and vascular
deposition of C3d and C5b-9 [80]. Activation of the alternative pathway
by myoglobin-derived heme and of the lectin pathway by collectin-11
contribute to the pathophysiology [80], and experimental data suggest
that blockade of C3 and heme may offer a promising therapeutic
approach [80,81]. Recently, COVID-19-associated AKI was also reported
to involve complement activation, mainly resulting in the deposition of
C3 cleavage products and C5b-9 on renal endothelial cells and associ-
ated renal dysfunction [82].

2.4.2. Liver

The liver is the center of complement production, where most of the
numerous complement factors can be generated. Thus, severe liver
damage or dysfunction is expected to have a drastic impact on systemic
levels of complement protein expression. However, complement acti-
vation products have also been shown to promote liver cell survival and
regeneration [83,84]. On the other hand, there is ample experimental
evidence that local or remote complement activation is involved in se-
vere liver damage, irrespective of the underlying etiology of that dam-
age [85-88]. Ischemia-reperfusion injury to rat livers induced by
femoral fracture and hemorrhagic shock can result in severe damage to
the liver epithelium and an associated elevation in liver enzymes, which
can be significantly attenuated by C3 depletion (using CVF) [85].
Complement activation appears to play a key role in severe tropical
diseases that frequently require intensive care, such as dengue hemor-
rhagic fever and dengue shock syndrome. The clinical manifestation of
these diseases includes liver pathology, thrombocytopenia, disordered
coagulation, and complement activation. Dengue virus infections of the
hepatocytes and Kupffer cells (but not the endothelial cells) has been
found in fatal cases associated with MAC formation, suggesting that
upstream blockade of the complement cascade could potentially be
therapeutic [86]. In the case of hepatitis virus-induced liver failure,
enhanced C3a anaphylatoxin levels have been measured in the blood of
patients, together with C3a, C5a, and MAC on hepatocytes [88]. How-
ever, a causative correlation with the clinical course has still to be
established.

In a baboon ICU model of E. coli-induced sepsis, signs of liver injury
with enhanced liver enzymes (ALT, AST) and histological alterations
involving leukocyte infiltration, congestions, and hepatocellular
vacuolization, can all be reduced by C3 was blockade with compstatin,
even when the inhibition is applied after a clinically meaningful delay of
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up to 5h [75].

All these results, taken together, strongly suggest that re-establishing
of the central complement-dependent balance between liver injury and
liver regeneration seems to be crucial in cases of severe liver pathology
that require ICU treatment [84,89-91].

2.4.3. Lungs

The lungs are a pivotal organ, and, according to many clinical al-
gorithms, it is hierarchically the first organ to be therapeutically
addressed in emergency management and ICU care. The lungs are
composed of less than 25% alveolar epithelial cells (type I and II) and
30% endothelial cells; it is noteworthy that a major part of the organ
consists of immune cells, including alveolar macrophages [92]. Thus,
the lungs represent an extremely vulnerable immune target and also an
extremely important immune organ with regard to any inflammatory
processes that require or are induced by ICU care.

Complement activation has also been proposed to play a pivotal role
in pulmonary inflammatory responses [93]. Indeed, a recent
autopsy-based analysis of 36 ICU patients has demonstrated C3d depo-
sition (scored according to a specifically developed system) in various
parts of the lungs in all 36 patients, irrespective of the degree of diffuse
alveolar damage and ARDS diagnosis [94]. Mechanistically, circulating
histones being released after tissue trauma are closely linked to com-
plement activation [95], and they appear to drive acute lung injury as
well as barrier and organ dysfunction [96]. In the clinical setting of lung
injury, enhanced concentrations of the anaphylatoxins C3a and C5a
have been found in bronchoalveolar fluids in the clinical setting [97],
with C5a concentrations reflecting the volume of the lung that is trau-
matized and C3a having predictive value for development of ARDS [98].
Recently, a global focus on COVID-19-related lung damage has been
established, and this subject is covered separately in the next section.

2.5. COVID-19

Severe COVID-19 is increasingly appreciated as a complex, systems-
wide, hyperinflammatory disorder that culminates in disseminated
vascular endothelial injury and thromboinflammation that negatively
affect the function of the lungs and other vital organs throughout the
body [99,100]. Growing experimental and clinical evidence points to
the detrimental role of key innate immune systems in severe COVID-19,
including the complement and coagulation cascades as well as the
kinin-kallikrein system [100-104]. Several clinical studies during the
first waves of the pandemic documented the involvement of systemic
complement activation in severe COVID-19 and its association with
disease severity [105]. Elevated plasma levels of several activation
fragments belonging to all three pathways, along with pronounced
alternative pathway activity, were correlated with worse clinical out-
comes, ICU admission, and higher mortality rates [106-108]. Elevated
systemic C3a, Ba, C5a, and sC5b-9 levels, together with upregulated
C5aR1 signaling in the myeloid compartment were all associated with
adverse clinical courses. Of note, the temporal profile and magnitude of
complement activation in these patients were distinct from those of
patients  hospitalized  with  other  viral infections or
non-COVID-19-related ARDS [109], implying a causal association with
COVID-19 pathogenesis.

Complement activation is triggered in the context of SARS-CoV-2
infection by diverse and even overlapping mechanisms. All three com-
plement pathways can be initiated through pattern recognition events
involving the interaction of SARS-CoV-2 antigens with soluble and
membrane-bound complement proteins [110,111]. Thus, C3 has
emerged as an attractive target for therapeutic modulation in severe
COVID-19, since it represents the convergence point for all three acti-
vation pathways and a key orchestrator of downstream immunomodu-
latory and proinflammatory processes [100]. Earlier clinical
observations of elevated C3 activation fragments in patients with ARDS
and promising preliminary results from a Phase I trial of the C3
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convertase inhibitor, soluble CR1 (TP-10), in patients with ARDS, have
provided the rationale for targeting C3 activation in COVID19-related
lung injury and ARDS [98,112]. Regardless of the initiating route or
specific trigger, C3 activation can act as an upstream mediator of
monocyte/macrophage recruitment to the infected lungs, thereby
potentiating proinflammatory cytokine release, vascular endothelial
activation, and thromboinflammatory tissue damage. The therapeutic
merit of targeting C3 in SARS-CoV-2 pathogenesis has also been sup-
ported by an elegant preclinical study showing that C3 KO mice, when
challenged with a mouse-adapted SARS-CoV, are protected from acute
lung injury, displaying reduced lung inflammatory infiltrates and lower
IL-6 secretion [39]. Several clinical, translational, and mechanistic
studies have indicated that complement C3 dysregulation and COVID-19
pathogenesis are closely intertwined at many levels. C3 activation ap-
pears to bring together platelet and neutrophil activation in the vicinity
of the inflamed endothelium by enhancing NET-dependent immuno-
thrombosis and promoting vascular endothelial injury [113]. Intracel-
lular C3 activation has also emerged as a distinctive pathogenic process
that modulates key proinflammatory signaling in SARS-CoV-2-infected
lung epithelial cells. At the same time, increased C3a generation in-
duces the expansion of highly cytotoxic CD16 + T cells that promote
microvascular endothelial injury through the release of neutrophil and
monocyte-derived chemokines and chemoattractants [114,115].

Mechanistic studies employing the third-generation compstatin-
based C3 inhibitor AMY-101/Cp40 have supported the causal associa-
tion of C3 activation with COVID-19-related NETosis and prompted the
clinical investigation of AMY-101 as an anti-inflammatory therapy in
severe COVID-19 patients [113,116]. Administration of AMY-101 to
three COIVD-19 patients by compassionate use led to rapid respiratory
improvement (resolution of COVID19-ARDS) and attenuation of
thromboinflammatory markers [116]. Furthermore, C3 inhibition
exerted a broader effect on thromboinflammatory markers, attenuating
NETosis to a greater extent than did C5 blockade in a small series of
patients [117].

These results laid the groundwork for the first randomized, placebo-
controlled Phase II trial to assess the safety and efficacy of AMY-101 in
severe COVID-19 patients [118]. According to the interim results of this
trial, a higher, albeit non-significant, proportion of patients (81.3 vs
53.3% for placebo-treated patients) achieved resolution of ARDS
(Pa02/FiO2 >300 mmHg) after AMY-101 treatment, without an oxygen
requirement on days 7 and 14. While the study was not adequately
powered for clinical outcome measures, it corroborated the broad
impact of C3 inhibition on thromboinflammatory markers (i.e., early
reductions in ferritin, CRP, and mean NETosis index). Complete and
sustained C3 inhibition was observed in all AMY-101 responders.
Despite target-saturating levels of AMY-101, partial C3 inhibition, re-
flected in a rebound of plasma C3a levels, was observed in three
non-responders and was correlated with increased kallikrein and
thrombin activity [118]. These observations offer the first clinical vali-
dation of the previously proposed C3 “bypass” activation pathways
[119,120]. Such non-canonical routes of C3 activation may remain
operative under pharmacological C3 inhibition, overriding the inhibi-
tory action of C3 therapeutics. Altogether, these findings encourage
larger trials to evaluate C3-based inhibition in COVID-19 or other
complement-mediated thromboinflammatory diseases.

The timing of complement intervention in such trials is of paramount
importance, given that complement dysregulation manifests during the
late hyper-inflammatory phase of the disease. Future research will need
to address the significant knowledge gaps still existing in the field, such
as those concerning the relative contribution of intracellular versus
intravascular complement in COVID19 pathology, and the extent to
which complement drives both local (lung-restricted) and systemic
manifestations.
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3. Therapeutic principles
3.1. Volume replacement/blood products

Transfusion of blood and blood products to counteract hypovolemia
is still considered one of the most important treatment strategies in the
ICU. Humoral or cellular components are transferred, as required, by
transfusion; however, this process also entails the transfer of activated
cascade components that may serve as potential drivers of adverse
transfusion reactions. Therefore, transfusion protocols are the subject of
constant debates and are frequently revised [121]. Immediate avail-
ability of transfusion products requires appropriate handling and stor-
age; inappropriate treatment can induce structural cellular alterations,
generally known as “storage lesion”, that eventually contribute to severe
adverse effects developing after transfusion. From a complement
perspective, storage of packed red blood cells for more than 6 weeks
results in a gradual decrease in the surface-expressed complement reg-
ulators CD59 (protectin) and CD55 (DAF), likely making the cells more
susceptible to complement attack [122]. Nonetheless, the literature is
controversial, probably because of differences in blood collection pro-
tocols and storage media. Whereas one study, conducted with erythro-
cytes (RBCs) stored in PAGGS-M medium, reported on weak but
significant C3d deposition upon storage [123], another study with RBCs
in saline-adenine-glucose-mannitol did not identify any complement
deposition on the stored cells, and incubation with serum resulted in
donor-dependent deposition without any association with storage time
[124].

Complement activation, indicated by elevated C3a and C5a levels,
occurs in whole blood preparations as well [125]. Cell-free fresh frozen
plasma (FFP) products used in patients with coagulative disorders are
rich in clotting factors and complement proteins. Elevated anaphyla-
toxin concentrations are found in FFP, especially when produced by
apheresis, as opposed to conventional blood donation [126]. It should be
noted that apheresis protocols relying on combined centrifugation and
filtration lead to higher complement activation than does the use of
centrifugation alone [127]. In addition, complement activation occur-
ring in response to leukocyte depletion during the generation of FFP is
affected by the filter surface charge [128]. Especially in cases of massive
transfusion, complement activation products can contribute to cellular
activation and eventually drives organ dysfunction, including
transfusion-related acute lung injury (TRALI) [129]. It is therefore
important to monitor the complement activation status of blood prod-
ucts prior to their application to avoid further transfusion-associated
disturbances in complement disbalance.

3.2. Effects of ICU medications on complement activation

Theoretically, any immunomodulatory drug administered in the ICU
can alter the innate fluid-phase innate immune response. With regard to
frequently used drugs in the ICU, such as catecholamines, narcotics,
painkillers, and antibiotics, to the best of our knowledge there is scarce
information concerning any significant interference within the com-
plement cascade. However, the drug-related toxicity observed in IgE-
independent hypersensitivity reactions can be caused by complement
activation and is generally denoted as “complement activation-related
pseudo-allergy” (CARPA) [130].

CARPA shares symptoms with type I allergic reactions, and it is
attributed solely to complement activation triggered by various medi-
cation ingredients (e.g., polyethylene glycans). The US Food and Drug
Administration has recommended that CARPA be included as an option
in preclinical toxicology testing [130,131]. For instance, Doxil®, a
pegylated liposome formulation used for cancer treatment, is associated
with a rapid complement activation upon administration. Plasma sC5b-9
levels are higher in patients showing a hypersensitive reaction than in
those who do not [132]. Similarly, immunotherapy with recombinant
IL-2 is associated with the development of vascular leakage syndrome, a
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phenomenon that can be complement-driven, since its onset is related to
high C3a plasma levels [133]. In another study, more than half of the
patients infused with radiographic contrast media exhibited a drop in
CH50, C3, properdin and factor B, indicating alternative pathway acti-
vation [134].

Although the underlying mechanisms remain elusive, the emerging
association between drug-related adverse reactions and complement
activation constitutes an unmet clinical need that could likely be
addressed with complement therapeutics. Regarding anticoagulation
agents, it is known that heparin interferes with the complement system
showing a concentration dependent decrease in activation with
increasing levels of heparin [135]. Low molecular weight heparin units
such as the synthetic pentasaccharide fondaparinux (a specific FXa in-
hibitor) may also inhibit clotting factor-associated activation of central
complement proteins (C3, C5), as has been shown in vitro [136] but also
suggested in an in vivo setting: E. coli-induced generation of C3b and
sC5b-9 during the early course of lethal sepsis is clearly diminished in
those receiving fondaparinux [137]. Further clinical research is clearly
warranted to elucidate the potential interference of drugs with central
complement components.

3.3. Ventilation

Since complement is critically involved in many pulmonary diseases
that require ICU management, including trauma- and COVID-19-related
ARDS [100,102,138], it is tempting to speculate that complement is also
activated by mechanical sheer forces acting on the pulmonary epithelial
cells or resident broncho-alveolar inflammatory cells, e.g., in ventilated
lung injury (VILI). However, based on a recent study in more than 70
ICU patients, complement does not appear to be locally activated by
either the size of the tidal volume (V) applied or by the driving pressure
differences (Ap). Moreover, the authors of the study questioned whether
complement plays a major role in the lung injury in invasively ventilated
ICU patients [139].

On the other hand, data derived from rodent studies offer a different
perspective on the potential role of C3 activation in VILI. Enhanced
thrombin activity and increased concentrations of metalloproteinases
have been found in BALF of wildtype mice subjected to experimental
VILI (i.e., mice ventilated with a V1 of 35 ml/kg), whereas in ventilated
C3 KO mice the levels of these proteins were lower and not significantly
different from sham-operated mice [140]. In rats with pressure-induced
VILI (peak inspiratory pressure of 35 cm Ho0 and PEEP of 0 cmH50)
significantly enhanced systemic C3a plasma levels were found that were
inversely correlated with the arterial oxygenation. Of note, blockade of
the classical and lectin pathway by Cl-inhibitor (Berinert®) failed to
improve signs of VILI [141], suggesting that other complement path-
ways not directly modulated by C1-INH (i.e., AP activation) may
contribute to VILI pathology. Proteomic analysis using dynamic
high-resolution four-dimensional computed tomography in a murine
model of acid aspiration and mechanical VILI have revealed a significant
enrichment of proteins from the complement and coagulation cascades
among those that were negatively associated with the local V1 [142]. A
study addressing the proteomic response after VILI has revealed signs of
altered systemic complement levels (e.g., factor I, factor D) in the
ventilated control group as compared to free-breathing controls.
Remarkably, mechanical ventilation plus additional acid aspiration
resulted in a unique pattern of complement levels (e.g. C3, C4b, factor H,
and factor B) [142]. However, whether these findings translate to a
therapeutic potential for the human ICU setting remains unclear.

4. Future therapeutic concepts and conclusion

Complement activation frequently occurs in the context of a variety
of severe diseases that require ICU treatment. Not only the diseases’
pathomechanisms but also regularly applied ICU intervention strategies
have been shown to contribute to complement activation — acting just
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like Bonnie and Clyde, two archetypal partners in crime. The conse-
quences are excessive complement activation or even depletion of
complement components, which the drives an inadequate, multifaceted
inflammatory response. This immune deficit increases the vulnerability
of critical ill patients towards developing further complications.

Beneficial effects of proximal and terminal complement inhibition
have been seen in in vivo models of various ICU diseases, and it is clear
that in such contexts, complement’s role is contextual and multidi-
mensional. It is therefore tempting to speculate that central complement
blockade at the level of C3 would provide a broader and more
comprehensive inhibitory profile. In some scenarios, depletion of com-
plement components as a result of massive activation can also call for
backfill strategies that can be currently realized only by plasma supply
or exchange.

Organ support systems, including procedures and devices with a
large surface area, such as ECMO, hemodialysis, and hemoadsorption
devices can appear “Janus-faced” concerning their consequences for the
immune response: On the one hand, complement and immune cells can
be activated on foreign surfaces [143,144], but on the other hand, in-
flammatory proteins, including complement factors, can be also absor-
bed [145,146].

For successful clinical translation of complement therapeutic stra-
tegies in the ICU, selecting the optimal time window and duration of
complement intervention and monitoring central complement functions
during ICU treatment appear mandatory. Relevant clinical decision al-
gorithms would greatly help to re-establish the delicate balance between
complement activation as a prerequisite for DAMP and microbe-
associated molecular pattern clearance and as an agent of excessive,
tissue-destructive inflammation.

Conflict of interest

J.D.L. is the founder of Amyndas Pharmaceuticals which is devel-
oping complement inhibitors (compstatin analogs). J.D.L. is an inventor
on patents or patent applications that describe the use of complement
inhibitors for therapeutic purposes, some of which are being developed
by Amyndas Pharmaceuticals. J.D.L is the inventor of the compstatin
technology licensed to Apellis Pharmaceuticals (Cp05/POT/APL-1 and
PEGylated derivatives such as APL-2/pegcetacoplan). D.C.M. has pro-
vided paid consulting services to 4D Molecular Therapeutics. DY is the
managing director of Amyndas Pharmaceuticals.

Acknowledgments

We thank Dr. Deborah McClellan for editorial assistance.

Author contributions

All authors contributed to the article in the form of conceptualiza-
tion, writing, reviewing and editing, and they approved the submitted
version.

Funding

This work was supported by the CRC 1149 A01 (INST 40/479-2), the
Swedish Research Council grants 2016-01060, 2016-04519,
2020-05762, and 2021-02252, the Swedish Heart-Lung Foundation
grant HLF 2020-0398 and by faculty grants from the Linnaeus
University.

References

[1] D.C. Mastellos, R.A. Deangelis, J.D. Lambris, Complement-triggered pathways
orchestrate regenerative responses throughout phylogenesis, Semin Immunol. 25
(2013) 29-38, https://doi.org/10.1016/j.smim.2013.04.002.

[2]

[3]

[4]

(5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Seminars in Immunology xxx (xxxx) xxx

M.J. Rutkowski, M.E. Sughrue, A.J. Kane, B.J. Ahn, S. Fang, A.T. Parsa, The
complement cascade as a mediator of tissue growth and regeneration, Inflamm.
Res 59 (2010) 897-905, https://doi.org/10.1007/s00011-010-0220-6.

B. Stevens, N.J. Allen, L.E. Vazquez, G.R. Howell, K.S. Christopherson, N. Nouri,
K.D. Micheva, A.K. Mehalow, A.D. Huberman, B. Stafford, A. Sher, A.M. Litke, J.
D. Lambris, S.J. Smith, S.W.M. John, B.A. Barres, The Classical Complement
Cascade Mediates CNS Synapse Elimination, Cell 131 (2007) 1164-1178, https://
doi.org/10.1016/j.cell.2007.10.036.

K.M. Bennett, S.H.M. Rooijakkers, R.D. Gorham, Let’s Tie the Knot: Marriage of
Complement and Adaptive Immunity in Pathogen Evasion, for Better or Worse,
Front Microbiol 8 (2017) 89, https://doi.org/10.3389/fmicb.2017.00089.

K.N. Ekdahl, C. Mohlin, A. Adler, A. Aman, V.A. Manivel, K. Sandholm, M. Huber-
Lang, K. Fromell, B. Nilsson, Is generation of C3(H20) necessary for activation of
the alternative pathway in real life? Mol. Immunol. 114 (2019) 353-361, https://
doi.org/10.1016/j.molimm.2019.07.032.

M. Harboe, P. Garred, E. Karlstrgm, J.K. Lindstad, G.L. Stahl, T.E. Mollnes, The
down-stream effects of mannan-induced lectin complement pathway activation
depend quantitatively on alternative pathway amplification, Mol. Immunol. 47
(2009) 373-380, https://doi.org/10.1016/j.molimm.2009.09.005.

Z. Bekassy, 1. Lopatko Fagerstrom, M. Bader, D. Karpman, Crosstalk between the
renin-angiotensin, complement and kallikrein—kinin systems in inflammation,
Nat. Rev. Immunol. (2021) 1-18, https://doi.org/10.1038/541577-021-00634-8.
M.S. Huber-Lang, A. Ignatius, J. Kohl, M. Mannes, C.K. Braun, Complement in
trauma—Traumatised complement? Br. J. Pharmacol. 178 (2021) 2863-2879,
https://doi.org/10.1111/bph.15245.

M. Mannes, C.Q. Schmidt, B. Nilsson, K.N. Ekdahl, M. Huber-Lang, Complement
as driver of systemic inflammation and organ failure in trauma, burn, and sepsis,
Semin Immunopathol. 43 (2021) 773-788, https://doi.org/10.1007/s00281-
021-00872-x.

E. Karasu, B. Nilsson, J. K6hl, J.D. Lambris, M. Huber-Lang, Targeting
complement pathways in polytrauma- and sepsis-induced multiple-organ
dysfunction, Front. Immunol. 10 (2019), https://doi.org/10.3389/
fimmu.2019.00543.

T.E. Mollnes, M. Huber-Lang, Complement in sepsis—when science meets clinics,
FEBS Lett. 594 (2020) 2621-2632, https://doi.org/10.1002/1873-3468.13881.
J. Charchaflieh, J. Wei, G. Labaze, Y.J. Hou, B. Babarsh, H. Stutz, H. Lee,

S. Worah, M. Zhang, The role of complement system in septic shock, Clin. Dev.
Immunol. 2012 (2012), 407324, https://doi.org/10.1155/2012/407324.

G.A. Roth, D. Abate, K.H. Abate, S.M. Abay, C. Abbafati, N. Abbasi,

H. Abbastabar, F. Abd-Allah, J. Abdela, et al., Global, regional, and national age-
sex-specific mortality for 282 causes of death in 195 countries and territories,
1980-2017: a systematic analysis for the Global Burden of Disease Study 2017,
Lancet 392 (2018) 1736-1788, https://doi.org/10.1016/50140-6736(18)32203-
7.

M. Yasuda, T. Kawarabayashi, K. Akioka, M. Teragaki, H. Oku, Y. Kanayama,
K. Takeuchi, T. Takeda, Y. Kawase, Y. Ikuno, The complement system in the acute
phase of myocardial infarction, Jpn Circ. J. 53 (1989) 1017-1022, https://doi.
org/10.1253/jcj.53.1017.

M. Yasuda, K. Takeuchi, M. Hiruma, H. lida, A. Tahara, H. Itagane, 1. Toda,

K. Akioka, M. Teragaki, H. Oku, The complement system in ischemic heart
disease, Circulation 81 (1990) 156-163, https://doi.org/10.1161/01.
cir.81.1.156.

T. Imai, S. Takase, M. Arai, T. Fujita, Serial changes of complement titers in the
acute phase of myocardial infarction, Jpn Circ. J. 47 (1983) 289-293, https://doi.
org/10.1253/jcj.47.289.

P.F. Langlois, M.S. Gawryl, Detection of the terminal complement complex in
patient plasma following acute myocardial infarction, Atherosclerosis 70 (1988)
95-105, https://doi.org/10.1016/0021-9150(88)90103-7.

K. lltumur, A. Karabulut, G. Toprak, N. Toprak, Complement activation in acute
coronary syndromes, APMIS 113 (2005) 167-174, https://doi.org/10.1111/
j.1600-0463.2005.apm1130303.x.

T.E. Mollnes, K.E. Tambs, Y. Myreng, L.F. Engebretsen, Acute phase reactants and
complement activation in patients with acute myocardial infarction, Complement
5 (1988) 33-39, https://doi.org/10.1159/000463029.

J. Cubedo, T. Padr6, L. Badimon, Coordinated proteomic signature changes in
immune response and complement proteins in acute myocardial infarction: The
implication of serum amyloid P-component, Int. J. Cardiol. 168 (2013)
5196-5204, https://doi.org/10.1016/j.ijcard.2013.07.181.

L. Bavia, K.C.F. Lidani, F.A. Andrade, M.I.A.H. Sobrinho, R.M. Nisihara, [.J. de
Messias-Reason, Complement activation in acute myocardial infarction: An early
marker of inflammation and tissue injury? Immunol. Lett. 200 (2018) 18-25,
https://doi.org/10.1016/j.imlet.2018.06.006.

H. Schafer, D. Mathey, F. Hugo, S. Bhakdi, Deposition of the terminal C5b-9
complement complex in infarcted areas of human myocardium, J. Immunol. 137
(1986) 1945-1949.

F. Hugo, T. Hamdoch, D. Mathey, H. Schéfer, S. Bhakdi, Quantitative
measurement of SC5b-9 and C5b-9(m) in infarcted areas of human myocardium,
Clin. Exp. Immunol. 81 (1990) 132-136.

P. a J. Krijnen, C. Ciurana, T. Cramer, T. Hazes, C.J.L.M. Meijer, C.A. Visser, H.W.
M. Niessen, C.E. Hack, IgM colocalises with complement and C reactive protein in
infarcted human myocardium, J. Clin. Pathol. 58 (2005) 382-388, https://doi.
org/10.1136/jcp.2004.022988.

A. Vakeva, P. Laurila, S. Meri, Loss of expression of protectin (CD59) is associated
with complement membrane attack complex deposition in myocardial infarction,
Lab Invest 67 (1992) 608-616.


https://doi.org/10.1016/j.smim.2013.04.002
https://doi.org/10.1007/s00011-010-0220-6
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.3389/fmicb.2017.00089
https://doi.org/10.1016/j.molimm.2019.07.032
https://doi.org/10.1016/j.molimm.2019.07.032
https://doi.org/10.1016/j.molimm.2009.09.005
https://doi.org/10.1038/s41577-021-00634-8
https://doi.org/10.1111/bph.15245
https://doi.org/10.1007/s00281-021-00872-x
https://doi.org/10.1007/s00281-021-00872-x
https://doi.org/10.3389/fimmu.2019.00543
https://doi.org/10.3389/fimmu.2019.00543
https://doi.org/10.1002/1873-3468.13881
https://doi.org/10.1155/2012/407324
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1253/jcj.53.1017
https://doi.org/10.1253/jcj.53.1017
https://doi.org/10.1161/01.cir.81.1.156
https://doi.org/10.1161/01.cir.81.1.156
https://doi.org/10.1253/jcj.47.289
https://doi.org/10.1253/jcj.47.289
https://doi.org/10.1016/0021-9150(88)90103-7
https://doi.org/10.1111/j.1600-0463.2005.apm1130303.x
https://doi.org/10.1111/j.1600-0463.2005.apm1130303.x
https://doi.org/10.1159/000463029
https://doi.org/10.1016/j.ijcard.2013.07.181
https://doi.org/10.1016/j.imlet.2018.06.006
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref22
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref22
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref22
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref23
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref23
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref23
https://doi.org/10.1136/jcp.2004.022988
https://doi.org/10.1136/jcp.2004.022988
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref25
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref25
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref25

M. Mannes et al.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

A. Vikeva, T. Lehto, A. Takala, S. Meri, Detection of a soluble form of the
complement membrane attack complex inhibitor CD59 in plasma after acute
myocardial infarction, Scand. J. Immunol. 52 (2000) 411-414, https://doi.org/
10.1046/j.1365-3083.2000.00783.x.

K. Yasojima, C. Schwab, E.G. McGeer, P.L. McGeer, Human heart generates
complement proteins that are upregulated and activated after myocardial
infarction, Circ. Res 83 (1998) 860-869, https://doi.org/10.1161/01.
res.83.8.860.

K. Yasojima, K.S. Kilgore, R.A. Washington, B.R. Lucchesi, P.L. McGeer,
Complement gene expression by rabbit heart: upregulation by ischemia and
reperfusion, Circ. Res 82 (1998) 1224-1230, https://doi.org/10.1161/01.
res.82.11.1224.

R.N. Pinckard, M.S. Olson, P.C. Giclas, R. Terry, J.T. Boyer, R.A. O’Rourke,
Consumption of classical complement components by heart subcellular
membranes in vitro and in patients after acute myocardial infarction, J. Clin.
Invest 56 (1975) 740-750.

J.H. Hill, P.A. Ward, The phlogistic role of C3 leukotactic fragments in myocardial
infarcts of rats, J. Exp. Med 133 (1971) 885-900, https://doi.org/10.1084/

jem.133.4.885.

P.R. Maroko, C.B. Carpenter, M. Chiariello, M.C. Fishbein, P. Radvany, J.

D. Knostman, S.L. Hale, Reduction by cobra venom factor of myocardial necrosis
after coronary artery occlusion, J. Clin. Invest 61 (1978) 661-670, https://doi.
org/10.1172/JCI108978.

D. Maclean, M.C. Fishbein, E. Braunwald, P.R. Maroko, Long-term preservation of
ischemic myocardium after experimental coronary artery occlusion, J. Clin.
Invest 61 (1978) 541-551, https://doi.org/10.1172/JCI108965.

M.H. Crawford, F.L. Grover, W.P. Kolb, C.A. McMahan, R.A. O’Rourke, L.

M. McManus, R.N. Pinckard, Complement and neutrophil activation in the
pathogenesis of ischemic myocardial injury, Circulation 78 (1988) 1449-1458,
https://doi.org/10.1161/01.cir.78.6.1449.

R.W. Emmens, D. Wouters, S. Zeerleder, S.M. van Ham, H.W.M. Niessen, P.A.

J. Krijnen, On the value of therapeutic interventions targeting the complement
system in acute myocardial infarction, Transl. Res 182 (2017) 103-122, https://
doi.org/10.1016/j.trsl.2016.10.005.

M. Buerke, T. Murohara, A.M. Lefer, Cardioprotective effects of a C1 esterase
inhibitor in myocardial ischemia and reperfusion, Circulation 91 (1995)
393-402, https://doi.org/10.1161/01.CIR.91.2.393.

S. Zeerleder, Cl1-inhibitor: more than a serine protease inhibitor, Semin Thromb.
Hemost. 37 (2011) 362-374, https://doi.org/10.1055/5-0031-1276585.

S.M. Shandelya, P. Kuppusamy, A. Herskowitz, M.L. Weisfeldt, J.L. Zweier,
Soluble complement receptor type 1 inhibits the complement pathway and
prevents contractile failure in the postischemic heart. Evidence that complement
activation is required for neutrophil-mediated reperfusion injury, Circulation 88
(1993) 2812-2826, https://doi.org/10.1161/01.cir.88.6.2812.

E.A. Amsterdam, G.L. Stahl, H.L. Pan, S.V. Rendig, M.P. Fletcher, J.C. Longhurst,
Limitation of reperfusion injury by a monoclonal antibody to C5a during
myocardial infarction in pigs, Am. J. Physiol. -Heart Circ. Physiol. 268 (1995)
H448-H457, https://doi.org/10.1152/ajpheart.1995.268.1.H448.

M.R. Gralinski, J.L. Park, M.A. Ozeck, B.C. Wiater, B.R. Lucchesi, LU 51198, a
highly sulfated, low-molecular-weight heparin derivative, prevents complement-
mediated myocardial injury in the perfused rabbit heart, J. Pharm. Exp. Ther. 282
(1997) 554-560.

C.-W. Vogel, The role of complement in myocardial infarction reperfusion injury:
an underappreciated therapeutic target, Front. Cell Dev. Biol. 8 (2020) https://
www.frontiersin.org/article/10.3389/fcell.2020.606407 (accessed May 17,
2022).

J.A. Patel, S.B. Ghatak, Pexelizumab and its role in the treatment of myocardial
infarction and in coronary artery bypass graft surgery: a review, Recent Pat.
Cardiovasc Drug Disco 3 (2008) 145-152, https://doi.org/10.2174/
157489008784705322.

C.B. Granger, K.W. Mahaffey, W.D. Weaver, P. Theroux, J.S. Hochman, T.

G. Filloon, S. Rollins, T.G. Todaro, J.C. Nicolau, W. Ruzyllo, P.W. Armstrong,
Pexelizumab, an Anti-C5 Complement Antibody, as Adjunctive Therapy to
Primary Percutaneous Coronary Intervention in Acute Myocardial Infarction,
Circulation 108 (2003) 1184-1190, https://doi.org/10.1161/01.
CIR.0000087447.12918.85.

K.W. Mahaffey, C.B. Granger, J.C. Nicolau, W. Ruzyllo, W.D. Weaver, P. Theroux,
J.S. Hochman, T.G. Filloon, C.F. Mojcik, T.G. Todaro, P.W. Armstrong, Effect of
Pexelizumab, an Anti-C5 Complement Antibody, as Adjunctive Therapy to
Fibrinolysis in Acute Myocardial Infarction, Circulation 108 (2003) 1176-1183,
https://doi.org/10.1161/01.CIR.0000087404.53661.F8.

A.P.EX.A.M.L Investigators, P.W. Armstrong, C.B. Granger, P.X. Adams,

C. Hamm, D. Holmes, W.W. O’Neill, T.G. Todaro, A. Vahanian, F. Van de Werf,
Pexelizumab for acute ST-elevation myocardial infarction in patients undergoing
primary percutaneous coronary intervention: a randomized controlled trial,
JAMA 297 (2007) 43-51, https://doi.org/10.1001/jama.297.1.43.

M. Wysoczynski, M. Solanki, S. Borkowska, P. van Hoose, K.R. Brittian, S.

D. Prabhu, M.Z. Ratajczak, G. Rokosh, Complement Component 3 is Necessary to
Preserve Myocardium and Myocardial Function in Chronic Myocardial Infarction,
Stem Cells 32 (2014) 2502-2515, https://doi.org/10.1002/stem.1743.

A.R. Clarke, B.R. Christophe, A. Khahera, J.L. Sim, E.S. Connolly, Therapeutic
modulation of the complement cascade in stroke, Front Immunol. 10 (2019)
1723, https://doi.org/10.3389/fimmu.2019.01723.

F. Herpich, F. Rincon, Management of acute ischemic stroke, Crit. Care Med 48
(2020) 1654-1663, https://doi.org/10.1097/CCM.0000000000004597.

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Seminars in Immunology xxx (xxxx) xxx

J. Huang, L.J. Kim, R. Mealey, H.C. Marsh, Y. Zhang, A.J. Tenner, E.S. Connolly,
D.J. Pinsky, Neuronal protection in stroke by an sLex-glycosylated complement
inhibitory protein, Science 285 (1999) 595-599, https://doi.org/10.1126/
science.285.5427.595.

A.F. Ducruet, B.G. Hassid, W.J. Mack, S.A. Sosunov, M.L. Otten, D.J. Fusco, Z.
L. Hickman, G.H. Kim, R.J. Komotar, J. Mocco, E.S. Connolly, C3a receptor
modulation of granulocyte infiltration after murine focal cerebral ischemia is
reperfusion dependent, J. Cereb. Blood Flow. Metab. 28 (2008) 1048-1058,
https://doi.org/10.1038/sj.jcbfm.9600608.

G.H. Kim, J. Mocco, D.K. Hahn, C.P. Kellner, R.J. Komotar, A.F. Ducruet, W.

J. Mack, E.S. Connolly, Protective effect of C5a receptor inhibition after murine
reperfused stroke, Neurosurgery 63 (2008) 122-125, https://doi.org/10.1227/
01.NEU.0000335079.70222.8D.

A. Cervera, A.M. Planas, C. Justicia, X. Urra, J.C. Jensenius, F. Torres, F. Lozano,
A. Chamorro, Genetically-defined deficiency of mannose-binding lectin is
associated with protection after experimental stroke in mice and outcome in
human stroke, PLoS One 5 (2010), e8433, https://doi.org/10.1371/journal.
pone.0008433.

A. Elvington, C. Atkinson, H. Zhu, J. Yu, K. Takahashi, G.L. Stahl, M.S. Kindy,
S. Tomlinson, The alternative complement pathway propagates inflammation and
injury in murine ischemic stroke, J. Immunol. 189 (2012) 4640-4647, https://
doi.org/10.4049/jimmunol.1201904.

M.A. Rynkowski, G.H. Kim, M.C. Garrett, B.E. Zacharia, M.L. Otten, S.A. Sosunov,
R.J. Komotar, B.G. Hassid, A.F. Ducruet, J.D. Lambris, E.S. Connolly, C3a receptor
antagonist attenuates brain injury after intracerebral hemorrhage, J. Cereb. Blood
Flow. Metab. 29 (2009) 98-107, https://doi.org/10.1038/jcbfm.2008.95.

M.C. Garrett, M.L. Otten, R.M. Starke, R.J. Komotar, P. Magotti, J.D. Lambris, M.
A. Rynkowski, E.S. Connolly, Synergistic neuroprotective effects of C3a and C5a
receptor blockade following intracerebral hemorrhage, Brain Res 1298 (2009)
171-177, https://doi.org/10.1016/j.brainres.2009.04.047.

Y. Rahpeymai, M.A. Hietala, U. Wilhelmsson, A. Fotheringham, I. Davies, A.-

K. Nilsson, J. Zwirner, R.A. Wetsel, C. Gerard, M. Pekny, M. Pekna, Complement:
a novel factor in basal and ischemia-induced neurogenesis, EMBO J. 25 (2006)
1364-1374, https://doi.org/10.1038/sj.emboj.7601004.

A.F. Ducruet, B.E. Zacharia, S.A. Sosunov, P.R. Gigante, M.L. Yeh, J.W. Gorski, M.
L. Otten, R.Y. Hwang, P.A. DeRosa, Z.L. Hickman, P. Sergot, E.S. Connolly,
Complement inhibition promotes endogenous neurogenesis and sustained anti-
inflammatory neuroprotection following reperfused stroke, PLoS One 7 (2012),
e38664, https://doi.org/10.1371/journal.pone.0038664.

J. Mocco, D.A. Wilson, R.J. Komotar, M.E. Sughrue, K. Coates, R.L. Sacco, M.S.
V. Elkind, E.S. Connolly, Alterations in plasma complement levels after human
ischemic stroke, discussion 28-33, Neurosurgery 59 (2006) 28-33, https://doi.
org/10.1227/01.NEU.0000219221.14280.65.

Z.-G. Zhang, C. Wang, J. Wang, Z. Zhang, Y.-L. Yang, L. Gao, X.-Y. Zhang,

T. Chang, G.-D. Gao, L.-H. Li, Prognostic value of mannose-binding lectin: 90-day
outcome in patients with acute ischemic stroke, Mol. Neurobiol. 51 (2015)
230-239, https://doi.org/10.1007/s12035-014-8682-0.

A. Alawieh, A. Elvington, H. Zhu, J. Yu, M.S. Kindy, C. Atkinson, S. Tomlinson,
Modulation of post-stroke degenerative and regenerative processes and subacute
protection by site-targeted inhibition of the alternative pathway of complement,
J. Neuroinflamm. 12 (2015) 247, https://doi.org/10.1186/512974-015-0464-8.
G. Hajishengallis, E.S. Reis, D.C. Mastellos, D. Ricklin, J.D. Lambris, Novel
mechanisms and functions of complement, Nat. Immunol. 18 (2017) 1288-1298,
https://doi.org/10.1038/ni.3858.

Y. Huang, F. Qiao, C. Atkinson, V.M. Holers, S. Tomlinson, A novel targeted
inhibitor of the alternative pathway of complement and its therapeutic
application in ischemia/reperfusion injury, J. Immunol. 181 (2008) 8068-8076,
https://doi.org/10.4049/jimmunol.181.11.8068.

V.M. Holers, B. Rohrer, S. Tomlinson, CR2-mediated targeting of complement
inhibitors: bench-to-bedside using a novel strategy for site-specific complement
modulation, Adv. Exp. Med Biol. 735 (2013) 137-154, https://doi.org/10.1007/
978-1-4614-4118-2 9.

A. Alawieh, E.F. Langley, S. Tomlinson, Targeted complement inhibition salvages
stressed neurons and inhibits neuroinflammation after stroke in mice, Sci. Transl.
Med. 10 (2018), eaa06459, https://doi.org/10.1126/scitranslmed.aa06459.

R. Prakash, S.T. Carmichael, Blood-brain barrier breakdown and
neovascularization processes after stroke and traumatic brain injury, Curr. Opin.
Neurol. 28 (2015) 556-564, https://doi.org/10.1097/WC0.0000000000000248.
A.-M. Burk, M. Martin, M.A. Flierl, D. Rittirsch, M. Helm, L. Lampl, U. Bruckner,
G.L. Stahl, A.M. Blom, M. Perl, F. Gebhard, M. Huber-Lang, Early
complementopathy after multiple injuries in humans, Shock 37 (2012) 348-354,
https://doi.org/10.1097/SHK.0b013e3182471795.

A. Kvarnstrom, A. Sokolov, T. Swartling, G. Kurlberg, T.E. Mollnes, A. Bengtsson,
Alternative pathway activation of complement in laparoscopic and open rectal
surgery, Scand. J. Immunol. 76 (2012) 49-53, https://doi.org/10.1111/j.1365-
3083.2012.02702.x.

R. Hallgren, T. Samuelsson, J. Modig, Complement activation and increased
alveolar-capillary permeability after major surgery and in adult respiratory
distress syndrome, Crit. Care Med 15 (1987) 189-193, https://doi.org/10.1097/
00003246-198703000-00001.

H. Segal, S. Sheikh, P. Kallis, S. Cottam, C. Beard, D. Potter, E. Townsend, B.

P. Bidstrup, M. Yacoub, B.J. Hunt, Complement activation during major surgery:
the effect of extracorporeal circuits and high-dose aprotinin, J. Cardiothorac.
Vasc. Anesth. 12 (1998) 542-547, https://doi.org/10.1016/51053-0770(98)
90098-2.


https://doi.org/10.1046/j.1365-3083.2000.00783.x
https://doi.org/10.1046/j.1365-3083.2000.00783.x
https://doi.org/10.1161/01.res.83.8.860
https://doi.org/10.1161/01.res.83.8.860
https://doi.org/10.1161/01.res.82.11.1224
https://doi.org/10.1161/01.res.82.11.1224
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref29
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref29
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref29
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref29
https://doi.org/10.1084/jem.133.4.885
https://doi.org/10.1084/jem.133.4.885
https://doi.org/10.1172/JCI108978
https://doi.org/10.1172/JCI108978
https://doi.org/10.1172/JCI108965
https://doi.org/10.1161/01.cir.78.6.1449
https://doi.org/10.1016/j.trsl.2016.10.005
https://doi.org/10.1016/j.trsl.2016.10.005
https://doi.org/10.1161/01.CIR.91.2.393
https://doi.org/10.1055/s-0031-1276585
https://doi.org/10.1161/01.cir.88.6.2812
https://doi.org/10.1152/ajpheart.1995.268.1.H448
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref39
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref39
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref39
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref39
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref40
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref40
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref40
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref40
https://doi.org/10.2174/157489008784705322
https://doi.org/10.2174/157489008784705322
https://doi.org/10.1161/01.CIR.0000087447.12918.85
https://doi.org/10.1161/01.CIR.0000087447.12918.85
https://doi.org/10.1161/01.CIR.0000087404.53661.F8
https://doi.org/10.1001/jama.297.1.43
https://doi.org/10.1002/stem.1743
https://doi.org/10.3389/fimmu.2019.01723
https://doi.org/10.1097/CCM.0000000000004597
https://doi.org/10.1126/science.285.5427.595
https://doi.org/10.1126/science.285.5427.595
https://doi.org/10.1038/sj.jcbfm.9600608
https://doi.org/10.1227/01.NEU.0000335079.70222.8D
https://doi.org/10.1227/01.NEU.0000335079.70222.8D
https://doi.org/10.1371/journal.pone.0008433
https://doi.org/10.1371/journal.pone.0008433
https://doi.org/10.4049/jimmunol.1201904
https://doi.org/10.4049/jimmunol.1201904
https://doi.org/10.1038/jcbfm.2008.95
https://doi.org/10.1016/j.brainres.2009.04.047
https://doi.org/10.1038/sj.emboj.7601004
https://doi.org/10.1371/journal.pone.0038664
https://doi.org/10.1227/01.NEU.0000219221.14280.65
https://doi.org/10.1227/01.NEU.0000219221.14280.65
https://doi.org/10.1007/s12035-014-8682-0
https://doi.org/10.1186/s12974-015-0464-8
https://doi.org/10.1038/ni.3858
https://doi.org/10.4049/jimmunol.181.11.8068
https://doi.org/10.1007/978-1-4614-4118-2_9
https://doi.org/10.1007/978-1-4614-4118-2_9
https://doi.org/10.1126/scitranslmed.aao6459
https://doi.org/10.1097/WCO.0000000000000248
https://doi.org/10.1097/SHK.0b013e3182471795
https://doi.org/10.1111/j.1365-3083.2012.02702.x
https://doi.org/10.1111/j.1365-3083.2012.02702.x
https://doi.org/10.1097/00003246-198703000-00001
https://doi.org/10.1097/00003246-198703000-00001
https://doi.org/10.1016/s1053-0770(98)90098-2
https://doi.org/10.1016/s1053-0770(98)90098-2

M. Mannes et al.

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

A.G. Semb, J. Vaage, D. Sgrlie, M. Lie, O. Danbolt Mjgs, Coronary Trapping of a
Complement Activation Product (C3a des-Arg) During Myocardial Reperfusion in
Open-Heart Surgery, Scand. J. Thorac. Cardiovasc. Surg. 24 (1990) 223-227,
https://doi.org/10.3109/14017439009098073.

J.J. Jimenez Rivera, J.L. Iribarren, J.M. Raya, I. Nassar, L. Lorente, R. Perez,
M. Brouard, J.M. Lorenzo, P. Garrido, Y. Barrios, M. Diaz, B. Alarco, R. Martinez,
M.L. Mora, Factors associated with excessive bleeding in cardiopulmonary bypass
patients: a nested case-control study, J. Cardiothorac. Surg. 2 (2007) 17, https://
doi.org/10.1186,/1749-8090-2-17.

A.-R. Biglarnia, M. Huber-Lang, C. Mohlin, K.N. Ekdahl, B. Nilsson, The
multifaceted role of complement in kidney transplantation, Nat. Rev. Nephrol. 14
(2018) 767-781, https://doi.org/10.1038/s41581-018-0071-x.

H. Unnewehr, D. Rittirsch, J.V. Sarma, F. Zetoune, M.A. Flierl, M. Perl, S. Denk,
M. Weiss, M.E. Schneider, P.N. Monk, T. Neff, M. Mihlan, H. Barth, F. Gebhard, P.
A. Ward, M. Huber-Lang, Changes and regulation of the C5a receptor on
neutrophils during septic shock in humans, J. Immunol. 190 (2013) 4215-4225,
https://doi.org/10.4049/jimmunol.1200534.

H. Helling, B. Stephan, G. Pindur, Coagulation and complement system in
critically ill patients, Clin. Hemorheol. Micro 61 (2015) 185-193, https://doi.
org/10.3233/CH-151993.

S. Pajenda, F. Zawedde, S. Kapps, L. Wagner, A. Schmidt, W. Winnicki,

D. O’Connell, D. Gerges, Urinary C3 levels associated with sepsis and acute
kidney injury—A pilot study, PLOS ONE 16 (2021), e0259777, https://doi.org/
10.1371/journal.pone.0259777.

R. Silasi-Mansat, H. Zhu, N.I. Popescu, G. Peer, G. Sfyroera, P. Magotti, L. Ivanciu,
C. Lupu, T.E. Mollnes, F.B. Taylor, G. Kinasewitz, J.D. Lambris, F. Lupu,
Complement inhibition decreases the procoagulant response and confers organ
protection in a baboon model of Escherichia coli sepsis, Blood 116 (2010)
1002-1010, https://doi.org/10.1182/blood-2010-02-269746.

J. Tao, C. Ye, W. Dai, D. Li, M. Zhou, Y. Li, Serum Level of Complement Clq is
Associated with Contrast-Associated Acute Kidney Injury in Patients Undergoing
Emergency Percutaneous Coronary Intervention, J. Inflamm. Res 14 (2021)
7331-7339, https://doi.org/10.2147/JIR.S343715.

D.A.C. Messerer, R. Halbgebauer, B. Nilsson, H. Pavenstadt, P. Radermacher,
M. Huber-Lang, Immunopathophysiology of trauma-related acute kidney injury,
Nat. Rev. Nephrol. 17 (2021) 91-111, https://doi.org/10.1038/541581-020-
00344-9.

M. van Griensven, D. Ricklin, S. Denk, R. Halbgebauer, C.K. Braun, A. Schultze,
F. Hones, S. Koutsogiannaki, A. Primikyri, E. Reis, D. Messerer, S. Hafner,

P. Radermacher, A.-R. Biglarnia, R.R.G. Resuello, J.V. Tuplano, B. Mayer,

K. Nilsson, B. Nilsson, J.D. Lambris, M. Huber-Lang, Protective Effects of the
Complement Inhibitor Compstatin CP40 in Hemorrhagic Shock, Shock 51 (2019)
78-87, https://doi.org/10.1097/SHK.0000000000001127.

R. Halbgebauer, E. Karasu, C.K. Braun, A. Palmer, S. Braumiiller, A. Schultze,
F. Schafer, S. Biickle, A. Eigner, U. Wachter, P. Radermacher, R.R.G. Resuello, J.
V. Tuplano, K. Nilsson Ekdahl, B. Nilsson, M. Armacki, A. Kleger, T. Seufferlein,
M. Kalbitz, F. Gebhard, J.D. Lambris, M. van Griensven, M. Huber-Lang, Thirty-
Eight-Negative Kinase 1 Is a Mediator of Acute Kidney Injury in Experimental and
Clinical Traumatic Hemorrhagic Shock, Front. Immunol. 11 (2020) https://www.
frontiersin.org/article/10.3389/fimmu.2020.02081 (accessed May 17, 2022).

1. Boudhabhay, V. Poillerat, A. Grunenwald, C. Torset, J. Leon, M.V. Daugan,

F. Lucibello, K. El Karoui, A. Ydee, S. Chauvet, P. Girardie, S. Sacks, C.A. Farrar,
P. Garred, R. Berthaud, M. Le Quintrec, M. Rabant, P. de Lonlay, C. Rambaud,
V. Gnemmi, V. Fremeaux-Bacchi, M. Frimat, L.T. Roumenina, Complement
activation is a crucial driver of acute kidney injury in rhabdomyolysis, Kidney Int
99 (2021) 581-597, https://doi.org/10.1016/j.kint.2020.09.033.

X. Huang, W. Zhao, L. Zhang, X. Yang, L. Wang, Y. Chen, J. Wang, C. Zhang,
G. Wu, The role of complement activation in rhabdomyolysis-induced acute
kidney injury, PLOS ONE 13 (2018), e0192361, https://doi.org/10.1371/journal.
pone.0192361.

M. Legrand, S. Bell, L. Forni, M. Joannidis, J.L. Koyner, K. Liu, V. Cantaluppi,
Pathophysiology of COVID-19-associated acute kidney injury, Nat. Rev. Nephrol.
17 (2021) 751-764, https://doi.org/10.1038/s41581-021-00452-0.

C.W. Strey, M. Markiewski, D. Mastellos, R. Tudoran, L.A. Spruce, L.

E. Greenbaum, J.D. Lambris, The proinflammatory mediators C3a and C5a are
essential for liver regeneration, J. Exp. Med 198 (2003) 913-923, https://doi.
org/10.1084/jem.20030374.

E.B. Thorgersen, A. Barratt-Due, H. Haugaa, M. Harboe, S.E. Pischke, P.

H. Nilsson, T.E. Mollnes, The Role of Complement in Liver Injury, Regeneration,
and Transplantation, Hepatology 70 (2019) 725-736, https://doi.org/10.1002/
hep.30508.

B. Wang, H. Xu, J. Li, H.-M. Gao, Y.-H. Xing, Z. Lin, H.-J. Li, Y.-Q. Wang, S.-

H. Cao, Complement depletion with cobra venom factor alleviates acute hepatic
injury induced by ischemia-reperfusion, Mol. Med. Rep. 18 (2018) 4523-4529,
https://doi.org/10.3892/mmr.2018.9484.

K.S. Aye, K. Charngkaew, N. Win, K.Z. Wai, K. Moe, N. Punyadee, S. Thiemmeca,
A. Suttitheptumrong, S. Sukpanichnant, M. Prida, S.B. Halstead, Pathologic
highlights of dengue hemorrhagic fever in 13 autopsy cases from Myanmar, Hum.
Pathol. 45 (2014) 1221-1233, https://doi.org/10.1016/j.humpath.2014.01.022.
H. Tomasdottir, B.-A. Henriksson, J.-P. Bengtson, A. Bengtsson, O. Stenqvist,

H. Persson, Complement activation during liver transplantation, Transplantation
55 (1993) 799-801.

J.G. Melgaco, C.E. Veloso, L.F. Pacheco-Moreira, C.L. Vitral, M.A. Pinto,
Complement system as a target for therapies to control liver regeneration/
damage in acute liver failure induced by viral hepatitis, J. Inmunol. Res 2018
(2018) 3917032, https://doi.org/10.1155/2018/3917032.

10

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Seminars in Immunology xxx (xxxx) xxx

J.S. Min, R.A. DeAngelis, E.S. Reis, S. Gupta, M.R. Maurya, C. Evans, A. Das,

C. Burant, J.D. Lambris, S. Subramaniam, Systems analysis of the complement-
induced priming phase of liver regeneration, J. Immunol. 197 (2016) 2500-2508,
https://doi.org/10.4049/jimmunol.1600628.

K.M. Marshall, S. He, Z. Zhong, C. Atkinson, S. Tomlinson, Dissecting the
complement pathway in hepatic injury and regeneration with a novel protective
strategy, J. Exp. Med 211 (2014) 1793-1805, https://doi.org/10.1084/
jem.20131902.

S. He, C. Atkinson, F. Qiao, K. Cianflone, X. Chen, S. Tomlinson, A complement-
dependent balance between hepatic ischemia/reperfusion injury and liver
regeneration in mice, J. Clin. Invest 119 (2009) 2304-2316, https://doi.org/
10.1172/JCI38289.

J.D. Crapo, B.E. Barry, P. Gehr, M. Bachofen, E.R. Weibel, Cell number and cell
characteristics of the normal human lung, Am. Rev. Respir. Dis. 126 (1982)
332-337, https://doi.org/10.1164/arrd.1982.126.2.332.

T.J. Standiford, P.A. Ward, Therapeutic targeting of acute lung injury and acute
respiratory distress syndrome, Transl. Res 167 (2016) 183-191, https://doi.org/
10.1016/j.trs1.2015.04.015.

A. Al-Fares, T. Pettenuzzo, L. Del Sorbo, Extracorporeal life support and systemic
inflammation, Intensive Care Med Exp. 7 (2019) 46, https://doi.org/10.1186/
5s40635-019-0249-y.

J.J. Grailer, P.A. Ward, Lung inflammation and damage induced by extracellular
histones, Inflamm. Cell Signal 1 (2014), e131, https://doi.org/10.14800/ics.131.
S.T. Abrams, N. Zhang, J. Manson, T. Liu, C. Dart, F. Baluwa, S.S. Wang, K. Brohi,
A. Kipar, W. Yu, G. Wang, C.-H. Toh, Circulating histones are mediators of
trauma-associated lung injury, Am. J. Respir. Crit. Care Med 187 (2013) 160-169,
https://doi.org/10.1164/rccm.201206-10370C.

J.J. Hoth, J.D. Wells, S.E. Jones, B.K. Yoza, C.E. McCall, Complement mediates a
primed inflammatory response after traumatic lung injury, J. Trauma Acute Care
Surg. 76 (2014) 601-609, https://doi.org/10.1097/TA.0000000000000129.

G. Zilow, T. Joka, U. Obertacke, U. Rother, M. Kirschfink, Generation of
anaphylatoxin C3a in plasma and bronchoalveolar lavage fluid in trauma patients
at risk for the adult respiratory distress syndrome, Crit. Care Med 20 (1992)
468-473, https://doi.org/10.1097,/00003246-199204000-00006.

A. Gupta, M.V. Madhavan, K. Sehgal, N. Nair, S. Mahajan, T.S. Sehrawat,

B. Bikdeli, N. Ahluwalia, J.C. Ausiello, E.Y. Wan, D.E. Freedberg, A.J. Kirtane, S.
A. Parikh, M.S. Maurer, A.S. Nordvig, D. Accili, J.M. Bathon, S. Mohan, K.

A. Bauer, M.B. Leon, H.M. Krumholz, N. Uriel, M.R. Mehra, M.S.V. Elkind, G.
W. Stone, A. Schwartz, D.D. Ho, J.P. Bilezikian, D.W. Landry, Extrapulmonary
manifestations of COVID-19, Nat. Med 26 (2020) 1017-1032, https://doi.org/
10.1038/541591-020-0968-3.

A.M. Risitano, D.C. Mastellos, M. Huber-Lang, D. Yancopoulou, C. Garlanda,

F. Ciceri, J.D. Lambris, Complement as a target in COVID-19? Nat. Rev. Immunol.
20 (2020) 343-344, https://doi.org/10.1038/s41577-020-0320-7.

A. Java, A.J. Apicelli, M.K. Liszewski, A. Coler-Reilly, J.P. Atkinson, A.H.J. Kim,
H.S. Kulkarni, The complement system in COVID-19: friend and foe? JCI Insight 5
(2020) https://doi.org/10.1172/jci.insight.140711.

B. Afzali, M. Noris, B.N. Lambrecht, C. Kemper, The state of complement in
COVID-19, Nat. Rev. Immunol. 22 (2022) 77-84, https://doi.org/10.1038/
s41577-021-00665-1.

M. Lipcsey, B. Persson, O. Eriksson, A.M. Blom, K. Fromell, M. Hultstrom,

M. Huber-Lang, K.N. Ekdahl, R. Frithiof, B. Nilsson, The Outcome of Critically Il
COVID-19 Patients Is Linked to Thromboinflammation Dominated by the
Kallikrein/Kinin System, Front. Immunol. 12 (2021) https://www.frontiersin.
org/article/10.3389/fimmu.2021.627579 (accessed June 8, 2022).

B. Nilsson, B. Persson, O. Eriksson, K. Fromell, M. Hultstrom, R. Frithiof,

M. Lipcsey, M. Huber-Lang, K.N. Ekdahl, How the Innate Immune System of the
Blood Contributes to Systemic Pathology in COVID-19-Induced ARDS and
Provides Potential Targets for Treatment, Front Immunol. 13 (2022), 840137,
https://doi.org/10.3389/fimmu.2022.840137.

M. Cugno, P.L. Meroni, R. Gualtierotti, S. Griffini, E. Grovetti, A. Torri,

M. Panigada, S. Aliberti, F. Blasi, F. Tedesco, F. Peyvandi, Complement activation
in patients with COVID-19: A novel therapeutic target, J. Allergy Clin. Immunol.
146 (2020) 215-217, https://doi.org/10.1016/].jaci.2020.05.006.

J.C. Holter, S.E. Pischke, E. de Boer, A. Lind, S. Jenum, A.R. Holten, K. Tonby,
A. Barratt-Due, M. Sokolova, C. Schjalm, V. Chaban, A. Kolderup, T. Tran,

T. Tollefsrud Gjglberg, L.G. Skeie, L. Hesstvedt, V. Ormasen, B. Fevang, C. Austad,
K.E. Miiller, C. Fladeby, M. Holberg-Petersen, B. Halvorsen, F. Miiller, P. Aukrust,
S. Dudman, T. Ueland, J.T. Andersen, F. Lund-Johansen, L. Heggelund, A.

M. Dyrhol-Riise, T.E. Mollnes, Systemic complement activation is associated with
respiratory failure in COVID-19 hospitalized patients, Proc. Natl. Acad. Sci. USA
117 (2020) 25018-25025, https://doi.org/10.1073/pnas.2010540117.

J. Carvelli, O. Demaria, F. Vély, L. Batista, N. Chouaki Benmansour, J. Fares,

S. Carpentier, M.-L. Thibult, A. Morel, R. Remark, P. André, A. Represa,

C. Piperoglou, P.Y. Cordier, E. Le Dault, C. Guervilly, P. Simeone, M. Gainnier,
Y. Morel, M. Ebbo, N. Schleinitz, E. Vivier, Association of COVID-19 inflammation
with activation of the C5a-C5aR1 axis, Nature 588 (2020) 146-150, https://doi.
org/10.1038/541586-020-2600-6.

A H. de Nooijer, I. Grondman, N.A.F. Janssen, M.G. Netea, L. Willems, F.L. van de
Veerdonk, E.J. Giamarellos-Bourboulis, E.J.M. Toonen, L.A.B. Joosten, RCI-
COVID-19 study group, Complement Activation in the Disease Course of
Coronavirus Disease 2019 and Its Effects on Clinical Outcomes, J. Infect. Dis. 223
(2021) 214-224, https://doi.org/10.1093/infdis/jiaa646.

L. Ma, S.K. Sahu, M. Cano, V. Kuppuswamy, J. Bajwa, J. McPhatter, A. Pine, M.
L. Meizlish, G. Goshua, C.H. Chang, H. Zhang, C. Price, P. Bahel, H. Rinder, T. Lei,
A. Day, D. Reynolds, X. Wu, R. Schriefer, A.M. Rauseo, C.W. Goss, J.


https://doi.org/10.3109/14017439009098073
https://doi.org/10.1186/1749-8090-2-17
https://doi.org/10.1186/1749-8090-2-17
https://doi.org/10.1038/s41581-018-0071-x
https://doi.org/10.4049/jimmunol.1200534
https://doi.org/10.3233/CH-151993
https://doi.org/10.3233/CH-151993
https://doi.org/10.1371/journal.pone.0259777
https://doi.org/10.1371/journal.pone.0259777
https://doi.org/10.1182/blood-2010-02-269746
https://doi.org/10.2147/JIR.S343715
https://doi.org/10.1038/s41581-020-00344-9
https://doi.org/10.1038/s41581-020-00344-9
https://doi.org/10.1097/SHK.0000000000001127
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref79
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref79
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref79
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref79
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref79
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref79
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref79
https://doi.org/10.1016/j.kint.2020.09.033
https://doi.org/10.1371/journal.pone.0192361
https://doi.org/10.1371/journal.pone.0192361
https://doi.org/10.1038/s41581-021-00452-0
https://doi.org/10.1084/jem.20030374
https://doi.org/10.1084/jem.20030374
https://doi.org/10.1002/hep.30508
https://doi.org/10.1002/hep.30508
https://doi.org/10.3892/mmr.2018.9484
https://doi.org/10.1016/j.humpath.2014.01.022
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref87
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref87
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref87
https://doi.org/10.1155/2018/3917032
https://doi.org/10.4049/jimmunol.1600628
https://doi.org/10.1084/jem.20131902
https://doi.org/10.1084/jem.20131902
https://doi.org/10.1172/JCI38289
https://doi.org/10.1172/JCI38289
https://doi.org/10.1164/arrd.1982.126.2.332
https://doi.org/10.1016/j.trsl.2015.04.015
https://doi.org/10.1016/j.trsl.2015.04.015
https://doi.org/10.1186/s40635-019-0249-y
https://doi.org/10.1186/s40635-019-0249-y
https://doi.org/10.14800/ics.131
https://doi.org/10.1164/rccm.201206-1037OC
https://doi.org/10.1097/TA.0000000000000129
https://doi.org/10.1097/00003246-199204000-00006
https://doi.org/10.1038/s41591-020-0968-3
https://doi.org/10.1038/s41591-020-0968-3
https://doi.org/10.1038/s41577-020-0320-7
https://doi.org/10.1172/jci.insight.140711
https://doi.org/10.1038/s41577-021-00665-1
https://doi.org/10.1038/s41577-021-00665-1
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref103
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref103
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref103
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref103
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref103
https://doi.org/10.3389/fimmu.2022.840137
https://doi.org/10.1016/j.jaci.2020.05.006
https://doi.org/10.1073/pnas.2010540117
https://doi.org/10.1038/s41586-020-2600-6
https://doi.org/10.1038/s41586-020-2600-6
https://doi.org/10.1093/infdis/jiaa646

M. Mannes et al.

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

A. O’Halloran, R.M. Presti, A.H. Kim, A.E. Gelman, C.S. Dela Cruz, A.L Lee, P.
A. Mudd, H.J. Chun, J.P. Atkinson, H.S. Kulkarni, Increased complement
activation is a distinctive feature of severe SARS-CoV-2 infection, Sci. Immunol. 6
(2021) eabh2259, https://doi.org/10.1126/sciimmunol.abh2259.

M. Stravalaci, I. Pagani, E.M. Paraboschi, M. Pedotti, A. Doni, F. Scavello, S.

N. Mapelli, M. Sironi, C. Perucchini, L. Varani, M. Matkovic, A. Cavalli, D. Cesana,
P. Gallina, N. Pedemonte, V. Capurro, N. Clementi, N. Mancini, P. Invernizzi,
R. Bayarri-Olmos, P. Garred, R. Rappuoli, S. Duga, B. Bottazzi, M. Uguccioni,
R. Asselta, E. Vicenzi, A. Mantovani, C. Garlanda, Recognition and inhibition of
SARS-CoV-2 by humoral innate immunity pattern recognition molecules, Nat.
Immunol. 23 (2022) 275-286, https://doi.org/10.1038/541590-021-01114-w.
J. Yu, X. Yuan, H. Chen, S. Chaturvedi, E.M. Braunstein, R.A. Brodsky, Direct
activation of the alternative complement pathway by SARS-CoV-2 spike proteins
is blocked by factor D inhibition, Blood 136 (2020) 2080-2089, https://doi.org/
10.1182/blood.2020008248.

J.L. Zimmerman, R.P. Dellinger, R.C. Straube, J.L. Levin, Phase I trial of the
recombinant soluble complement receptor 1 in acute lung injury and acute
respiratory distress syndrome, Crit. Care Med 28 (2000) 3149-3154, https://doi.
org/10.1097,/00003246-200009000-00004.

P. Skendros, A. Mitsios, A. Chrysanthopoulou, D.C. Mastellos, S. Metallidis,

P. Rafailidis, M. Ntinopoulou, E. Sertaridou, V. Tsironidou, C. Tsigalou,

M. Tektonidou, T. Konstantinidis, C. Papagoras, I. Mitroulis, G. Germanidis, J.
D. Lambris, K. Ritis, Complement and tissue factor-enriched neutrophil
extracellular traps are key drivers in COVID-19 immunothrombosis, J. Clin. Invest
130 (2020) 6151-6157, https://doi.org/10.1172/JCI141374.

B. Yan, T. Freiwald, D. Chauss, L. Wang, E. West, C. Mirabelli, C.J. Zhang, E.-
M. Nichols, N. Malik, R. Gregory, M. Bantscheff, S. Ghidelli-Disse, M. Kolev,

T. Frum, J.R. Spence, J.Z. Sexton, K.D. Alysandratos, D.N. Kotton, S. Pittaluga,
J. Bibby, N. Niyonzima, M.R. Olson, S. Kordasti, D. Portilla, C.E. Wobus,

A. Laurence, M.S. Lionakis, C. Kemper, B. Afzali, M. Kazemian, SARS-CoV-2
drives JAK1/2-dependent local complement hyperactivation, Sci. Immunol. 6
(2021) eabg0833, https://doi.org/10.1126/sciimmunol.abg0833.

P. Georg, R. Astaburuaga-Garcia, L. Bonaguro, S. Brumhard, L. Michalick, L.

J. Lippert, T. Kostevc, C. Gabel, M. Schneider, M. Streitz, V. Demichev, I. Gemiind,
M. Barone, P. Tober-Lau, E.T. Helbig, D. Hillus, L. Petrov, J. Stein, H.-P. Dey,
D. Paclik, C. Iwert, M. Miilleder, S.K. Aulakh, S. Djudjaj, R.D. Biilow, H.E. Mei, A.
R. Schulz, A. Thiel, S. Hippenstiel, A.-E. Saliba, R. Eils, I. Lehmann, M.A. Mall,
S. Stricker, J. Rohmel, V.M. Corman, D. Beule, E. Wyler, M. Landthaler,

B. Obermayer, S. von Stillfried, P. Boor, M. Demir, H. Wesselmann, N. Suttorp,
A. Uhrig, H. Miiller-Redetzky, J. Nattermann, W.M. Kuebler, C. Meisel, M. Ralser,
J.L. Schultze, A.C. Aschenbrenner, C. Thibeault, F. Kurth, L.E. Sander,

N. Bliithgen, B. Sawitzki, PA-COVID-19 Study Group, Complement activation
induces excessive T cell cytotoxicity in severe COVID-19, €25, Cell 185 (2022)
493-512, https://doi.org/10.1016/j.cell.2021.12.040.

S. Mastaglio, A. Ruggeri, A.M. Risitano, P. Angelillo, D. Yancopoulou, D.

C. Mastellos, M. Huber-Lang, S. Piemontese, A. Assanelli, C. Garlanda, J.

D. Lambris, F. Ciceri, The first case of COVID-19 treated with the complement C3
inhibitor AMY-101, Clin. Immunol. 215 (2020), 108450, https://doi.org/
10.1016/j.clim.2020.108450.

D.C. Mastellos, B.G.P. Pires da Silva, B.A.L. Fonseca, N.P. Fonseca,

M. Auxiliadora-Martins, S. Mastaglio, A. Ruggeri, M. Sironi, P. Radermacher,

A. Chrysanthopoulou, P. Skendros, K. Ritis, I. Manfra, S. Iacobelli, M. Huber-Lang,
B. Nilsson, D. Yancopoulou, E.S. Connolly, C. Garlanda, F. Ciceri, A.M. Risitano,
R.T. Calado, J.D. Lambris, Complement C3 vs C5 inhibition in severe COVID-19:
Early clinical findings reveal differential biological efficacy, Clin. Immunol. 220
(2020), 108598, https://doi.org/10.1016/j.clim.2020.108598.

P. Skendros, G. Germanidis, Dimitrios C. Mastellos, C. Antoniadou, E. Gavriilidis,
G. Kalopitas, A. Samakidou, A. Liontos, A. Chrysanthopoulou, M. Ntinopoulou,
D. Kogias, I. Karanika, A. Smyrlis, D. Cepaityte, I. Fotiadou, N. Zioga, I. Mitroulis,
Nikolaos K. Gatselis, C. Papagoras, S. Metallidis, H. Milionis, George N. Dalekos,
L. Willems, B. Persson, V. Anand Manivel, B. Nilsson, E. Sander Connolly,

S. Iacobelli, V. Papadopoulos, Rodrigo T. Calado, M. Huber-Lang, Antonio

M. Risitano, D. Yancopoulou, K. Ritis, John D. Lambris, Complement C3
inhibition in severe COVID-19 using compstatin AMY-101, Sci. Adv. (2022). In
Press.

M. Huber-Lang, J.V. Sarma, F.S. Zetoune, D. Rittirsch, T.A. Neff, S.R. McGuire, J.
D. Lambris, R.L. Warner, M.A. Flierl, L.M. Hoesel, F. Gebhard, J.G. Younger, S.
M. Drouin, R.A. Wetsel, P.A. Ward, Generation of C5a in the absence of C3: a new
complement activation pathway, Nat. Med. 12 (2006) 682-687, https://doi.org/
10.1038/nm1419.

M. Mannes, A. Dopler, O. Zolk, S.J. Lang, R. Halbgebauer, B. Hochsmann,

A. Skerra, C.K. Braun, M. Huber-Lang, H. Schrezenmeier, C.Q. Schmidt,
Complement inhibition at the level of C3 or C5: mechanistic reasons for ongoing
terminal pathway activity, Blood 137 (2021) 443-455, https://doi.org/10.1182/
blood.2020005959.

A. Shah, S. Oczkowski, C. Aubron, A.P. Vlaar, J.C. Dionne, ESICM transfusion task
force, transfusion in critical care: past, present and future, Transfus. Med 30
(2020) 418-432, https://doi.org/10.1111/tme.12738.

K. e Long, R. Yomtovian, M. Kida, J. j Knez, M. e Medof, Time-dependent loss of
surface complement regulatory activity during storage of donor blood,
Transfusion 33 (1993) 294-300, https://doi.org/10.1046/].1537-
2995.1993.33493242635.x.

J. Kamhieh-Milz, B. Bartl, V. Sterzer, S. Kamhieh-Milz, A. Salama, Storage of RBCs
results in an increased susceptibility for complement-mediated degradation,
Transfus. Med 24 (2014) 392-399, https://doi.org/10.1111/tme.12166.

11

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

Seminars in Immunology xxx (xxxx) xxx

A.J.F. Thielen, E.M. Meulenbroek, I. Baas, R. Bruggen, S.S. Zeerleder, D. Wouters,
Complement Deposition and IgG Binding on Stored Red Blood Cells Are
Independent of Storage Time, TMH 45 (2018) 378-384, https://doi.org/10.1159/
000486759.

M. Hyllner, J.P. Arnestad, J.P. Bengtson, L. Rydberg, A. Bengtsson, Complement
activation during storage of whole blood, red cells, plasma, and buffy coat,
Transfusion 37 (1997) 264-268, https://doi.org/10.1046/].1537-
2995.1997.37397240207 .x.

J. Sonntag, B. Stiller, M.M. Walka, R.F. Maier, Anaphylatoxins in fresh-frozen
plasma, Transfusion 37 (1997) 798-803, https://doi.org/10.1046/j.1537-
2995.1997.37897424401.x.

J. Sonntag, M. Emeis, A. Vornwald, E. Strauss, R.F. Maier, Complement activation
during plasma production depends on the apheresis technique, Transfus. Med 8
(1998) 205-208, https://doi.org/10.1046/j.1365-3148.1998.00150.x.

R. Cardigan, J. Sutherland, M. Garwood, P. Krailadsiri, J. Seghatchian, M. Beard,
N. Beckman, L.M. Williamson, The effect of leucocyte depletion on the quality of
fresh-frozen plasma, Br. J. Haematol. 114 (2001) 233-240, https://doi.org/
10.1046/j.1365-2141.2001.02907..x.

S.J. Cleary, N. Kwaan, J.J. Tian, D.R. Calabrese, B. Mallavia, M. Magnen, J.

R. Greenland, A. Urisman, J.P. Singer, S.R. Hays, J. Kukreja, A.M. Hay, H.

L. Howie, P. Toy, C.A. Lowell, C.N. Morrell, J.C. Zimring, M.R. Looney,
Complement activation on endothelium initiates antibody-mediated acute lung
injury, J. Clin. Invest 130 (2020) 5909-5923, https://doi.org/10.1172/
JCI138136.

J. Szebeni, Complement activation-related pseudoallergy: a new class of drug-
induced acute immune toxicity, Toxicology 216 (2005) 106-121, https://doi.org/
10.1016/j.t0x.2005.07.023.

K.L. Hastings, Center for Drug Evaluation and Research, US Food and Drug
Administration, Implications of the new FDA/CDER immunotoxicology guidance
for drugs, Int Inmunopharmacol. 2 (2002) 1613-1618, https://doi.org/10.1016/
s1567-5769(02)00061-9.

A. Chanan-Khan, J. Szebeni, S. Savay, L. Liebes, N.M. Rafique, C.R. Alving, F.
M. Muggia, Complement activation following first exposure to pegylated
liposomal doxorubicin (Doxil): possible role in hypersensitivity reactions, Ann.
Oncol. 14 (2003) 1430-1437, https://doi.org/10.1093/annonc/mdg374.

L.G. Thijs, C.E. Hack, R.J.S. van Schijndel, J.H. Nuijens, G.J. Wolbink, A.

J. Eerenberg-Belmer, H.V. der Vall, J. Wagstaff, Activation of the complement
system during immunotherapy with recombinant IL-2. Relation to the
development of side effects, J. Immunol. 144 (1990) 2419-2424.

C.M. Arroyave, K.N. Bhat, R. Crown, Activation of the alternative pathway of the
complement system by radiographic contrast media, J. Immunol. 117 (1976)
1866-1869.

J. Gong, R. Larsson, K.N. Ekdahl, T.E. Mollnes, U. Nilsson, B. Nilsson, Tubing
loops as a model for cardiopulmonary bypass circuits: Both the biomaterial and
the blood-gas phase interfaces induce complement activation in anin vitro model,
J. Clin. Immunol. 16 (1996) 222-229, https://doi.org/10.1007/BF01541228.
U. Amara, M.A. Flierl, D. Rittirsch, A. Klos, H. Chen, B. Acker, U.B. Briickner,
B. Nilsson, F. Gebhard, J.D. Lambris, M. Huber-Lang, Molecular
intercommunication between the complement and coagulation systems,

J. Immunol. 185 (2010) 5628-5636, https://doi.org/10.4049/
jimmunol.0903678.

R.S. Keshari, R. Silasi, N.I. Popescu, C. Georgescu, H. Chaaban, C. Lupu, O.J.

T. McCarty, C.T. Esmon, F. Lupu, Fondaparinux pentasaccharide reduces sepsis
coagulopathy and promotes survival in the baboon model of E. coli sepsis,

J. Thromb. Haemost. 18 (2020) 180-190, https://doi.org/10.1111/jth.14642.
L. Lupu, A. Palmer, M. Huber-Lang, Inflammation, Thrombosis, and Destruction:
The Three-Headed Cerberus of Trauma- and SARS-CoV-2-Induced ARDS, Front
Immunol. 11 (2020), 584514, https://doi.org/10.3389/fimmu.2020.584514.
F.M. de Beer, L. Wieske, G. van Mierlo, D. Wouters, S. Zeerleder, L.D. Bos, N.
P. Juffermans, M.J. Schultz, T. van der Poll, W.K. Lagrand, J. Horn, F.M. de Beer,
L.D. Bos, T.A. Claushuis, G.J. Glas, J. Horn, A.J. Hoogendijk, R.T. van Hooijdonk,
M.A. Huson, M.D. de Jong, N.P. Juffermans, W.K. Lagrand, T. van der Poll,

B. Scicluna, L.R. Schouten, M.J. Schultz, K.F. van der Sluijs, M. Straat, L.A. van
Vught, L. Wieske, M.A. Wiewel, E. Witteveen, for the BASIC-study group, The
effects of tidal volume size and driving pressure levels on pulmonary complement
activation: an observational study in critically ill patients, Intensive Care Med.
Exp. 8 (2020) 74, https://doi.org/10.1186/540635-020-00356-6.

K. Takahashi, D. Saha, I. Shattino, V.I. Pavlov, G.L. Stahl, P. Finnegan, M.F.

V. Melo, Complement 3 is involved with ventilator-induced lung injury, Int
Immunopharmacol. 11 (2011) 2138-2143, https://doi.org/10.1016/j.
intimp.2011.09.008.

B. Petersen, T. Busch, J. Gaertner, J.J. Haitsma, S. Krabbendam, M. Ebsen,

B. Lachmann, U.X. Kaisers, Complement activation contributes to ventilator-
induced lung injury in rats, J. Physiol. Pharmacol. 67 (2016) 911-918.

S. Yen, Y. Song, M. Preissner, E. Bennett, R. Wilson, M. Pavez, S. Dubsky, P.

A. Dargaville, A. Fouras, G.R. Zosky, The proteomic response is linked to regional
lung volumes in ventilator-induced lung injury, J. Appl. Physiol. 129 (2020)
837-845, https://doi.org/10.1152/japplphysiol.00097.2020.

G. Taleska Stupica, M. Sostaric, M. Bozhinovska, L. Rupert, Z. Bosnic, A. Jerin,
A. Than, T. Klokocovnik, M. Podbregar, Extracorporeal Hemadsorption versus
Glucocorticoids during Cardiopulmonary Bypass: A Prospective, Randomized,
Controlled Trial, Cardiovasc Ther. (2020) (2020) 7834173, https://doi.org/
10.1155/2020/7834173.


https://doi.org/10.1126/sciimmunol.abh2259
https://doi.org/10.1038/s41590-021-01114-w
https://doi.org/10.1182/blood.2020008248
https://doi.org/10.1182/blood.2020008248
https://doi.org/10.1097/00003246-200009000-00004
https://doi.org/10.1097/00003246-200009000-00004
https://doi.org/10.1172/JCI141374
https://doi.org/10.1126/sciimmunol.abg0833
https://doi.org/10.1016/j.cell.2021.12.040
https://doi.org/10.1016/j.clim.2020.108450
https://doi.org/10.1016/j.clim.2020.108450
https://doi.org/10.1016/j.clim.2020.108598
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref118
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref118
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref118
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref118
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref118
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref118
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref118
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref118
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref118
https://doi.org/10.1038/nm1419
https://doi.org/10.1038/nm1419
https://doi.org/10.1182/blood.2020005959
https://doi.org/10.1182/blood.2020005959
https://doi.org/10.1111/tme.12738
https://doi.org/10.1046/j.1537-2995.1993.33493242635.x
https://doi.org/10.1046/j.1537-2995.1993.33493242635.x
https://doi.org/10.1111/tme.12166
https://doi.org/10.1159/000486759
https://doi.org/10.1159/000486759
https://doi.org/10.1046/j.1537-2995.1997.37397240207.x
https://doi.org/10.1046/j.1537-2995.1997.37397240207.x
https://doi.org/10.1046/j.1537-2995.1997.37897424401.x
https://doi.org/10.1046/j.1537-2995.1997.37897424401.x
https://doi.org/10.1046/j.1365-3148.1998.00150.x
https://doi.org/10.1046/j.1365-2141.2001.02907.x
https://doi.org/10.1046/j.1365-2141.2001.02907.x
https://doi.org/10.1172/JCI138136
https://doi.org/10.1172/JCI138136
https://doi.org/10.1016/j.tox.2005.07.023
https://doi.org/10.1016/j.tox.2005.07.023
https://doi.org/10.1016/s1567-5769(02)00061-9
https://doi.org/10.1016/s1567-5769(02)00061-9
https://doi.org/10.1093/annonc/mdg374
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref133
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref133
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref133
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref133
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref134
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref134
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref134
https://doi.org/10.1007/BF01541228
https://doi.org/10.4049/jimmunol.0903678
https://doi.org/10.4049/jimmunol.0903678
https://doi.org/10.1111/jth.14642
https://doi.org/10.3389/fimmu.2020.584514
https://doi.org/10.1186/s40635-020-00356-6
https://doi.org/10.1016/j.intimp.2011.09.008
https://doi.org/10.1016/j.intimp.2011.09.008
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref141
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref141
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref141
https://doi.org/10.1152/japplphysiol.00097.2020
https://doi.org/10.1155/2020/7834173
https://doi.org/10.1155/2020/7834173

M. Mannes et al.

[144]

[145]

T. Datzmann, K. Trager, Extracorporeal membrane oxygenation and cytokine
adsorption, J. Thorac. Dis. 10 (2018) S653-S660, https://doi.org/10.21037/
jtd.2017.10.128.

T.G. Gleason, M. Argenziano, J.E. Bavaria, L.C. Kane, J.S. Coselli, R.M. Engelman,
K.A. Tanaka, A. Awad, M.E. Sekela, J.B. Zwischenberger, Hemoadsorption to
Reduce Plasma-Free Hemoglobin During Cardiac Surgery: Results of REFRESH I
Pilot Study, Semin Thorac. Cardiovasc Surg. 31 (2019) 783-793, https://doi.org/
10.1053/j.semtcvs.2019.05.006.

12

Seminars in Immunology xxx (xxxx) xxx

[146] A. Stasi, R. Franzin, C. Divella, F. Sallustio, C. Curci, A. Picerno, P. Pontrelli,

F. Staffieri, L. Lacitignola, A. Crovace, V. Cantaluppi, D. Medica, C. Ronco, M. de
Cal, A. Lorenzin, M. Zanella, G.B. Pertosa, G. Stallone, L. Gesualdo, G. Castellano,
PMMA-Based Continuous Hemofiltration Modulated Complement Activation and
Renal Dysfunction in LPS-Induced Acute Kidney Injury, Front. Immunol. 12
(2021) https://www.frontiersin.org/article/10.3389/fimmu.2021.605212
(accessed May 17, 2022).


https://doi.org/10.21037/jtd.2017.10.128
https://doi.org/10.21037/jtd.2017.10.128
https://doi.org/10.1053/j.semtcvs.2019.05.006
https://doi.org/10.1053/j.semtcvs.2019.05.006
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref146
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref146
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref146
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref146
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref146
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref146
http://refhub.elsevier.com/S1044-5323(22)00057-4/sbref146

	Complement C3 activation in the ICU: Disease and therapy as Bonnie and Clyde
	1 Introduction
	2 Complement system in ICU diseases
	2.1 Acute myocardial infarction
	2.2 Stroke
	2.3 Major surgery
	2.4 Organ failure
	2.4.1 Kidneys
	2.4.2 Liver
	2.4.3 Lungs

	2.5 COVID-19

	3 Therapeutic principles
	3.1 Volume replacement/blood products
	3.2 Effects of ICU medications on complement activation
	3.3 Ventilation

	4 Future therapeutic concepts and conclusion
	Conflict of interest
	Acknowledgments
	Author contributions
	Funding
	References


