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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

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 C1r 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

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 C1q 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 C1 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
3
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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 surfacedirected complement inhibitors in models of cerebral ischemiareperfusion (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 sitedirected 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.

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 C3knockout (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
AMI.
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
it is 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 poststroke 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

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.

(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].

2.3. 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 CH50 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, C3adesarg 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].

2.4.2. 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

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
5

M. Mannes et al.

Seminars in Immunology xxx (xxxx) xxx

up to 5 h [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].

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 compstatinbased 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, placebocontrolled 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
(PaO2/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.

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, systemswide, 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
6
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3. Therapeutic principles

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.

3.1. 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.

3.3. 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 (VT) applied or by the driving pressure
differences (Δp). 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 VT 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 H20 and PEEP of 0 cmH20)
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 C1-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 VT [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.

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 IgEindependent 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

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
7
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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 microbeassociated molecular pattern clearance and as an agent of excessive,
tissue-destructive inflammation.
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