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Abstract

The complement system is a set of over 50 proteins that constitutes an essential part of the innate immune system.
Complement system activation involves an organized proteolytic cascade. Overactivation of complement system
activation is the main pathogenic mechanism of several diseases and contributes to the manifestations of many
other conditions. This review describes the normal complement system and the role for complement dysregulation

in critical illnesses, notably sepsis and acute respiratory distress syndrome. Complement activation is involved in the
immune system response to pathogens but, when excessive, can contribute to tissue damage, runaway inflamma-
tion, and capillary leakage syndrome. Complement overactivation may play a key role in severe forms of coronavirus
disease 2019 (COVID-19). Two diseases whose manifestations are mainly caused by complement overactivation,
namely, atypical hemolytic and uremic syndrome (aHUS) and myasthenia gravis, are discussed. A diagnostic algorithm
for aHUS is provided. Early complement-inhibiting therapy has been proven effective. When renal transplantation is
required, complement-inhibiting drugs can be used prophylactically to prevent aHUS recurrence. Similarly, acetylcho-
line-receptor autoantibody-positive generalized myasthenia gravis involves complement system overactivation and
responds to complement inhibition. The two main complement inhibitors used in to date routine are eculizumab and
ravulizumab. The main adverse event is Neisseria infection, which is rare and preventable, but can be fatal. The com-
plement system is crucial to health but, when overactivated, can cause or contribute to disease. Effective complement
inhibitors are now available, although additional data are required to determine optimal regimens. Further research is
also needed to better understand the complement system, develop advanced diagnostic tools, and identify markers
that allow the personalization of treatment strategies.
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Introduction

The complement system is a crucial component of the
innate immune system that protects against infections
and plays a key role in host homeostasis [1, 2]. When
the complement system is activated, over 50 proteins
engage in a proteolytic cascade, in concert with antibod-
ies and other immune system components. The cascade
can be rapidly triggered in the presence of antigen—anti-
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@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00134-024-07611-4&domain=pdf
http://orcid.org/0000-0002-8162-1508

of pathogens. The complement system is also involved in
modulating inflammation and interacting with the adap-
tive immune system to fine-tune the immune response.
Over- or underactivity of the complement system can
cause a variety of abnormalities [3]. Tight regulation
by surface-bound and soluble factors normally ensures
effective pathogen clearance without excessive tissue
damage or inflammation. If regulation is inadequate,
the complement alternative pathway (cAP) can act as
an amplification loop for all three pathways, potentially
inducing runaway inflammation with damage to host tis-
sues [3]. The endothelium is one of the primary targets
of dysregulated complement activity [4, 5]. Imbalance
in complement-regulating proteins is associated with
complement-mediated (atypical) hemolytic and uremic
syndrome (aHUS) [6], myasthenia gravis (MG) [7], C3
glomerulopathy [8], and paroxysmal nocturnal hemoglo-
binuria [9]. Moreover, complement overactivation trig-
gered by various pathophysiological processes is being
increasingly reported in many other diseases (Table 1)
[10-12].

This review examines the role of complement dysreg-
ulation in common critical illness and in complement-
mediated diseases that often require intensive care unit
(ICU) admission. The normal structure, function, and
regulation of the complement system are reviewed. Then
specific attention is given to aHUS and MG, in which
complement dysregulation plays a pivotal role.

The normal complement system

The role of the complement system in the immune
response goes far beyond acting as a mere complement
to antibody response. The numerous components of the
complement system are produced primarily by the liver
and are found in the blood and lymph, on cell surfaces,
and in subcellular locations. This system is crucial to cell
homeostasis and plays a key role in combating infections
by inducing a systemic inflammatory response, strength-
ening and modulating immune responses, and directly
killing certain pathogens. It also protects against harm
from endogenous sources such as immune complexes
and apoptotic cells [1, 2].

Figure 1 shows that the main functions of activated
complement components are lysis (of cells, bacteria, or
viruses), opsonization (phagocytosis), activation of the
inflammatory response, and clearance of immune com-
plexes. Figure 2 describes the three main pathways of
complement system activation: the classical pathway is
triggered by antibody—antigen complexes and the man-
nan-binding lectin pathway by carbohydrates in bacterial
walls, whereas the cAP is activated non-proteolytically
when the water in plasma hydrolyzes the thioester bond

Take-home message

While the complement system is integral to pathogen elimination
and maintenance of host homeostasis, its overactivation can cause
tissue damage and runaway inflammation. Complement system
dysregulation, as well as genetic factors, contribute to the symp-
toms of numerous critical illnesses including sepsis and ARDS. The
introduction of complement inhibitors have improved the out-
comes of several diseases but new tools are needed to provide early
diagnosis of complement-driven diseases.

within C3, producing an active C3 convertase. After a
sequence of serine protease reactions, the three pathways
converge to generate C3 convertase and C5 convertase,
which induce the release of anaphylatoxins (C3a and C5a)
and opsonin (C3b/iC3b). The anaphylatoxins C3a and
Cb5a bind to specific receptors, thereby inducing the pro-
duction of inflammatory mediators, stimulating endothe-
lial cells, and promoting cell migration and activation.
Moreover, C5b binds with C6, C7, C8, and components
of C9 to form C5b-9, also known as the membrane
attack complex (MAC), at the pathogen surface, causing
cell lysis (Fig. 2) [1, 2].

The classical and lectin pathways are initially triggered
when pattern-recognition molecules (C1q and mannose-
binding lectin) recognize pathogen-associated or dam-
age-associated molecular patterns. In contrast, the cAP is
always active at a low level (a process referred to as tick-
over) and involves spontaneous hydrolysis of C3, which
releases small amounts of C3b. C3b binds covalently to
activating surfaces, producing the C3 convertase C3b.Bb
and initiating the amplification loop. Host-tissue damage
is normally prevented via tight regulation of the cAP by
the soluble factors H and I and by membrane-bound fac-
tors including membrane cofactor protein (CD46), com-
plement receptor 1 (CD35), decay-accelerating factor
(CD55), and CD59.

Complement is beneficial in attacking foreign invaders,
but can also damage host cells. Four levels of control of
complement system activation normally ensure proper
function while preventing tissue damage. The first level
involves early control at the stage of pathogen-associated
or damage-associated molecular pattern recognition,
through plasma C1 esterase inhibitor (C1-INH), which
inhibits activated-C4 cleavage in the classical and lectin
pathways. The second level prevents unwanted C3b/C4b
deposition on host cells, via regulators such as factor I,
factor H, C4BP, and complement receptor 1. The third
level increases the dissociation of C3 and C5 convertases
on host cells through factor H, C4BP, CD46, complement
receptor 1, and CD55. Finally, at the fourth level, regu-
lators such as CD59, clusterin, and vitronectin prevent
MAC insertion on cell surfaces. Deficiencies in these



Table 1 Complement system-related diseases

Paroxysmal nocturnal hemoglobinuria

Atypical hemolytic and uremic syndrome

C3 glomerulopathy

Geographic atrophy secondary to age-related
macular degeneration

Neuromyelitis optica spectrum disorder (NMOSD)

Generalized myasthenia gravis (QMG)

Hereditary angioedema

Cold agglutinin disease

A PIGA gene mutation leads to GPl-anchored protein deficiency, inducing complement-mediated
lysis of red blood cells

Mutations or autoantibodies cause uncontrolled complement activation, endothelial damage, and
thrombotic microangiopathy

Dysregulation of the alternative complement pathway results in excessive C3 deposits in the glo-
meruli, causing kidney damage

Genetic variants in complement genes cause chronic inflammation and progressive degeneration
of the retinal cells

Autoantibodies against aquaporin-4 lead to complement-mediated astrocyte damage and demy-
elination in the central nervous system

Autoantibodies target acetylcholine receptors at the neuromuscular junction, with complement
involvement, causing muscle weakness

Genetic disorder in which C1-INH deficiency or dysfunction leads to uncontrolled activation of the
complement system, increased bradykinin production, and blood vessel dilation and leakage

Autoantibodies bind to red blood cells at low temperatures, leading to complement activation and
hemolysis

Critical illnesses

Severe COVID-19 pneumonia

Hemodialysis

Central and peripheral nervous system diseases
Transplantation

ANCA-associated vasculitis

Kidney diseases
Miscellaneous

Sepsis, trauma, Guillain—-Barré syndrome, ARDS, secondary thrombotic microangiopathies, acute
kidney injury, catastrophic antiphospholipid syndrome

Severe cases can involve dysregulated complement activation that contributes to inflammation,
endothelial damage, and thrombosis. Current knowledge suggests that the pathophysiology of
severe COVID-19 pneumonia involves the complement system, rather that the disease is driven
by the complement

Complement activation can be due to bioincompatible membranes and to biofilm formation in
the dialysis circuit inducing proinflammatory mediator generation, oxidative stress, and recruit-
ment of immune cells, which contribute to inflammation, thrombosis, and membrane damage

Alzheimer's disease, multiple sclerosis, Guillain—Barré syndrome, Parkinson’s disease, schizophrenia

The complement system plays a major role in both graft rejection and graft survival Complement
activation leads to inflammation, tissue damage, and graft rejection

Autoantibodies against neutrophil cytoplasmic antigens lead to complement activation, inflam-
mation, and blood vessel damage

IgA nephropathy, lupus nephritis, membranous nephropathy

Periodontitis, asthma, COPD, Crohn'’s disease, atherosclerosis, myocardial infarction, rheumatoid
arthritis, psoriasis, bullous pemphigoid, osteoarthritis, uveitis, glaucoma

ANCA anti-neutrophil cytoplasmic antibody, ARDS acute respiratory distress syndrome, C1-INH C1 esterase inhibitor, COPD chronic obstructive lung disease, COVID-19
coronavirus disease 2019, GPI glycosylphosphatidyl inositol, PIGA phosphatidylinositol glycan anchor biosynthesis class A

protective controls or overactivation of the complement
system may contribute to organ damage, infections, and
other unwanted events.

The complement system in critical illnesses

The complement system plays a major role in the patho-
genesis of critical illnesses [3]. A potent inflammatory
response is the rule, notably in sepsis, and the comple-
ment system is therefore strongly activated [13, 14].
Notably, complement and coagulation proteolytic cas-
cades are intimately linked at the crossroad between
blood cells and microvascular endothelium [15]. The
large amounts of the proinflammatory protein Cb5a
released by sepsis induce tissue damage, increase the
risk of infection [16], and enhance blood thrombogenic-
ity, mainly through upregulation of tissue factor (TF) and

plasminogen activator inhibitor-1 (PAI-1) expression
[15]. Hence, not surprisingly, both dysregulated comple-
ment and coagulation systems are critically involved in
sepsis-related disseminated intravascular coagulation
(DIC) [17]. C3a and C5a increase cytokine levels, leuko-
cyte chemotaxis, and vascular endothelial permeability,
thereby contributing to capillary leakage syndrome [13,
18]. The plasma serine protease C1-INH is the primary
inhibitor of the classical complement pathway. Decreased
C1-INH levels have been reported in patients with sepsis
[19], notably those with refractory shock [20], and may
promote complement overactivation. C1-INH adminis-
tration has been associated with improved clinical out-
comes of patients with sepsis [21, 22]. Similarly, the use
of C3 blocker in a non-human primate model of sepsis
decreased the coagulopathic response, preserved the
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endothelial anticoagulant properties, improved cardiac
function, and mitigated kidney damage [23].

On the other hand, greater cAP activity has been asso-
ciated with better survival of critically ill patients [24].
However, this finding may merely denote less comple-
ment consumption in survivors [25]. The red blood cell
dysfunction and accelerated aging that occur during
critical illness may be related to deposition on the cells of
complement-activation products [26, 27].

Excessive complement activation may occur in acute
respiratory distress syndrome (ARDS) [28]. However,
findings from experimental models and clinical trials
are conflicting [24, 29, 30]. Valuable insights have been
produced by studies in patients with coronavirus dis-
ease 2019 (COVID-19) [31-34]. Prolonged complement
overactivation may be a key pathophysiological factor in
severe COVID-19 [35-37]. Clinical, transcriptomic, and
genetic evidence suggest that complement overactiva-
tion may be associated with worse outcomes of severe
COVID-19 [38]. Whether measurements of complement
activation and assays of specific complement proteins are
useful to guide intensive care deserves investigation. In
sepsis, however, the extent of complement overactivation
may be so marked that complement markers no longer
predict the severity of inflammation or clinical outcomes
[39].

In a nonrandomized study, adding a complement
inhibitor to standard care was associated with better sur-
vival in patients with severe COVID-19 [35]. In a phase
2 randomized trial, the C3-blocker compstatin AMY-
101 did not significantly improve the outcomes of severe
COVID-19, perhaps due to the small sample size of only
31 patients [40]. However, in a randomized controlled
trial in 202 patients receiving mechanical ventilation
for severe COVID-19, adding the complement inhibitor
ravulizumab produced no clinical benefits [41].

Bradykinin-related angioedema represents a classic,
yet infrequent challenge in critical care settings [42], as
opposed to histamine-mediated angioedema by its lack
of response to traditional anti-allergic medications such
as antihistamines, corticosteroids, and epinephrine [43].
This type of angioedema can be hereditary, as seen in
hereditary angioedema or acquired, often linked to the
use of angiotensin-converting enzyme inhibitors [44].
The underlying pathophysiology involves excessive pro-
duction or impaired degradation of bradykinin, a potent
vasodilator, which leads to increased vascular permeabil-
ity and subsequent edema. Management of bradykinin-
related angioedema necessitates targeted therapies [45],
including C1-inhibitor concentrates, bradykinin receptor
antagonists such as icatibant, and kallikrein inhibitors
like ecallantide. In case of unavailability of these targeted

treatments [46], attacks should be treated with solvent
detergent-treated plasma, or alternatively with fresh fro-
zen plasma. These specific treatments have been shown
to be effective in alleviating symptoms and reducing the
severity of attacks, underscoring the importance of early
recognition and appropriate intervention in these critical
scenarios. Understanding the distinct mechanisms and
treatment options for bradykinin-related angioedema is
essential for optimizing patient outcomes in the emer-
gency and critical care settings.

Complement system inhibition

A radical breakthrough in recent years has been the
development of drugs capable of inhibiting the comple-
ment system. The recombinant monoclonal antibody
eculizumab inhibits C5 and was approved in the United
States of America (USA) in 2007 and in Europe in 2011.
C5 inhibition preserves opsonization by C3b and C4b,
as well as immune signaling mediated by C3a, but pre-
vents generation of the highly proinflammatory C5a and
MAC. Eculizumab is generally well tolerated, with head-
ache being one of the most common adverse effects.
In a 2023 review of 10 years of post-marketing surveil-
lance data from Japan, the safety profile was consistent
with that seen in clinical studies, and no new safety sig-
nals were recorded [47]. However, complement inhibi-
tion impairs defenses against encapsulated bacteria, and
Neisseria infection is a serious but rare complication.
Over the 10 years from 2007 to 2016, 76 cases of menin-
gococcal infection were reported in eculizumab-treated
patients, including 8 with fatal outcomes [48]. Ravuli-
zumab was engineered from eculizumab to extend the
half-life, allowing for less frequent dosing [49, 50]. How-
ever, as pointed out by Benatar et al., research priorities
are still needed to develop new patient-reported out-
comes and biomarkers-guided clinical indications, and
generate up-to-date health economic data [51]. Several
drugs have been developed from the peptide compstatin
AMY-101, which inhibits C3. Among them is pegcetaco-
plan, which is approved for paroxysmal nocturnal hemo-
globinuria and geographic atrophy. Another peptide,
zilucoplan, which inhibits C5, was approved in 2023 for
the treatment of generalized myasthenia gravis (gMG)
[52]. Interestingly, small proteins, including nomacopan
and zilucoplan, which block C5 cleavage via the binding
to a different C5 domain than eculizumab, elicit potent
clinical efficacy in the carriers of C5 variant (R885H)
unlike eculizumab/ravulizumab [53]. A good safety pro-
file has been reported, with no cases of Neisseria infec-
tion when appropriate risk mitigation measures are taken
[54]. However, caution regarding the risk of infection
by encapsulated bacteria is warranted [54]. Many other
complement inhibitors are being developed [55].



Atypical (complement-driven) hemolytic and uremic
syndrome

HUS combines kidney failure, hemolytic anemia, and
thrombocytopenia and can require ICU admission [56].
Both HUS and thrombotic thrombocytopenic purpura
(TTP) belong to the thrombotic microangiopathy (TMA)
family. TMAs are characterized by thrombi in the capil-
laries and arterioles due to endothelial injury and dys-
regulated coagulation. However, renal involvement is a
hallmark of HUS [57].

The classification of TMAs now relies on pathogenic
criteria rather than on clinical characteristics. TTP is due
to a deficiency in ADAMTS13 (a disintegrin and metal-
loproteinase with a thrombospondin type 1 motif, mem-
ber 13), whereas primary HUS, later renamed aHUS, is
characterized by inherited or acquired dysregulation of
cAP. Nevertheless, some forms of secondary TMA occur-
ring concomitantly with other diseases or drug exposures
have a more complex mechanism [57]. Thus, extrinsic
factors may cause endothelial damage that interacts with
complement dysregulation, blurring the line between
aHUS and various forms of secondary HUS. The multi-
faceted nature of HUS thus continues to raise diagnostic
and classification challenges.

In aHUS, complement dysregulation is a primary
pathogenic driver, but can be exacerbated or triggered
by external insults to the endothelial cells such as infec-
tions, medications, autoimmune diseases, and other fac-
tors that can independently cause endothelial damage
or stress. Among patients with aHUS, up to 62% exhibit
rare variants in complement genes or significant genomic
rearrangements [58]. Over 500 rare variants have been
identified, predominantly located in five key complement
genes, namely, CFH, CFI, MCP, C3, and CFB [59-62].

Applying a standard diagnostic algorithm for aHUS
(Fig. 3) is particularly valuable, as missing the diagnosis
may delay appropriate complement-inhibiting therapy
and result in underestimation of the relapse risk. In sec-
ondary HUS, whether complement activation is self-
limited, inherent to the inaugural endothelial damage,
or fueled by constitutive cAP dysregulation is relevant to
the possible usefulness of complement-inhibition therapy
[63].

In adult patients with thrombotic microangiopathy
and organ dysfunction requiring ICU admission, we
have recommended starting therapeutic daily plasma
exchange allowing a delivery of 60 ml/kg of plasma
(1,5 blood volume) until TTP is excluded (detect-
able ADAMTS13 activity) and HUS due to Shiga

Diagnostic Flowchart for aHUS in Adults

- Hemolytic and Uremic Syndrome
(Acute Kidney Injury + thrombotic microangiopathy)
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ADAMTS13 =TTP
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&
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Fig. 3 Diagnostic flowchart for atypical hemolytic and uremic syndrome (aHUS) in adults. HUS hemolytic and uremic syndrome, aHUS atypical
hemolytic and uremic syndrome, H/V human immunodeficiency virus, CT computed tomography, STEC-HUS HUS due to Shiga toxin-producing




toxin-producing Escherichia coli (STEC-HUS) and sec-
ondary HUS are ruled out [64, 65]. Then, eculizumab
should be started without waiting for an additional
complement biomarker, or any additional result. We do
not support the use of C5 blockade only in case patients
are refractory or dependent on plasma exchange
because of the poor long-term results, particularly
regarding renal outcomes [66]. Last, whether therapeu-
tic plasma exchange can be considered as second-line
therapy where C5 blockade proves ineffective has not
been properly assessed.

Two clinical settings associated with HUS, namely,
pregnancy and malignant hypertension, deserve note [56,
67]. Pregnancy-related HUS is a form of aHUS triggered
by the systemic endothelial stress induced by pregnancy
[68]. Rare complement variants have been detected in
about half of patients with pregnancy-related HUS [69].
Eculizumab has been found to be safe and effective dur-
ing pregnancy [70].

Malignant hypertension is a recognized cause of
secondary TMA, but can also be a manifestation of
(primary) aHUS, and the two must be distinguished.
Hypertensive emergencies accounted for over half the
presentations of aHUS in one study [37]. Interestingly,
the prevalences of pathogenic gene variants and of gene
variants of unknown significance did not differ across
groups defined by hypertension severity. These variants
were less common in patients of African ancestry who
experienced hypertensive emergencies with TMA fea-
tures [71]. Of 55 patients with aHUS, 36 (65%) had grade
2/3 hypertension, including 19 (35%) with malignant
hypertension; and 19 (35%), including 13 with malignant
hypertension, had pathogenic abnormalities in comple-
ment genes [72]. In the same study, only 6 of 110 (5%)
patients with malignant hypertension but no aHUS had
TMA. In the above-mentioned study of 55 patients with
aHUS, eculizumab therapy was associated with better
renal and hematological responses compared to plasma-
pheresis alone, with no differences according to hyper-
tension severity or complement genetics.

It is known that untreated malignant hypertension
causes widespread vascular damage affecting multiple
organs, including the brain and kidneys, leading to acute
renal failure, microangiopathic hemolytic anemia, dis-
seminated intravascular coagulation, and hypertensive
encephalopathy. In case of thrombotic microangiopathy
and severe systolic or diastolic hyptertension, a fundos-
copy is required to rule out malignant hypertension char-
acterized by a bilateral grade 3 or grade 4 hypertensive
retinopathy [72, 73].

A Cochrane systematic review [74] of articles on HUS
treatment published up to 2020 identified five stud-
ies, all nonrandomized with no comparator group,

including four on eculizumab [12, 75-77] and one on
ravulizumab [78]. The 26-week complete remission rate
was 60% with eculizumab and 54% with ravulizumab
and, of the patients on dialysis at medication initiation,
70% were able to discontinue dialysis. Serious adverse
events occurred in 42% of patients overall, including
meningococcal infection in two eculizumab-treated
patients. Complement inhibition has also been reported
to improve the estimated glomerular filtration rate
and health-related quality of life [79, 80]. Of note, the
response to the meningococcal vaccine may be impaired
in patients with aHUS, and vaccination of the family and
other close contacts to decrease the risk of Neisseria
infection may deserve consideration [58].

The optimal duration of complement-inhibition
therapy in patients with aHUS remains under evaluation.
Of 55 children and adults who discontinued eculizumab
after a mean of 16.5 months, 13 (23%) relapsed, and risk
factors for relapse were female sex, rare complement
gene variants, and high plasma sC5b-9 level at discontin-
uation. Knowledge of these risk factors may help to guide
individualized discontinuation decisions.

Complement-inhibiting therapy can also be used pro-
phylactically. In a retrospective multicenter study of 126
kidney transplants in 116 adults with aHUS, the disease
recurred after transplantation in 8% of patients with vs.
53% without prophylactic eculizumab therapy, which was
independently associated with a lower risk of aHUS and
with longer graft survival [6]. Prophylactic eculizumab
was most effective in the sub-group at higher pre-trans-
plantation risk for aHUS recurrence. The same study
evaluated a population-based cohort of 397 adults with
end-stage kidney disease and aHUS and found a sharp
increase in the proportion who received kidney trans-
plants between 2012 and 2016, from 46.2% to 72.3%, in
close correlation with an increase in eculizumab use
among transplant recipients [6]. Despite the clear evi-
dence of efficacy, the extremely high cost of eculizumab
is generating debate about the appropriateness of pro-
phylactic eculizumab therapy. An individualized strategy
reserving eculizumab prophylaxis for patients at moder-
ate-to-high risk of aHUS recurrence after kidney trans-
plantation may deserve evaluation.

Once aHUS has developed, early eculizumab initia-
tion is crucial. In one study, among patients with aHUS
recurrence after renal transplantation, the extent of renal
function recovery decreased with increasing time from
aHUS onset to eculizumab initiation [81]. The diagno-
sis of aHUS must therefore be made early. In aHUS, cAP
activation occurs at the endothelial surface but not in the
bloodstream, and C3 in plasma or serum therefore often
remains normal. In a cohort of 214 patients, serum C3
was low at the first evaluation in only 77 (35.9%) of cases



[61]. An enzyme-linked immunosorbent assay (ELISA)
for soluble C5b-9 had 89% positive predictive value for
active aHUS, but lacked sensitivity and remained positive
in some patients who were in remission [82]. Research
is needed to develop a reliable standardized test for
detecting sub-clinical complement activation. Promis-
ing avenues are C3 or C5b-9 quantification in resting or
ADP-activated cell lines incubated with patient serum
or plasma [58] and assessment of C5b-9 deposition on
cultured microvascular endothelium [83]. Rapid genome
sequencing methods for detecting mutations in comple-
ment or ADAMTS-13 genes is developing at a brisk pace
and can be expected to change clinical practice in the
coming years [49, 84, 85].

Complement inhibition in myasthenia gravis

MG is a rare autoimmune disease of the neuromuscu-
lar junction that can result in chronic muscle function
impairment [86]. Fluctuating severe weakness of vol-
untary muscles that worsens after exertion is typical
[87-89]. Ocular muscle weakness with diplopia and

ptosis is usually apparent at presentation and remains
isolated in about 15% of patients, whereas generalized
MG (gMG) develops in about 85% of patients [53, 54].
The clinical manifestations of gMG are highly variable
over time in a given patient. Exacerbations may be trig-
gered by exertion or other many other precipitating
factors, and sometimes occur spontaneously. Bulbar
weakness with difficulty chewing and swallowing, dys-
arthria, and dysphonia and respiratory muscle involve-
ment with myasthenic crisis in the most severe form
usually require consulting intensivist for potential ICU
admission.

The autoantibodies that cause MG symptoms mainly
(in about 85% of cases) target the nicotinic acetylcho-
line receptor complex (AChR, IgG1, and IgG3) at the
postsynaptic membrane of the neuromuscular junction
(Fig. 4) [40, 55]. Muscle-specific kinase (MuSK) autoan-
tibodies are less common, and autoantibodies to low-
density lipoprotein receptor-related protein have been
reported in patients without AChR or MuSK autoanti-
bodies [90].
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protein, MAC membrane attack complex, ColQ acetylcholinesterase collagenic tail peptide, RyR ryanodine receptor, rapsyn 43-kDa receptor-asso-
ciated protein of the synapse, VGSC voltage-gated sodium channel, Kv1.4 1.4 voltage-gated potassium channel. Figure source: Pathophysiological
mechanisms of myasthenia gravis at the neuromuscular junction, from [91]. Permission obtained




The AChR antibodies can activate the complement
pathway generating excessive release of Cb5a caus-
ing inflammation, and of the MAC damaging the
post-synaptic membrane [92]. Both eculizumab and
ravulizumab have demonstrated clinically relevant
improvement in patients with AChR-related gMG, with
rapid and long-lasting disease stabilization enabling
to substantially decrease exposure to corticosteroids
and immunosuppressive drugs [51, 52, 56—-60]. These
treatments were also found to be well tolerated with-
out evidence for increased incidence of meningococcal

diseases pending appropriate risk mitigation strategy
based on vaccination and/or antibiotic prophylaxis.
Similar clinical benefit and safety profile was found with
the peptide C5 inhibitor zilucoplan [52]. Recent clinical
guidelines from Japan [93] and Germany [94] recom-
mend, in active generalized MG, complement inhibi-
tors for AChR-Ab-positive status. A more complete
view on anti-complement drugs currently approved is
provided in Fig. 5.
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Fig. 5 Anti-complement drugs currently approved. 3% indicates small organic molecule() indicates monoclonal antibodies & indicates small
peptide coupled to polyethylene glycol (PEG). &indicates peptide. Paroxysmal nocturnal hemoglobinuria (PNH); atypical hemolytic-uremic
syndrome (aHUS); generalized myasthenia gravis (gMG) for patients who are anti-acetylcholine receptor antibody positive; neuromyelitis optica
spectrum disorder (NMOSD) for patients who are anti-aquaporin-4 antibody positive. ANCA antineutrophil cytoplasmic antibodies. CHAPLE disease
is also called CD55-deficient protein-losing enteropathy. GA geographic atrophy secondary to age-related macular degeneration (AMD). (HSCT-TMA)
hematopoietic stem cell transplant-associated thrombotic microangiopathy. § Narsoplimab has received breakthrough therapy and orphan drug




Conclusion

This review underscores the pivotal role of the com-
plement system in both health and disease, emphasiz-
ing its importance in immune defense, inflammation
modulation, and interaction with the adaptive immune
system. While the complement system is integral to
pathogen elimination and maintaining host homeo-
stasis, complement system overactivation can cause
tissue damage and runaway inflammation. Comple-
ment system dysregulation is a primary driver of sev-
eral diseases, many of which require intensive care.
Genetic factors can contribute to impair appropriate
control of complement activation. Moreover, comple-
ment system dysregulation contributes to the symp-
toms of numerous critical illnesses including sepsis and
ARDS. The introduction of complement inhibitors has
radically improved the outcomes of several diseases
including aHUS and gMG. Owing to the inhibition of
the membrane attack complex by a certain comple-
ment inhibitor, meningococcal risk mitigation strategy
with vaccination and or antibiotic prophylaxis is man-
dated. In addition, these medications are costly and
more work is needed to determine the optimal treat-
ment duration depending on the profile of each patient.
Many other pharmacotherapy options are being evalu-
ated. New tools capable of providing the early diagnosis
of complement-driven diseases are needed.
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