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Abstract: Precision medicine has emerged as a central element of healthcare science. Complement,
a component of innate immunity known for centuries, has been implicated in the pathophysiology of
numerous incurable neurological diseases, emerging as a potential therapeutic target and predictive
biomarker. In parallel, the innovative application of the first complement inhibitor in clinical practice
as an approved treatment of myasthenia gravis (MG) and neuromyelitis optica spectrum disorders
(NMOSD) related with specific antibodies raised hope for the implementation of personalized
therapies in detrimental neurological diseases. A thorough literature search was conducted through
May 2020 at MEDLINE, EMBASE, Cochrane Library and ClinicalTrials.gov databases based on
medical terms (MeSH)” complement system proteins” and “neurologic disease”. Complement’s
role in pathophysiology, monitoring of disease activity and therapy has been investigated in MG,
multiple sclerosis, NMOSD, spinal muscular atrophy, amyotrophic lateral sclerosis, Parkinson,
Alzheimer, Huntington disease, Guillain–Barré syndrome, chronic inflammatory demyelinating
polyneuropathy, stroke, and epilepsy. Given the complexity of complement diagnostics and
therapeutics, this state-of-the-art review aims to provide a brief description of the complement
system for the neurologist, an overview of novel complement inhibitors and updates of complement
studies in a wide range of neurological disorders.

Keywords: complement activation; complement system proteins; nervous system diseases;
neurodegenerative diseases; therapeutics; precision medicine

1. Introduction

Precision or personalized medicine was first introduced in 1999 prompted by the Human
Genome Project [1]. Over the last decades, widely available genetic and functional assays have
revolutionized diagnostic and therapeutic options across various disciplines [2]. Nevertheless, the lack
of biopsy-driven studies of the nervous system, due to the uniqueness of this unapproachable tissue,
impeded the understanding of the pathophysiological mechanisms involved in neurological diseases.
Breakthrough advances in biology such as next-generation sequencing (NGS), the ability to identify
potential cerebrospinal fluid (CSF) biomarkers or even develop 3D cell culture models of the human
brain paved the way for the integration of precision medicine in neurology [3–7].

In parallel, the innovative application of the first complement inhibitor in clinical practice,
eculizumab [8,9], gave rise to a renaissance of complement therapeutics [10]. Indeed, the latter
has not only led to potentially more efficacious agents that overcome eculizumab’s limitations,

Pharmaceuticals 2020, 13, 341; doi:10.3390/ph13110341 www.mdpi.com/journal/pharmaceuticals

http://www.mdpi.com/journal/pharmaceuticals
http://www.mdpi.com
https://orcid.org/0000-0002-1958-0063
https://orcid.org/0000-0002-8883-8208
http://www.mdpi.com/1424-8247/13/11/341?type=check_update&version=1
http://dx.doi.org/10.3390/ph13110341
http://www.mdpi.com/journal/pharmaceuticals


Pharmaceuticals 2020, 13, 341 2 of 25

some of which have gained FDA-approval and some are still undergoing clinical trials in phase I–III,
but also to a novel classification of complement-mediated disorders, named as “complementopathies”.
Complementopathies are characterized by complement dysregulation as a driver of disease
pathogenesis and by therapeutic efficacy of complement inhibition [11]. The inspirational paradigm of
complement therapeutics has facilitated the adoption of a precision medicine approach based on the
individualized genetic profile of the patient in certain hematologic disorders [12]. Genetic variants of the
gene encoding C5 have been associated with a poor response to eculizumab in patients with paroxysmal
nocturnal hemoglobinuria (PNH) [13]. Although hematologic disorders have revolutionized this field,
the number of complementopathies continues to increase across different specialties. During the last
few decades, several studies identified elevated levels of complement components in the serum,
CSF and biopsy specimens of patients with a wide range of neurologic disorders, paving the way for
their use as predictive and prognostic biomarkers as well as therapeutic targets.

In view of the rapidly advancing knowledge in this field, the present state-of-the-art (describing the
most recent and important data) review aims to provide a brief description of the complement system
for the neurologist, an overview of novel complement inhibitors and updates of complement in a
wide range of neurological disorders (myasthenia gravis, multiple sclerosis, neuromyelitis optica
spectrum disorders, spinal muscular atrophy, amyotrophic lateral sclerosis, Parkinson, Alzheimer,
Huntington disease, Guillain–Barré syndrome, chronic inflammatory demyelinating polyneuropathy,
stroke and epilepsy).

A literature search was conducted through September 2020 of MEDLINE, EMBASE,
Cochrane Library and ClinicalTrials.gov databases based on medical terms (MeSH) “complement
system proteins”, “personalized medicine” and “neurologic disease”.

2. Complement for the Neurologist

The innate immune system is involved in both aging-related dysregulation of the central nervous
system (CNS) and various neurodegenerative, demyelinating, inflammatory and cerebrovascular
disorders [14]. In normal brain, complement proteins act as an immune surveillance system that
plays a key role at synapse refinement and remodeling of neuronal connectivity [15]. Synapses tagged
by complement are eliminated by microglial cells [16]. Moreover, developing reactive astrocytes
induce the expression of complement proteins in the CNS [17]. This sensitive balance is preserved
by the so-called neuroimmune regulators [18]. During aging of the brain, synapse degeneration is
the hallmark of cognitive decline. Complement proteins and their receptors are implicated in the
management of synapses’ engulfment by microglia in the developing, aged brain and also during
disease [19,20]. Upregulated expression of C1q, the primary protein of the classical complement
cascade up to 300-fold has been reported during normal aging of both animal models and human brain
tissue [21]. The same applies for several neurodegenerative diseases [18]. For example, in Alzheimer’s
disease (AD) excess C1q is found on synapses in the hippocampus of early disease animal models [22].
However, the signal that triggers synapse loss in aging and diseased brain is not well-understood.

Blood–brain barrier (BBB) generally restricts access of proteins to the brain. When complement
is activated, its proteins may enter the brain in conditions that affect the BBB integrity [23],
causing neurological damage. Such conditions may also release intracellular antigens leading to C1q
recognition and complement activation, as we describe in the following paragraphs. Complement is
also activated via C1q binding to antibodies that have neuronal antigens. Complement activation may
also occur in physiological conditions of the brain, when BBB is intact [24]. However, the majority of
the drugs that target the complement system are antibodies or proteins. Thus, access of these drugs to
the CNS becomes a major issue when the BBB is mostly intact, as reviewed elsewhere [25].

The complement system consists of more than 30 proteins providing an important line of
defense against pathogens [26,27]. The complement cascade is activated by the classical, alternative or
lectin pathway. It should be noted, however, that the alternative pathway convertase accounts for
approximately 80% of complement activation products in its role as an amplification loop [28].
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The classical pathway is activated through C1q recognition of antibody–antigen complexes [29].
C1q also binds to pathogens and cell surface molecules that activate complement [30,31]. C1q C1q
cleaves C1r, which activates C1s protease forming the C1 complex (i.e., C1qC1r2C1s2). Then, C4 and
C2 are cleaved, leading to the formation of classical pathway C3 convertase (C4bC2a). The alternative
pathway is continuously activated through spontaneous hydrolysis of C3, also known as “tickover” [32].
Activated C3(H2O) binds to factor B, that is then cleaved by factor D and generates the fluid-phase
alternative pathway C3 convertase (C3(H2O)Bb) [33]. Following fluid-phase convertase formation,
a surface bound convertase (i.e., C3bBb) is formed, traditionally depicted as the alternative pathway
convertase. The lectin pathway is activated by mannose-binding lectins (MBLs) and other pattern
recognition molecules, such as ficolins and collectin [34–36]. These molecules act via serine proteases
(MASPs, mannose-associated serine proteases) that in turn generate the C3 convertase (C4bC2a).
All three pathways lead to activation of terminal complement pathway. C5 convertases (i.e., C4b2bC3b
and C3bBbC3b) cleave C5 into C5a and C5b. Then, C5b binds to C6 generating C5b-6 and then to
C7, leading to C5b-7 [37]. Then, C5b-7 inserts into the membrane and binds C8 and C9 forming the
membrane attack complex (MAC).

Other pathways of complement activation are under investigation, primarily focusing on the role
of the coagulation system [38,39]. Figure 1 summarizes key elements of complement activation relevant
to complement-mediated disorders. Among them, numerous soluble and membrane-bound proteins
regulate complement activation and play a major role in the pathogenesis of complement-mediated
disorders (Figure 1).
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The classical pathway is activated through C1q recognition of antibody–antigen complexes.
C1q cleaves C1r, which activates C1s protease forming the C1 complex (i.e., C1qC1r2C1s2). Then, C4 and
C2 are cleaved, leading to the formation of classical pathway C3 convertase (C4bC2a). During lectin
pathway activation, mannose-associated serine proteases (MASPs) generate the C3 convertase (C4bC2a).
The alternative pathway is continuously activated through spontaneous hydrolysis of C3, also known
as “tickover”. Activated C3(H2O) binds to factor B, that is then cleaved by factor D and generates the
alternative pathway C3 convertase. The alternative pathway of complement serves as an amplification
loop for the lectin and classical pathway accounting for roughly 80% of complement activation
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products. In the presence of increased surface density of deposited C3b, the terminal complement
is triggered, leading to membrane attack complex (MAC) formation on the surface of target cell.
Complement pathway dysregulation results from loss-of-function mutations in regulatory factors
(Factor H, I, THBD/thrombomodulin) and gain-of-function mutations (C3 and Factor B).

2.1. Novel Complement Inhibitors

Ongoing research for more than a century resulted in the discovery of the first-in-class complement
inhibitor, eculizumab, a monoclonal antibody that blocks terminal complement by binding to C5.
Eculizumab was initially approved for the treatment of PNH and atypical hemolytic uremic syndrome
(aHUS) [8,9]. Eculizumab’s success into clinical practice renewed interest in complement therapeutics.

Nevertheless, current therapeutic agents are not able to inhibit complement activation, exclusively
in the nervous system entailing the risk of systemic adverse events. Prolonged complement system
inhibition could promote susceptibility to bacterial or viral infections, particularly meningococcal
infections [40,41]. Thus, meningococcal vaccination is mandatory before therapy initiation [42].
However, eculizumab was approved as a treatment of PNH in 2007 and since then it has been
involved in clinical trials of heterogeneous patient populations (patients with myasthenia gravis
or NMOSD) [43]. No major adverse effects have been reported when appropriate monitoring and
prophylaxis were applied.

A number of next-generation complement inhibitors are in the pipeline of clinical development
for various complement-related disorders, including neurological disorders. Table 1 summarizes
novel complement inhibitors under clinical development [44–46]. Further up-to-date details are
described elsewhere [47]. Novel complement inhibitors aim to overcome eculizumab’s limitations.
These primarily involve: (a) frequent intravenous infusions, (b) reduced efficacy in patients with
certain mutations in C5, (c) breakthrough and (d) extravascular hemolysis [10].

Table 1. Summary of novel complement inhibitors under clinical development.

Inhibitor Target

Eculizumab

C5

Ravulizumab
ABP959

SKY59/RO7112689
Tesidolumab
REGN3918
Mubodina
Coversin

Zilucoplan
Cemdisiran

Avacincaptad pego
AMY-101

C3APL-2
mini-FH/AMY-201 AP C3 convertase

LNP023
Factor BIONIS-FB-LRx

Danicopan Factor D
Factor DLampalizumab

CLG561 properdin
Sutimlimab C1s

Narsoplimab MASP-2
Mirococept C3/C5 convertases
Avacopan

C5aR1PMX205
IFX-1 C5a

AP: alternative pathway; MASP: mannose-associated serine protease.
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A long-acting C5 inhibitor, ravulizumab, has recently gained approval for PNH treatment.
Ravulizumab has the advantage of a longer half-life and subcutaneous administration [48,49].
In addition, it has shown sustained one-year safety and efficacy [50], as well as decreased breakthrough
hemolysis [51]. Except for the route and frequency of administration, the specific complement pathway
involved in a complement-mediated disorder and the potential infection risk are also to be considered
for a personalized selection of a complement inhibitor.

2.2. Complement in Neurology of Infectious Diseases

In addition to neurodegenerative and neuroinflammatory diseases, the pathophysiology of various
disorders with secondary neurologic manifestations has been postulated as complement mediated.
Different complement activation pathways such as the lectin pathway in West Nile virus infection and
activation of C3a and C5a in the CSF of patients with herpes simplex encephalitis have been involved
in the uncontrolled inflammatory response during these infections [52,53]. Several studies highlighted
the significance of complement activation in bacterial meningitis [54]. Interestingly, patients with
genetic complement deficiencies and decreased levels of complement proteins in CSF presented with a
favorable outcome [55]. Hence, the use of genetic profiling by the identification of patients with the
genetic variation in the complement component five gene combined with the measurement of the
anaphylatoxin C5a concentration in the CSF have been proposed as tools of a personalized approach
in which we could predict who would benefit the most from treatment with C5 monoclonal antibodies
in bacterial meningitis [56].

Nowadays, global efforts are made to fight coronavirus disease 2019 (COVID-19) pandemic and
the complement system has been indicated as a promising target [57,58]. Neurologic symptoms have
been reported in a notable proportion of COVID-19 patients in parallel with respiratory disease [59].
The exact pathophysiologic pathway of nervous system involvement in COVID-19 infection is poorly
understood [60]. Yet, a possible mechanism might be through endothelial injury in several organs
including the nervous system that resembles the phenotype of complement-mediated thrombotic
microangiopathies [61]. Ongoing trials evaluate the efficacy and safety of vilobelimab, ravulizumab,
narsoplimab, and AMY-101 in patients with severe COVID-19 [62–64].

3. Complement in Neurological Disorders

3.1. Myasthenia Gravis

Myasthenia gravis (MG) is an antibody-mediated autoimmune disease of the postsynaptic
neuromuscular junction presenting with a fluctuating degree of weakness in ocular, bulbar, limb,
and respiratory muscles. The pathogenesis of MG is one of the most thoroughly studied amongst
neurological disorders and patients are expected to have a level of quality of life (QOL) comparable
with the general population. However, 10–30% of MG patients prove to be refractory to conventional
immunosuppression approaches [65].

3.1.1. Complement Activation

The activation of complement via disease-specific autoantibodies to the acetylcholine receptor
(AChR) has been known for over three decades [66]. Early animal studies of experimental autoimmune
myasthenia gravis showed that complement factors aggregate at the end-plate of the neuromuscular
junction [67]. Moreover, evidence from human studies demonstrated complement activation through
changes in serum of MG patients as well as aggregation of the membrane attack complex in end-plates
similar with animal models [68–70].

3.1.2. Complement Inhibition

Data from both mice deficient in the complement regulators and direct complement inhibition
suggests that therapeutic inhibition of MAC or other complement pathways could be beneficial in



Pharmaceuticals 2020, 13, 341 6 of 25

refractory MG [71–74]. However, eculizumab which inhibits complement activation through the C5
protein was only recently approved for use in treatment of anti-AChR antibody-positive refractory
generalized myasthenia gravis (gMG) in adults [75]. Interestingly, eculizumab has shown long-term
efficacy and improvements in MG-specific QOL outcome measures [76,77]. In addition, eculizumab
showed remarkable benefits in real world data in an extended study population including patients
with refractory gMG with myasthenic crisis, thymoma associated MG, and pregnancy [78]. Ongoing
clinical trials are evaluating novel complement inhibitors as promising therapeutic targets (Table 2).
Ravulizumab is now in phase 3 clinical trials for generalized MG [49]. Another C5 inhibitor, zilucoplan,
demonstrated favorable outcomes in a phase II trial [79]. In the era of individualized therapeutics
new consensus on MG treatment taking into consideration immune predictive biomarkers need to
be reached.

3.2. Multiple Sclerosis and Neuromyelitis Optica Spectrum Disorder (NMOSD)

Multiple sclerosis (MS) is a chronic, inflammatory, demyelinating disease of the central nervous
system that leads to variable axonal and neuronal damage [80]. Despite the fact that, MS has attracted
scientific interest during the last few decades, the primary pathogenic event has not been discovered
yet [81]. As a result, most of the disease modifying treatments aim to reduce clinical or radiological
relapses which represent only the tip of the iceberg. The concept of resetting the immune system
through autologous hematopoietic stem cell transplantation or certain novel pharmacological agents
has gained ground over the last three decades [82]. However, MS remains incurable and different
pathogenetic pathways such as the complement cascade are being explored mainly as diagnostic and
therapeutic biomarkers in the context of personalized medicine [3].

The clinical distinction among MS and other demyelinating diseases of CNS such as Neuromyelitis
Optica Spectrum Disorder (NMOSD) is challenging. Historically, NMOSD was thought to be a
subtype of MS until the recognition of disease-specific aquaporin-4(AQP4)- immunoglobulin G (IgG)
autoantibodies in 2004 [83]. Yet, 20% of patients are seronegative for AQP4 but a proportion of
them express myelin oligodendrocyte glycoprotein (MOG)–IgG [84]. NMOSD has been traditionally
considered an autoimmune inflammatory disease, treated mainly with immunosuppressive agents
such as rituximab [85]. Scientific progress in the field is integrated in everyday clinical practice through
continuously updated diagnostic and therapeutic guidelines [86–88].

Complement Activation/Inhibition

The role of complement pathway activation has been established in both relapsing remitting
and progressive MS [89,90]. Depositions of C1q, C3d, and C5b-9 have been detected at the white
matter lesions of MS [91]. Furthermore, complement proteins, activation products and inhibitors
were found at MS plaques [92]. Recently, an animal study revealed an important therapeutic target
for MS through genetic loss of the early complement pathway activation, specifically at the level of
C3 [93]. The causal role of C3 in the pathophysiology of MS was further supported using a genetic
association approach in humans. C3-rs2230199 coding variant was associated with both white and
grey matter injury and cognitive impairment in MS patients [94]. Nevertheless, the specific target of
those complement-mediated mechanisms has yet to be found. In the era of patient-tailored treatments,
markers of complement activation have proven useful in identifying which patient could profit the most
from acute treatment of MS relapses with apheresis therapy [95]. C3a in CSF at baseline assessment of
patients with clinically isolated syndrome and newly diagnosed relapsing remitting MS could be a
promising prognostic marker of disease activity given the fact that it was correlated with new lesions
and “no evidence of disease activity”-3 status during follow-up [96]. Hence, complement markers
might play a role for detecting disease activity, distinguishing MS from other demyelinating diseases
and assessing response to treatment [97].



Pharmaceuticals 2020, 13, 341 7 of 25

Table 2. Summary of ongoing clinical trials investigating complement therapeutic targets and the role of the complement system in neurologic disorders.

Title Aims and Interventions Phase/
Study Type Trial Number

Myasthenia Gravis
A Phase 3, Randomized, Double-Blind, Placebo-Controlled,

Multicenter Study to Evaluate the Safety and Efficacy of Ravulizumab
in Complement-Inhibitor-Naïve Adult Patients with Generalized

Myasthenia Gravis

To compare the safety and efficacy of ravulizumab versus placebo for the
treatment of complement-inhibitor-naïve adult participants with

generalized Myasthenia Gravis
III NCT03920293

A Phase 3, Multicenter, Randomized, Double Blind,
Placebo-Controlled Study to Confirm the Safety, Tolerability, and

Efficacy of Zilucoplan in Subjects with Generalized Myasthenia Gravis

To confirm the efficacy, safety, and tolerability of zilucoplan versus placebo
in subjects with generalized Myasthenia Gravis III NCT04115293

An Open-Label, Multicenter Study to Evaluate the Efficacy, Safety,
Pharmacokinetics, and Pharmacodynamics of Eculizumab in Pediatric

Patients with Refractory Generalized Myasthenia Gravis (gMG)

To evaluate the efficacy, safety, pharmacokinetics, and pharmacodynamics
of eculizumab in the treatment of pediatric refractory gMG based on
change from Baseline in the Quantitative Myasthenia Gravis score for

disease severity.

III NCT03759366

Neuromyelitis optica spectrum disorders (NMOSD)
A phase 3, external placebo-controlled, open-label, multicenter study
to evaluate the efficacy and safety of ravulizumab in adult patients

with Neuromyelitis Optica Spectrum Disorder (NMOSD)

To evaluate the efficacy as measured by time to first relapse and safety
through treatment-emergent adverse events of ravulizumab for the

treatment of adult participants with NMOSD
III NCT04201262

A Phase 2/3 Open-Label, Single-Arm Trial to Evaluate the Safety and
Activity of Eculizumab in Pediatric Patients with Relapsing NMOSD

To study the safety and efficacy of eculizumab in pediatric participants
with relapsing NMOSD II/III NCT04155424

A Phase III, Open-label, Extension Trial of ECU-NMO-301 to Evaluate
the Safety and Efficacy of Eculizumab in Patients with Relapsing

Neuromyelitis Optica (NMO)

To evaluate the long-term safety and efficacy of eculizumab in subjects
with relapsing NMO who have completed the initial double-blind,

randomized, placebo-controlled trial ECU-NMO-301.
III NCT02003144

Guillain–Barré Syndrome (GBS)
A Clinical Study of ANX005 and IVIG in Subjects with Guillain Barré

Syndrome (GBS)
Safety and tolerability of ANX005 when administered in combination with

IVIg in GBS I-II NCT04035135

Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic Lateral Sclerosis and the Innate Immune System To investigate the role of the innate immune system, and especially the
complement system, in patients with ALS

Case- Control
Observational Study NCT02869048

Cerebrovascular Disease

Evaluation of Lectin Pathway in Assessment of Unstable Carotid
Plaque

To evaluate the possible role of lectin pathway in affecting stability of
carotid atherosclerotic plaques and the possible correlations with clinical

neurologic features
Prospective Cohort NCT03822195

STRATifying Risk for intracErebral haemorrhaGe and
Neurodevelopmental DIsorders in Newborns

To investigate the role of gestational age on the prevalence of coagulation
factors and components of the complement system in neonates and their

role for the development of brain hemorrhage.

Non- Randomized
clinical trial NCT04140812
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In contrast with MS, NMOSD complement inhibition has been studied in human trials. A recent
study has shown complement-mediated death of neurons near astrocytes that was mitigated with
complement inhibition [98]. A model indicating C1q activation by AQP4 autoantibodies in NMOSD
was developed [99]. In this context, an animal studied showed that MOG-IgG induces mainly
oligodendrocyte damage by activating complement [100]. Upregulation of the complement regulator
CD55 has reduced NMOSD pathology [101]. Encouraging results were observed in a phase 2 study
of eculizumab in 14 AQP4-IgG-positive patients showing the potential of the drug to prevent
relapses [88]. These results have been confirmed in the most recent randomized, double-blind trial in
143 AQP4-IgG-positive patients [102]. It should be noted, however, that eculizumab did not improve
measures of disability progression, suggesting that the long-term administration of eculizumab needs
to be evaluated in view of the encouraging results of two additional clinical trials of immunotherapeutic
agents in patients with NMOSD [103]. At present, direct complement inhibition is established as
an FDA-approved NMOSD treatment and other C5 inhibitors such as ravulizumab are being tested
(Table 2).

3.3. Neurodegenerative Diseases

3.3.1. Spinal Muscular Atrophy

Spinal muscular atrophy (SMA) is a neuromuscular disease with an autosomal recessive pattern of
inheritance leading to extensive motor neuron degeneration in the spinal cord and motor nuclei in the
lower brainstem [104]. A single mutation of the survival motor neuron 1 (SMN1) gene, expressing the
SMN protein, has been found in the majority of patients [105]. However, molecular malfunctions which
lead to neuron degeneration following SMN protein deficiency are not fully understood. Until recently,
the only available treatment was supportive care. The antisense oligonucleotide nusinersen and gene
therapy with onasemnogene abeparvovec have been approved as disease-modifying therapies [106,107].

Complement Activation/Inhibition

Over the last decade, data implicated complement factor C1q in loss of motor neuron synapses in
SMA [108]. In an SMA mouse model, classical pathway proteins C1q and C3 activation were upregulated
contributing to microglia-mediated synapse elimination of spinal sensory–motor circuits [109].
The same study showed that pharmacological inhibition of C1q in vivo rescues valuable proprioceptive
synapses and improves behavioral deficits in treated compared to SMA mice. Further research is
needed to determine potential benefits of complement inhibition in SMA.

3.3.2. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is characterized by relentlessly progressive motor neuron
degeneration of unknown pathogenesis that eventually leads to death. Despite the immense scientific
interest and proposal of various potential pathogenetic pathways, no disease-modifying treatment
(riluzole or edaravone) has been effective to reverse the course of the disease so far [110,111].

Complement Activation/Inhibition

An ongoing prospective case-control study, presented in Table 2, investigates the role of
complement in ALS with the ambitious goal to find a target for therapeutic inhibition. The hypothesis
of immune system’s involvement in ALS was confirmed many years ago [112]. Human studies proved
the activation of the classical complement pathway and upregulation of C3 in the spinal cord, motor
cortex and CSF of ALS patients [113–116]. Elevated levels of C5a and sC5b-9 were found in the serum
of ALS patients suggesting that terminal complement components play the most important role [117].
Animal studies have shown that complement components’ levels may also serve as markers of disease
progression [118]. Interestingly, in spite of the above-mentioned evidence of complement’s role in ALS,
genetic deletion of the C1q, C3 gene in knockout mice models did not affect progression or survival in
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contrast with pharmacological antagonism of C5aR1 [119,120]. PMX205 is the antagonist of the C5a
receptor and is currently undergoing development for future clinical trials in ALS.

3.3.3. Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of dementia affecting millions of older
people worldwide [121]. The hallmarks of the disease pathophysiology comprise extracellular
amyloid beta deposition and intracellular accumulation of hyperphosphorylated tau (p-tau) protein;
yet genetic and environmental risk factors contribute to the complex mechanisms of aging and
neurodegeneration [122–124]. The basis of AD management is still symptomatic, including treatment
of behavioral changes, environmental manipulations, and caution regarding safety issues. Nevertheless,
advances in the research of dementia promote a more pharmacologic approach. As a result, a trial of a
cholinesterase inhibitor (donepezil, galantamine or rivastigmine) could be considered in patients with
newly diagnosed AD.

Complement Activation/Inhibition

The aggregation of classical pathway’s proteins such as C1q, C4 and C3 in amyloid plaques
in the cortex and the hippocampus of AD patients was confirmed by many studies in the early
1980’s [125]. Subsequent studies showed that the membrane attack complex, C5b-9, was also abundantly
present in the AD cortex of post-mortem brain [126]. Thirty years later, the trigger for complement
activation in AD is still unclear [127]. One theory suggests that amyloid β and tau aggregation may
mediate microglial and astrocytic activation which stimulates complement cascade activation [128,129].
In support of this theory, infusion of anti-C1q antibody in tau transgenic mice led to a small but
significant rescue of synapse density [130]. Antibody against C1q proved to efficiently prevent synapse
loss in an AD animal model and has been successfully tested in a clinical trial (NCT03010046)
for safety and tolerability in healthy volunteers [22,131]. Manipulation of complement activation
through oral C5a receptor antagonist (PMX205) was also studied in AD mouse models resulting in
significant reduction of amyloid deposition and glia activation [132]. Interestingly, some animal studies
complicated more our understanding of complement role in AD by unravelling its neuroprotective
actions [133]. The inhibition of C3 activation in the brain of human amyloid precursor protein transgenic
mice lead to accumulation of degenerating neurons [134]. Nevertheless, genome wide association
studies further indicated complement implication in AD pathogenesis by identifying single nucleotide
polymorphisms (SNPs) correlating with risk of late-onset AD in genes encoding clusterin and CR1 [135].
Moreover, a whole-genome gene-expression profiling study showed that innate immunity together
with microglia-related genes correlated best with late-onset AD [136].

In addition to their pathogenetic role, complement proteins have been studied as predictive
biomarkers of mild cognitive impairment conversion to early AD with positive results [137,138].
Recent evidence suggests that astrocyte-and neuron-derived extracellular vesicles from AD patients effect
complement-mediated neurotoxicity [139]. Taking the above-mentioned studies into consideration,
evidence from clinical, animal and genetic research points toward complement as a promising key to
unlock AD pathogenesis and treatment.

3.3.4. Parkinson’s Disease

Parkinson’s disease (PD) is the most common cause of the clinical triad of resting tremor,
rigidity and bradykinesia, the hallmark signs of parkinsonism. It has long been known that PD is
characterized by dopamine deficiency at the basal ganglia and deposition of a-synuclein that forms Lewy
bodies. However, the exact neuropathologic mechanisms remain elusive [140]. The pharmacologic,
nonpharmacologic and surgical therapeutic armamentarium for the treatment of idiopathic PD is the
broadest of any other neurodegenerative disease. An individualized approach is required based on
each patient’s age, symptoms, disease severity, disability status, and degree of physical activity.
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Complement Activation/Inhibition

Even though animal models are particularly useful in translational research, the ideal PD mouse
model has not yet been developed [141]. In vitro PD studies correlated complement activation with
a-synuclein and Lewy bodies [142]. Human studies showed controversial results; some confirmed the
involvement of the classical complement pathway by recognizing anti C3d, C4d, C7 and C9 antibodies
in substantia nigra or by the aggregation of iC3b and C9 in Lewy bodies of PD patients which were
not present in controls [143,144]. Yet, another study failed to correlate complement activation with
cortical Lewy Bodies [145]. There is emerging evidence that microglia is leading to neuronal death
through the C1q-mediated pathway [146]. In search for biomarkers, complement proteins have been
identified in the serum and CSF of PD patients [147,148]. In particular, clusterin and complement
C1r were decreased compared to controls and have been proposed as useful biomarkers of disease
progression [149]. A recent proteomic analysis of serum exosomes of PD patients found microglial
C1q significantly decreased in PD and suggested a complex function of C1q in its pathophysiological
mechanism [150].

Animal studies aiming to improve parkinsonism through genetic deletion of C1q and C3
failed [151,152]. This could be explained by the fact that complement receptor 3 (CR3) was found to
be neuroprotective against dopaminergic neurodegeneration in a CR3 knockout mice model [153].
To sum up, it is urgent to understand complement involvement and inhibition thoroughly in human
studies, as there is accumulating evidence of complement dysregulation in PD pathogenesis.

3.3.5. Huntington’s Disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by a
cytosine-adenine-guanine (CAG) trinucleotide repeat expansion in the huntingtin gene [154]. Its clinical
characteristics (chorea, psychiatric illness, and dementia) are thought to be the end-result of the toxic
effect of the mutant huntingtin protein to brain cells [155]. As the pathophysiology is still not
well-understood, treatment remains supportive [156].

Complement Activation/Inhibition

Clinical studies indicated that complement was activated and in fact produced locally by reactive
microglia in post-mortem brain tissue of patients with HD in contrast to normal brain [157]. Moreover,
microglia activation correlated with clinical severity in human positron-emission tomography studies of
HD [158,159]. Regarding the question of whether innate immune dysregulation is a direct consequence
of mutant huntingtin or a secondary event, an animal study concluded that microglia has impaired
migration responses to C5a from early postnatal HD transgenic mice [160]. A human study searching
for possible biomarkers in plasma and CSF showed that complement components C7 and C9 were
significantly upregulated in HD patients compared to controls and that increasing levels of clusterin
were associated with disease progression [161]. In line with these data, animal studies confirmed that
inhibition of C5a receptor using PMX53 and PMX205 markedly inhibited neurodegeneration [162].
However, in another transgenic mouse model of HD characterized by overexpression of the human
huntingtin gene, genetic deficiency in C3 could not affect disease progression similarly to an ALS and
PD model [119,151,163]. Recently, another target in the complement cascade (C5aR2) was investigated
in animal studies and its genetic deletion resulted in improved motor and cognitive performances [164].

3.4. Immune-Mediated Polyneuropathies

Guillain–Barré Syndrome (GBS) is characterized by acute immune-mediated polyneuropathies
which cause a rapidly evolving, monophasic paralyzing disease usually following an acute
infection [165]. Chronic inflammatory demyelinating polyneuropathy (CIDP) is a relapsing-remitting
or progressive immune-mediated polyneuropathy primarily affecting adults [166]. For many decades,
the only available therapy for both has been corticosteroids, intravenous immunoglobulin or plasma
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exchange [167,168]. It is estimated that almost 20% of GBS patients treated with these immune therapies
still present some disability after 6 months [169].

3.4.1. Complement Activation

Early studies in autopsies of GBS patients have shown terminal complement activation and MAC
deposition on Schwann cells [170]. Subsequently, human studies showed that complement components
C3a and C5a were significantly elevated in the CSF of patients suffering from GBS [171]. In addition,
IgG anti-ganglioside antibodies that lead to GBS cause complement-mediated disruption of interactions
between Schwann cells and axons [172,173].

Regarding CIDP, treatment-naïve patients had elevated serum and CSF levels of soluble terminal
complement complex (sTCC) and the increase was correlated with clinical disability [174]. On the
contrary, patients with spontaneous CIDP remission presented with decreased complement activation
markers over time [175]. However, the therapeutic efficacy of IVIg was not related to C3a, C5a or
soluble MAC levels.

3.4.2. Complement Inhibition

Terminal complement inhibition by eculizumab prevented neuropathy caused by anti-ganglioside
antibodies in a murine model [176]. This evidence prompted the first, small-scale clinical trial
of eculizumab that did not however reach its primary end-point [177]. Similarly, a randomized
double-blind placebo-controlled phase 2 trial with 34 participants [176–178] failed to reach the
predefined response rate [178]. There is an ongoing phase II clinical trial (Table 2), investigating
the safety and tolerability of C1q inhibition when administered in combination with IVIg in GBS
patients. Except for the patient population, the significant issues of combination treatment and dosage
modifications need to be further addressed by future studies. Currently, no study has investigated the
therapeutic potential of complement inhibition in CIDP.

3.5. Cerebrovascular Disease

Cerebrovascular disease comprises ischemic stroke, intracranial and subarachnoid hemorrhage
with the majority of events caused by cerebral infarction [179]. Despite the fact that patients presenting
with an ischemic stroke undergo pharmacological and mechanical reperfusion therapy, stroke remains
a leading cause of disability or even death [180,181].

3.5.1. Complement Activation

Neuroinflammation mainly induced by activation of the complement cascade has been
correlated with infarct development and post-reperfusion tissue injury both in human and
animal models [182–185]. Most data incriminate C3a and C5a as critical determinants of brain
inflammation [186–188]. At the same time, there is evidence that C3a is selectively protective against
neuronal death [189]. Accumulating evidence incriminates the lectin pathway in post-stroke injury
considering the correlation of mannose-binding lectin (MBL) deficiency with better outcomes [190].
Interestingly, the terminal soluble C5b-9 or MAC is activated even after 12 days during post-stroke
recovery [191]. Recent human data suggest that plasma C3 and C3a levels may be not only a diagnostic
but also a predictive biomarker of stroke outcome [192].

Complement cascade activation has been also observed in hemorrhagic stroke [193]. In humans
suffering from subarachnoid hemorrhage, CSF and plasma C3a, C4a levels were significantly elevated
and related with worse outcomes [194]. In addition to these, a recent study showed that C5 SNP
correlated with poor outcomes in patients suffering from aneurysmal subarachnoid hemorrhage
(SAH) [195].



Pharmaceuticals 2020, 13, 341 12 of 25

3.5.2. Complement Inhibition

Despite the above-mentioned body of evidence, there is currently no clinically relevant
anti-complement or even anti-inflammatory strategy for stroke therapy. At the moment, the thrombolytic
agent tissue plasminogen activator (tPA) is the only FDA-approved medication, but its use is limited
due to a narrow therapeutic time window. Targeted complement inhibition at ischemic mice brain
prevented microglial activation and local phagocytosis and exhibited a prolonged (24 h) therapeutic
window [196]. Following the observation that C3a and C5a influences post-ischemic inflammation,
a number of studies proved that C3a and C5a receptor antagonism improves the repair of reperfused
brain [197,198]. Moreover, C1 inhibition was neuroprotective in brain ischemia and in a reperfusion
injury model independently of C1q deficiency [199]. In this context, C3 inhibition improved the
safety, efficacy and therapeutic window of recanalization therapy through reduced haemorrhagic
transformation and resulted in better cognitive outcomes [200]. The hypothesis of a lectin-driven
mechanism was supported by studies involving the administration of MBL inhibitors up to 18 h after
ischemia that reported improved neurological outcome [201]. The same applied for inhibitors of the
alternative pathways in mice [202].

Similarly, C3a and C5a inhibition reduced inflammation and brain edema after intracerebral
hemorrhage in a mouse model [203,204]. A recent study added an extra clue about the possible benefit
of C5 inhibition in a mouse model of SAH by observing less activated microglia and apoptosis in mice
lacking the C5a receptor or treated with C5-specific antibodies [195].

3.6. Epilepsy

Epilepsy is a chronic brain disease characterized by an enduring predisposition to generate
epileptic seizures [205]. The exact pathophysiological mechanisms that lead to recurrence of epileptic
seizures remain unknown. Hence, management is based on controlling seizures while avoiding
pharmaceutical side effects. Although a significant proportion of epileptic patients can be treated
satisfactorily with currently available therapeutic means, 30–40% continue to suffer from uncontrollable
epileptic seizures and their multifarious consequences. The identification of the pathogenic process
underlying epileptogenesis and ictogenesis would enable the development of predictive biomarkers
and new therapeutic targets that may reduce the above-mentioned epileptic burden.

3.6.1. Complement Activation

Neuroinflammation with the participation of the complement cascade is thought to be part of
the epileptic pathophysiologic process in both humans and animal models [206,207]. Twenty-five
years ago, Basaran et al. demonstrated that the concentration of serum C3 in untreated patients was
significantly higher than in healthy controls [208]. The contribution of the complement cascade in rat
models of temporal lobe epilepsy (TLE) has been documented by the cytotoxicity of C5b6, C7, C8,
and C9 infusion into the hippocampus of rats leading to electrographic seizures [209]. In patients
with drug-resistant TLE, an elevated expression of C1q and C3d has been consistently found [210,211].
Recent studies reported hyperactivation of the complement pathway both in patients with epilepsy
compared to healthy controls and in untreated patients compared to treated [212]. Lately, it has
been shown that phagocytic signaling with complement participation occurs in human refractory
epilepsy [213]. Regarding status epilepticus (SE), it has been suggested that enhanced activation of the
classical complement pathway may play a crucial pathogenic role [214].

3.6.2. Complement Inhibition

Complement-mediated inflammation may be part of the pathophysiological processes underlying
epilepsy, but its therapeutic potential has not been explored so far. In murine models, the administration
of C5ar1 antagonist exerted anticonvulsant activity indicating a potential anti-epileptic drug for
pharmaco-resistant patients [215]. A recent study in an SE rat model investigated the effect of acute
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treatment with C1 esterase inhibitor on the prevention of SE-induced learning and memory deficits [216].
The results suggest that complement inhibition may have a protective role against cell death but does
not mitigate the learning and memory deficits of SE model rats. Currently, there are no ongoing clinical
trials testing complement inhibition in epilepsy [217].

4. Conclusions and Future Perspectives

Over the last few years, accumulating evidence has implicated complement in a variety of
neurological diseases with different pathophysiology. A number of these primary nervous system
disorders remain incurable with significant negative consequences on the quality of life of patients
and their families. The advent of complement therapeutics resulted in numerous recent and ongoing
clinical trials in the field of neurology. Although complement proteins have been recognized to be
involved in the pathophysiology of a wide variety of neuroinflammatory and neurodegenerative
diseases, the efficacy of complement inhibitors to treat some of these diseases has been promising.
Already, complement inhibition is an approved therapy for MG and NMOSD related with specific
antibodies. The common denominator in both disorders is a circulating autoantibody (AChR and
AQP4 antibodies) which mediates complement activation and subsequent tissue damage. Advances in
the field contribute to our understanding of complement system involvement and also raise hope
for a tailored approach in neurodegenerative disorders. Although complement inhibition is unlikely
to reverse disease progression in MS, AD or PD, it could modify GBS, CIDP or infectious disease
course. Inevitably, different diseases mechanisms require different therapeutic approaches which target
alternative parts of complement cascade that are activated in each case and will require different routes
of administration.

Beyond their use as therapeutic targets, proteins at different levels of the complement cascade in
blood, CSF and tissues could become informative biomarkers which would direct the selection of the
right therapeutic approach for the right patient and could monitor disease progression and therapeutic
efficacy. Indeed, complement activation at the level of C3 seems to be a pivotal marker of MS disease
activity as well as a therapeutic target. Moreover, terminal complement complex has been proved to
be a useful predictive biomarker of mild cognitive impairment conversion to early AD. As a result,
complement could pave the way for a personalized approach to the therapeutic management and
monitoring of these disorders.

Furthermore, it is now clear that animal models may not replicate human brain mechanisms
in health and disease sufficiently enough to be a useful guide for further clinical trials [218].
Ongoing research is urgently needed to address the following questions. It is of paramount importance
to develop models which could better depict brain diseases as well as identify biomarkers predicting
which patient might benefit from anti-complement therapy.

1. Is complement a driver or an innocent bystander in neurological disorders?
2. Will novel complement inhibitors overcome the obstacle of BBB and CNS accessibility?
3. Will specific inhibitors of complement pathways be safe and effective? Is there a way to keep the

balance between the neuroprotective and detrimental roles of complement in CNS?
4. Are there tools for diagnosis and monitoring of patients that will benefit from complement inhibition?

The growing evidence of complement involvement in numerous neurological disorders along with
the development of new complement inhibitors raise hope for future implementation of a precision
medicine approach in the management of these detrimental diseases.
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immunological findings in ALS. Acta Neurol. Scand. 1991, 83, 96–98. [CrossRef]

113. Trbojević-Čepe, M.; Brinar, V.; Pauro, M.; Vogrinc, Ž.; Štambuk, N. Cerebrospinal fluid complement activation
in neurological diseases. J. Neurol. Sci. 1998, 154, 173–181. [CrossRef]

114. Sta, M.; Sylva-Steenland, R.M.R.; Casula, M.; De Jong, J.M.B.V.; Troost, D.; Aronica, E.; Baas, F. Innate and
adaptive immunity in amyotrophic lateral sclerosis: Evidence of complement activation. Neurobiol. Dis.
2011, 42, 211–220. [CrossRef]

115. El Idrissi, N.B.; Bosch, S.; Ramaglia, V.; Aronica, E.; Baas, F.; Troost, D. Complement activation at the motor
end-plates in amyotrophic lateral sclerosis. J. Neuroinflamm. 2016, 13, 72. [CrossRef] [PubMed]

116. Donnenfeld, H.; Kascsak, R.; Bartfeld, H. Deposits of IgG and C3 in the spinal cord and motor cortex of ALS
patients. J. Neuroimmunol. 1984, 6, 51–57. [CrossRef]

http://dx.doi.org/10.1007/s12026-017-8961-8
http://dx.doi.org/10.1186/s12974-018-1333-z
http://dx.doi.org/10.1172/JCI122942
http://dx.doi.org/10.1007/s12264-019-00375-8
http://dx.doi.org/10.1186/s12974-019-1448-x
http://dx.doi.org/10.1056/NEJMoa1900866
http://dx.doi.org/10.1007/s40265-018-1039-7
http://www.ncbi.nlm.nih.gov/pubmed/30623348
http://dx.doi.org/10.1016/S0140-6736(08)60921-6
http://dx.doi.org/10.1007/s00439-002-0828-x
http://www.ncbi.nlm.nih.gov/pubmed/12436240
http://www.ema.europa.eu/ema/index.jsp?curl=pages/news_and_events/news/2017/04/news_detail_002735.jsp&mid=WC0b01ac058004d5c1
http://www.ema.europa.eu/ema/index.jsp?curl=pages/news_and_events/news/2017/04/news_detail_002735.jsp&mid=WC0b01ac058004d5c1
https://www-fda-gov.proxy1.library.jhu.edu/news-events/press-announcements/fda-approves-innovative-gene-therapy-treat-pediatric-patients-spinal-muscular-atrophy-rare-disease
https://www-fda-gov.proxy1.library.jhu.edu/news-events/press-announcements/fda-approves-innovative-gene-therapy-treat-pediatric-patients-spinal-muscular-atrophy-rare-disease
http://dx.doi.org/10.1073/pnas.1319280110
http://www.ncbi.nlm.nih.gov/pubmed/24191055
http://dx.doi.org/10.1016/j.celrep.2019.11.013
http://dx.doi.org/10.1002/14651858.CD001447.pub3
http://dx.doi.org/10.1016/S1474-4422(17)30115-1
http://dx.doi.org/10.1111/j.1600-0404.1991.tb04656.x
http://dx.doi.org/10.1016/S0022-510X(97)00225-6
http://dx.doi.org/10.1016/j.nbd.2011.01.002
http://dx.doi.org/10.1186/s12974-016-0538-2
http://www.ncbi.nlm.nih.gov/pubmed/27056040
http://dx.doi.org/10.1016/0165-5728(84)90042-0


Pharmaceuticals 2020, 13, 341 20 of 25

117. Mantovani, S.; Gordon, R.; Macmaw, J.; Pfluger, C.; Henderson, R.; Noakes, P.; McCombe, P.; Woodruff, T.M.
Elevation of the terminal complement activation products C5a and C5b-9 in ALS patient blood.
J. Neuroimmunol. 2014, 276, 213–218. [CrossRef] [PubMed]

118. Lee, J.D.; Levin, S.C.; Willis, E.F.; Li, R.; Woodruff, T.M.; Noakes, P.G. Complement components are
upregulated and correlate with disease progression in the TDP-43Q331K mouse model of amyotrophic
lateral sclerosis. J. Neuroinflamm. 2018, 15, 171. [CrossRef]

119. Lobsiger, C.S.; Boillée, S.; Pozniak, C.; Khan, A.M.; McAlonis-Downes, M.; Lewcock, J.W.; Cleveland, D.W.
C1q induction and global complement pathway activation do not contribute to ALS toxicity in mutant SOD1
mice. Proc. Natl. Acad. Sci. USA 2013, 110, E4385–E4392. [CrossRef]

120. Woodruff, T.M.; Costantini, K.J.; Crane, J.W.; Atkin, J.D.; Monk, P.N.; Taylor, S.M.; Noakes, P.G.
The Complement Factor C5a Contributes to Pathology in a Rat Model of Amyotrophic Lateral Sclerosis.
J. Immunol. 2008, 181, 8727–8734. [CrossRef]

121. Hebert, L.E.; Weuve, J.; Scherr, P.A.; Evans, D.A. Alzheimer disease in the United States (2010–2050) estimated
using the 2010 census. Neurology 2013, 80, 1778–1783. [CrossRef]

122. Kuller, L.H.; Lopez, O.L. Dementia and Alzheimer’s disease: A new direction. The 2010 Jay L. Foster
Memorial Lecture. Alzheimers Dement. 2011, 7, 540–550. [CrossRef]

123. Van Duijn, C.M.; Clayton, D.; Chandra, V.; Fratiglioni, L.; Graves, A.B.; Heyman, A.; Jorm, A.F.; Kokmen, E.;
Kondo, K.; Mortimer, J.A.; et al. Familial Aggregation of Alzheimer’s Disease and Related Disorders:
A Collaborative Re-Analysis of Case-Control Studies. Int. J. Epidemiol. 1991, 20 (Suppl. S2), S13–S20. [CrossRef]

124. Mahairaki, V.; Ryu, J.; Peters, A.; Chang, Q.; Li, T.; Park, T.S.; Burridge, P.W.; Talbot, C.C., Jr.; Asnaghi, L.;
Martin, L.J.; et al. Induced pluripotent stem cells from familial Alzheimer’s disease patients differentiate into
mature neurons with amyloidogenic properties. Stem Cells Dev. 2014, 23, 2996–3010. [CrossRef]

125. Ishii, T.; Haga, S. Immuno-electron-microscopic localization of complements in amyloid fibrils of senile
plaques. Acta Neuropathol. 1984, 63, 296–300. [CrossRef]

126. Webster, S.; Lue, L.-F.; Brachova, L.; Tenner, A.; McGeer, P.; Terai, K.; Walker, D.; Bradt, B.; Cooper, N.;
Rogers, J. Molecular and Cellular Characterization of the Membrane Attack Complex, C5b-9, in Alzheimer’s
Disease. Neurobiol. Aging 1997, 18, 415–421. [CrossRef]

127. de Strooper, B.; Karran, E. The Cellular Phase of Alzheimer’s Disease. Cell 2016, 164, 603–615. [CrossRef]
128. Mirzaei, M.; Pushpitha, K.; Deng, L.; Chitranshi, N.; Gupta, V.; Rajput, R.; Mangani, A.B.; Dheer, Y.;

Godinez, A.; McKay, M.J.; et al. Upregulation of Proteolytic Pathways and Altered Protein Biosynthesis
Underlie Retinal Pathology in a Mouse Model of Alzheimer’s Disease. Mol. Neurobiol. 2019, 56, 6017–6034.
[CrossRef] [PubMed]

129. Lian, H.; Litvinchuk, A.; Chiang, A.C.; Aithmitti, N.; Jankowsky, J.L.; Zheng, H. Astrocyte-Microglia Cross
Talk through Complement Activation Modulates Amyloid Pathology in Mouse Models of Alzheimer’s
Disease. J. Neurosci. 2016, 36, 577–589. [CrossRef] [PubMed]

130. Dejanovic, B.; Huntley, M.A.; De Maziere, A.; Meilandt, W.J.; Wu, T.; Srinivasan, K.; Jiang, Z.; Gandham, V.;
Friedman, B.A.; Ngu, H.; et al. Changes in the Synaptic Proteome in Tauopathy and Rescue of Tau-Induced
Synapse Loss by C1q Antibodies. Neuron 2018, 100, 1322–1336.e7. [CrossRef]

131. Lansita, J.A.; Mease, K.M.; Qiu, H.; Yednock, T.; Sankaranarayanan, S.; Kramer, S. Nonclinical Development
of ANX005: A Humanized Anti-C1q Antibody for Treatment of Autoimmune and Neurodegenerative
Diseases. Int. J. Toxicol. 2017, 36, 449–462. [CrossRef]

132. Fonseca, M.I.; Ager, R.R.; Chu, S.-H.; Yazan, O.; Sanderson, S.D.; LaFerla, F.M.; Taylor, S.M.; Woodruff, T.M.;
Tenner, A.J. Treatment with a C5aR Antagonist Decreases Pathology and Enhances Behavioral Performance
in Murine Models of Alzheimer’s Disease. J. Immunol. 2009, 183, 1375–1383. [CrossRef]

133. Zhou, J.; Fonseca, M.I.; Pisalyaput, K.; Tenner, A.J. Complement C3 and C4 expression in C1q sufficient and
deficient mouse models of Alzheimer’s disease. J. Neurochem. 2008, 106, 2080–2092. [CrossRef]

134. Wyss-Coray, T.; Yan, F.; Lin, A.H.-T.; Lambris, J.D.; Alexander, J.J.; Quigg, R.J.; Masliah, E. Prominent
neurodegeneration and increased plaque formation in complement-inhibited Alzheimer’s mice. Proc. Natl.
Acad. Sci. USA 2002, 99, 10837–10842. [CrossRef]

135. Lambert, J.-C.; Ibrahim-Verbaas, C.A.; Harold, D.; Naj, A.C.; Sims, R.; Bellenguez, C.; Jun, G.; DeStefano, A.L.;
Bis, J.C.; Beecham, G.W.; et al. Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for
Alzheimer’s disease. Nat. Genet. 2013, 45, 1452–1458. [CrossRef]

http://dx.doi.org/10.1016/j.jneuroim.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25262158
http://dx.doi.org/10.1186/s12974-018-1217-2
http://dx.doi.org/10.1073/pnas.1318309110
http://dx.doi.org/10.4049/jimmunol.181.12.8727
http://dx.doi.org/10.1212/WNL.0b013e31828726f5
http://dx.doi.org/10.1016/j.jalz.2011.05.901
http://dx.doi.org/10.1093/ije/20.Supplement_2.S13
http://dx.doi.org/10.1089/scd.2013.0511
http://dx.doi.org/10.1007/BF00687336
http://dx.doi.org/10.1016/S0197-4580(97)00042-0
http://dx.doi.org/10.1016/j.cell.2015.12.056
http://dx.doi.org/10.1007/s12035-019-1479-4
http://www.ncbi.nlm.nih.gov/pubmed/30707393
http://dx.doi.org/10.1523/JNEUROSCI.2117-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/26758846
http://dx.doi.org/10.1016/j.neuron.2018.10.014
http://dx.doi.org/10.1177/1091581817740873
http://dx.doi.org/10.4049/jimmunol.0901005
http://dx.doi.org/10.1111/j.1471-4159.2008.05558.x
http://dx.doi.org/10.1073/pnas.162350199
http://dx.doi.org/10.1038/ng.2802


Pharmaceuticals 2020, 13, 341 21 of 25

136. Zhang, B.; Gaiteri, C.; Bodea, L.-G.; Wang, Z.; McElwee, J.; Podtelezhnikov, A.A.; Zhang, C.; Xie, T.; Tran, L.;
Dobrin, R.; et al. Integrated Systems Approach Identifies Genetic Nodes and Networks in Late-Onset
Alzheimer’s Disease. Cell 2013, 153, 707–720. [CrossRef] [PubMed]

137. Hakobyan, S.; Harding, K.; Aiyaz, M.; Hye, A.; Dobson, R.J.B.; Baird, A.; Liu, B.; Harris, C.L.; Lovestone, S.;
Morgan, B.P. Complement Biomarkers as Predictors of Disease Progression in Alzheimer’s Disease.
J. Alzheimers Dis. 2016, 54, 707–716. [CrossRef] [PubMed]

138. Winston, C.N.; Goetzl, E.J.; Schwartz, J.B.; Elahi, F.M.; Rissman, R.A. Complement protein levels in plasma
astrocyte-derived exosomes are abnormal in conversion from mild cognitive impairment to Alzheimer’s
disease dementia. Alzheimers Dement. 2019, 11, 61–66. [CrossRef]

139. Nogueras-Ortiz, C.J.; Mahairaki, V.; Delgado-Peraza, F.; Das, D.; Avgerinos, K.; Eren, E.; Hentschel, M.;
Goetzl, E.J.; Mattson, M.P.; Kapogiannis, D. Astrocyte- and Neuron-Derived Extracellular Vesicles from
Alzheimer’s Disease Patients Effect Complement-Mediated Neurotoxicity. Cells 2020, 9, 1618. [CrossRef]
[PubMed]

140. Hornykiewicz, O. The discovery of dopamine deficiency in the parkinsonian brain. J. Neural Transm. Suppl.
2006, 2006, 9–15. [CrossRef]

141. Antony, P.M.; Diederich, N.J.; Balling, R. Parkinson’s disease mouse models in translational research.
Mamm. Genome 2011, 22, 401–419. [CrossRef]

142. Klegeris, A.; McGeer, P.L. Complement activation by islet amyloid polypeptide (IAPP) and α-synuclein 112.
Biochem. Biophys. Res. Commun. 2007, 357, 1096–1099. [CrossRef]

143. Yamada, T.; McGeer, P.L.; McGeer, E.G. Lewy bodies in Parkinson’s disease are recognized by antibodies to
complement proteins. Acta Neuropathol. 1992, 84, 100–104. [CrossRef]

144. Loeffler, D.A.; Camp, D.M.; Conant, S.B. Complement activation in the Parkinson’s disease substantia nigra:
An immunocytochemical study. J. Neuroinflamm. 2006, 3, 29. [CrossRef]

145. Rozemuller, A.J.M.; Eikelenboom, P.; Theeuwes, J.W.; Steur, E.N.H.J.; De Vos, R.A.I. Activated microglial
cells and complement factors are unrelated to cortical Lewy bodies. Acta Neuropathol. 2000, 100, 701–708.
[CrossRef] [PubMed]

146. Depboylu, C.; Schäfer, M.K.-H.; Arias-Carrión, O.; Oertel, W.H.; Weihe, E.; Höglinger, G.U. Possible
Involvement of Complement Factor C1q in the Clearance of Extracellular Neuromelanin from the Substantia
Nigra in Parkinson Disease. J. Neuropathol. Exp. Neurol. 2011, 70, 125–132. [CrossRef]

147. Goldknopf, I.L.; Sheta, E.A.; Bryson, J.; Folsom, B.; Wilson, C.; Duty, J.; Yen, A.A.; Appel, S.H. Complement
C3c and related protein biomarkers in amyotrophic lateral sclerosis and Parkinson’s disease. Biochem. Biophys.
Res. Commun. 2006, 342, 1034–1039. [CrossRef]

148. Wang, Y.; Hancock, A.M.; Bradner, J.; Chung, K.A.; Quinn, J.F.; Peskind, E.R.; Galasko, D.; Jankovic, J.;
Zabetian, C.P.; Kim, H.M.; et al. Complement 3 and Factor H in Human Cerebrospinal Fluid in Parkinson’s
Disease, Alzheimer’s Disease, and Multiple-System Atrophy. Am. J. Pathol. 2011, 178, 1509–1516. [CrossRef]
[PubMed]

149. Kitamura, Y.; Kojima, M.; Kurosawa, T.; Sasaki, R.; Ichihara, S.; Hiraku, Y.; Tomimoto, H.; Murata, M.;
Oikawa, S. Proteomic Profiling of Exosomal Proteins for Blood-based Biomarkers in Parkinson’s Disease.
Neuroscience 2018, 392, 121–128. [CrossRef] [PubMed]

150. Jiang, R.; Rong, C.; Ke, R.; Meng, S.; Yan, X.; Ke, H.; Wu, S. Differential proteomic analysis of serum exosomes
reveals alterations in progression of Parkinson disease. Medicine 2019, 98, e17478. [CrossRef]

151. Liang, Y.; Li, S.; Guo, Q.; Zhang, Y.; Wen, C.; Zou, Q.; Su, B. Complement 3-deficient mice are not protected
against MPTP-induced dopaminergic neurotoxicity. Brain Res. 2007, 1178, 132–140. [CrossRef] [PubMed]

152. Depboylu, C.; Schorlemmer, K.; Klietz, M.; Oertel, W.H.; Weihe, E.; Höglinger, G.U.; Schäfer, M.K.-H.
Upregulation of microglial C1q expression has no effects on nigrostriatal dopaminergic injury in the MPTP
mouse model of Parkinson disease. J. Neuroimmunol. 2011, 236, 39–46. [CrossRef]

153. Hou, L.; Wang, K.; Zhang, C.; Sun, F.; Che, Y.; Zhao, X.; Zhang, D.; Li, H.; Wang, Q. Complement receptor 3
mediates NADPH oxidase activation and dopaminergic neurodegeneration through a Src-Erk-dependent
pathway. Redox Biol. 2018, 14, 250–260. [CrossRef]

154. Gusella, J.F. Huntington’s disease. Nat. Rev. Dis. Primers 2015, 1, 15005. [CrossRef]
155. DiFiglia, M.; Sapp, E.; Chase, K.O.; Davies, S.W.; Bates, G.P.; Vonsattel, J.P.; Aronin, N. Aggregation of

Huntingtin in Neuronal Intranuclear Inclusions and Dystrophic Neurites in Brain. Science 1997, 277, 1990–1993.
[CrossRef]

http://dx.doi.org/10.1016/j.cell.2013.03.030
http://www.ncbi.nlm.nih.gov/pubmed/23622250
http://dx.doi.org/10.3233/JAD-160420
http://www.ncbi.nlm.nih.gov/pubmed/27567854
http://dx.doi.org/10.1016/j.dadm.2018.11.002
http://dx.doi.org/10.3390/cells9071618
http://www.ncbi.nlm.nih.gov/pubmed/32635578
http://dx.doi.org/10.1007/978-3-211-45295-0_3
http://dx.doi.org/10.1007/s00335-011-9330-x
http://dx.doi.org/10.1016/j.bbrc.2007.04.055
http://dx.doi.org/10.1007/BF00427222
http://dx.doi.org/10.1186/1742-2094-3-29
http://dx.doi.org/10.1007/s004010000225
http://www.ncbi.nlm.nih.gov/pubmed/11078223
http://dx.doi.org/10.1097/NEN.0b013e31820805b9
http://dx.doi.org/10.1016/j.bbrc.2006.02.051
http://dx.doi.org/10.1016/j.ajpath.2011.01.006
http://www.ncbi.nlm.nih.gov/pubmed/21435440
http://dx.doi.org/10.1016/j.neuroscience.2018.09.017
http://www.ncbi.nlm.nih.gov/pubmed/30266682
http://dx.doi.org/10.1097/MD.0000000000017478
http://dx.doi.org/10.1016/j.brainres.2007.08.033
http://www.ncbi.nlm.nih.gov/pubmed/17900537
http://dx.doi.org/10.1016/j.jneuroim.2011.05.006
http://dx.doi.org/10.1016/j.redox.2017.09.017
http://dx.doi.org/10.1038/nrdp.2015.5
http://dx.doi.org/10.1126/science.277.5334.1990


Pharmaceuticals 2020, 13, 341 22 of 25

156. Mestre, T.; Ferreira, J.; Coelho, M.M.; Rosa, M.; Sampaio, C. Therapeutic interventions for symptomatic
treatment in Huntington’s disease. Cochrane Database Syst. Rev. 2009, 3, CD006456. [CrossRef]

157. Singhrao, S.; Neal, J.; Morgan, B.; Gasque, P. Increased Complement Biosynthesis by Microglia and
Complement Activation on Neurons in Huntington’s Disease. Exp. Neurol. 1999, 159, 362–376. [CrossRef]
[PubMed]

158. Pavese, N.; Gerhard, A.; Tai, Y.F.; Ho, A.K.; Turkheimer, F.; Barker, R.A.; Brooks, D.J.; Piccini, P. Microglial
activation correlates with severity in Huntington disease: A clinical and PET study. Neurology 2006, 66,
1638–1643. [CrossRef]

159. Tai, Y.F.; Pavese, N.; Gerhard, A.; Tabrizi, S.J.; Barker, R.A.; Brooks, D.J.; Piccini, P. Microglial activation in
presymptomatic Huntington’s disease gene carriers. Brain 2007, 130, 1759–1766. [CrossRef]

160. Kwan, W.; Träger, U.; Davalos, D.; Chou, A.; Bouchard, J.; Andre, R.; Miller, A.; Weiss, A.; Giorgini, F.;
Cheah, C.; et al. Mutant huntingtin impairs immune cell migration in Huntington disease. J. Clin. Investig.
2012, 122, 4737–4747. [CrossRef]

161. Dalrymple, A.; Wild, E.J.; Joubert, R.; Sathasivam, K.; Björkqvist, M.; Petersén, Å.; Jackson, G.S.;
Isaacs, J.D.; Kristiansen, M.; Bates, G.P.; et al. Proteomic Profiling of Plasma in Huntington’s Disease
Reveals Neuroinflammatory Activation and Biomarker Candidates. J. Proteome Res. 2007, 6, 2833–2840.
[CrossRef] [PubMed]

162. Woodruff, T.M.; Crane, J.W.; Proctor, L.M.; Buller, K.M.; Shek, A.B.; De Vos, K.; Pollitt, S.; Williams, H.M.;
Shiels, I.A.; Monk, P.N.; et al. Therapeutic activity of C5a receptor antagonists in a rat model of
neurodegeneration. FASEB J. 2006, 20, 1407–1417. [CrossRef]

163. Larkin, P.B.; Muchowski, P.J. Genetic Deficiency of Complement Component 3 Does Not Alter Disease
Progression in a Mouse Model of Huntington’s Disease. J. Huntingt. Dis. 2012, 1, 107–118. [CrossRef]
[PubMed]

164. Li, R.; Lee, J.D.; Levin, S.; Richard, G.; Trent, M.W. A pathogenic role for the C5a receptor, C5aR2, in mouse
models of Huntington’s and Parkinson’s disease. Immunobiology 2016, 221, 1209. [CrossRef]

165. Asbury, A.K.; Cornblath, D.R. Assessment of current diagnostic criteria for Guillain-Barre syndrome.
Ann. Neurol. 1990, 27, S21–S24. [CrossRef]

166. Dyck, P.J.; Lais, A.C.; Ohta, M.; Bastron, J.A.; Okazaki, H.; Groover, R.V. Chronic inflammatory
polyradiculoneuropathy. Mayo Clin. Proc. 1975, 50, 621–637.

167. Pritchard, J.; Hughes, R.A.C.; Hadden, R.D.; Brassington, R. Pharmacological treatment other than
corticosteroids, intravenous immunoglobulin and plasma exchange for Guillain-Barré syndrome.
Cochrane Database Syst. Rev. 2016, 11, CD008630. [CrossRef]

168. Hughes, R.; Wijdicks, E.; Barohn, R.; Benson, E.; Cornblath, D.; Hahn, A.F.; Meythaler, J.; Miller, R.; Sladky, J.;
Stevens, J. Practice parameter: Immunotherapy for Guillain-Barré syndrome: Report of the Quality Standards
Subcommittee of the American Academy of Neurology. Neurology 2003, 61, 736–740. [CrossRef]

169. Plasmapheresis and acute Guillain-Barré syndrome. The Guillain-Barré syndrome Study Group. Neurology
1985, 35, 1096–1104. [CrossRef]

170. Hafer-Macko, C.E.; Sheikh, K.A.; Li, C.Y.; Ho, T.W.; Cornblath, D.R.; McKhann, G.M.; Asbury, A.K.; Griffin, J.W.
Immune attack on the schwann cell surface in acute inflammatory demyelinating polyneuropathy. Ann. Neurol.
1996, 39, 625–635. [CrossRef]

171. Hartung, H.-P.; Schwenke, C.; Bitter-Suermann, D.; Toyka, K.V. Guillain-barre syndrome: Activated complement
components C3a and C5a in CSF. Neurology 1987, 37, 1006. [CrossRef]

172. Susuki, K.; Rasband, M.N.; Tohyama, K.; Koibuchi, K.; Okamoto, S.; Funakoshi, K.; Hirata, K.; Baba, H.;
Yuki, N. Anti-GM1 Antibodies Cause Complement-Mediated Disruption of Sodium Channel Clusters in
Peripheral Motor Nerve Fibers. J. Neurosci. 2007, 27, 3956–3967. [CrossRef]

173. Sekiguchi, Y.; Uncini, A.; Yuki, N.; Misawa, S.; Notturno, F.; Nasu, S.; Kanai, K.; Noto, Y.-I.; Fujimaki, Y.;
Shibuya, K.; et al. Antiganglioside antibodies are associated with axonal Guillain–Barré syndrome:
A Japanese–Italian collaborative study. J. Neurol. Neurosurg. Psychiatry 2012, 83, 23–28. [CrossRef] [PubMed]

174. Quast, I.; Keller, C.W.; Hiepe, F.; Tackenberg, B.; Lünemann, J.D. Terminal complement activation is increased
and associated with disease severity in CIDP. Ann. Clin. Transl. Neurol. 2016, 3, 730–735. [CrossRef]
[PubMed]

175. Keller, C.W.; Quast, I.; Dalakas, M.C.; Lünemann, J.D. IVIG efficacy in CIDP patients is not associated with
terminal complement inhibition. J. Neuroimmunol. 2019, 330, 23–27. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/14651858.CD006456.pub2
http://dx.doi.org/10.1006/exnr.1999.7170
http://www.ncbi.nlm.nih.gov/pubmed/10506508
http://dx.doi.org/10.1212/01.wnl.0000222734.56412.17
http://dx.doi.org/10.1093/brain/awm044
http://dx.doi.org/10.1172/JCI64484
http://dx.doi.org/10.1021/pr0700753
http://www.ncbi.nlm.nih.gov/pubmed/17552550
http://dx.doi.org/10.1096/fj.05-5814com
http://dx.doi.org/10.3233/JHD-2012-120021
http://www.ncbi.nlm.nih.gov/pubmed/23097680
http://dx.doi.org/10.1016/j.imbio.2016.06.186
http://dx.doi.org/10.1002/ana.410270707
http://dx.doi.org/10.1002/14651858.CD008630.pub4
http://dx.doi.org/10.1212/WNL.61.6.736
http://dx.doi.org/10.1212/WNL.35.8.1096
http://dx.doi.org/10.1002/ana.410390512
http://dx.doi.org/10.1212/WNL.37.6.1006
http://dx.doi.org/10.1523/JNEUROSCI.4401-06.2007
http://dx.doi.org/10.1136/jnnp-2011-300309
http://www.ncbi.nlm.nih.gov/pubmed/22010183
http://dx.doi.org/10.1002/acn3.331
http://www.ncbi.nlm.nih.gov/pubmed/27648461
http://dx.doi.org/10.1016/j.jneuroim.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/30772754


Pharmaceuticals 2020, 13, 341 23 of 25

176. Halstead, S.; Zitman, F.M.P.; Humphreys, P.D.; Greenshields, K.; Verschuuren, J.J.G.M.; Jacobs, B.C.;
Rother, R.P.; Plomp, J.J.; Willison, H.J. Eculizumab prevents anti-ganglioside antibody-mediated neuropathy
in a murine model. Brain 2008, 131 Pt 5, 1197–1208. [CrossRef] [PubMed]

177. Davidson, A.I.; Halstead, S.K.; Goodfellow, J.A.; Chavada, G.; Mallik, A.; Overell, J.; Lunn, M.P.;
McConnachie, A.; Van Doorn, P.; Willison, H.J. Inhibition of complement in Guillain-Barré syndrome:
The ICA-GBS study. J. Peripher. Nerv. Syst. 2017, 22, 4–12. [CrossRef] [PubMed]

178. Misawa, S.; Kuwabara, S.; Sato, Y.; Yamaguchi, N.; Nagashima, K.; Katayama, K.; Sekiguchi, Y.; Iwai, Y.;
Amino, H.; Suichi, T.; et al. Safety and efficacy of eculizumab in Guillain-Barré syndrome: A multicentre,
double-blind, randomised phase 2 trial. Lancet Neurol. 2018, 17, 519–529. [CrossRef]

179. Markus, H. Stroke: Causes and clinical features. Medicine 2012, 40, 484–489. [CrossRef]
180. Powers, W.J.; Rabinstein, A.A.; Ackerson, T.; Adeoye, O.M.; Bambakidis, N.C.; Becker, K.; Biller, J.; Brown, M.;

Demaerschalk, B.M.; Hoh, B.; et al. Guidelines for the Early Management of Patients with Acute Ischemic
Stroke: 2019 Update to the 2018 Guidelines for the Early Management of Acute Ischemic Stroke: A Guideline
for Healthcare Professionals from the American Heart Association/American Stroke Association. Stroke 2019,
50, e344–e418. [CrossRef]

181. Global Burden of Disease. Global, regional, and national disability-adjusted life-years (DALYs) for 315
diseases and injuries and healthy life expectancy (HALE), 1990–2015: A systematic analysis for the Global
Burden of Disease Study 2015. Lancet 2016, 388, 1603–1658. [CrossRef]

182. Alawieh, A.; Elvington, A.; Zhu, H.; Yu, J.; Kindy, M.S.; Atkinson, C.; Tomlinson, S. Modulation of post-stroke
degenerative and regenerative processes and subacute protection by site-targeted inhibition of the alternative
pathway of complement. J. Neuroinflamm. 2015, 12, 1–15. [CrossRef]

183. Ten, V.S.; Sosunov, S.A.; Mazer, S.P.; Stark, R.I.; Caspersen, C.; Sughrue, M.E.; Botto, M.; Connolly, E.S.;
Pinsky, D.J. C1q-Deficiency Is Neuroprotective Against Hypoxic-Ischemic Brain Injury in Neonatal Mice.
Stroke 2005, 36, 2244–2250. [CrossRef]

184. Mocco, J.; Mack, W.J.; Ducruet, A.F.; Sosunov, S.A.; Sughrue, M.E.; Hassid, B.G.; Nair, M.N.; Laufer, I.;
Komotar, R.J.; Claire, M.; et al. Complement Component C3 Mediates Inflammatory Injury Following Focal
Cerebral Ischemia. Circ. Res. 2006, 99, 209–217. [CrossRef]

185. Mocco, J.; Wilson, D.A.; Komotar, R.J.; Sughrue, M.E.; Coates, K.; Sacco, R.L.; Elkind, M.S.V.; Connolly, E.S.
Alterations in Plasma Complement Levels Following Human Ischemic Stroke. Neurosurgery 2006, 59, 1–6.
[CrossRef]

186. Wu, F.; Zou, Q.; Ding, X.; Shi, D.; Zhu, X.; Hu, W.; Liu, L.; Zhou, H. Complement component C3a plays a
critical role in endothelial activation and leukocyte recruitment into the brain. J. Neuroinflamm. 2016, 13,
1–14. [CrossRef] [PubMed]

187. Van Beek, J.; Bernaudin, M.; Petit, E.; Gasque, P.; Nouvelot, A.; MacKenzie, E.T.; Fontaine, M. Expression of
Receptors for Complement Anaphylatoxins C3a and C5a Following Permanent Focal Cerebral Ischemia in
the Mouse. Exp. Neurol. 2000, 161, 373–382. [CrossRef]

188. Pavlovski, D.; Thundyil, J.; Monk, P.N.; Wetsel, R.A.; Taylor, S.M.; Woodruff, T.M. Generation of complement
component C5a by ischemic neurons promotes neuronal apoptosis. FASEB J. 2012, 26, 3680–3690. [CrossRef]

189. Van Beek, J.; Nicole, O.; Ali, C.; Ischenko, A.; MacKenzie, E.T.; Buisson, A.; Fontaine, M. Complement
anaphylatoxin C3a is selectively protective against NMDA-induced neuronal cell death. NeuroReport 2001,
12, 289–293. [CrossRef]

190. Cervera, A.; Planas, A.M.; Justicia, C.; Urra, X.; Jensenius, J.C.; Torres, F.; Lozano, F.; Chamorro, A.
Genetically-Defined Deficiency of Mannose-Binding Lectin Is Associated with Protection after Experimental
Stroke in Mice and Outcome in Human Stroke. PLoS ONE 2010, 5, e8433. [CrossRef]

191. Pedersen, E.D.; Waje-Andreassen, U.; Vedeler, C.A.; Aamodt, G.; Mollnes, T.E. Systemic complement
activation following human acute ischaemic stroke. Clin. Exp. Immunol. 2004, 137, 117–122. [CrossRef]
[PubMed]

192. Zhong, C.; Zhu, Z.; Wang, A.; Xu, T.; Bu, X.; Peng, H.; Yang, J.; Han, L.; Chen, J.; Peng, Y.; et al. Multiple
biomarkers covering distinct pathways for predicting outcomes after ischemic stroke. Neurology 2018, 92,
e295–e304. [CrossRef] [PubMed]

193. Hua, Y.; Xi, G.; Keep, R.F.; Hoff, J.T. Complement activation in the brain after experimental intracerebral
hemorrhage. J. Neurosurg. 2000, 92, 1016–1022. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/brain/awm316
http://www.ncbi.nlm.nih.gov/pubmed/18184663
http://dx.doi.org/10.1111/jns.12194
http://www.ncbi.nlm.nih.gov/pubmed/27801990
http://dx.doi.org/10.1016/S1474-4422(18)30114-5
http://dx.doi.org/10.1016/j.mpmed.2012.06.005
http://dx.doi.org/10.1161/str.0000000000000211
http://dx.doi.org/10.1016/S0140-6736(16)31460-X
http://dx.doi.org/10.1186/s12974-015-0464-8
http://dx.doi.org/10.1161/01.STR.0000182237.20807.d0
http://dx.doi.org/10.1161/01.RES.0000232544.90675.42
http://dx.doi.org/10.1227/01.NEU.0000219221.14280.65
http://dx.doi.org/10.1186/s12974-016-0485-y
http://www.ncbi.nlm.nih.gov/pubmed/26822321
http://dx.doi.org/10.1006/exnr.1999.7273
http://dx.doi.org/10.1096/fj.11-202382
http://dx.doi.org/10.1097/00001756-200102120-00022
http://dx.doi.org/10.1371/journal.pone.0008433
http://dx.doi.org/10.1111/j.1365-2249.2004.02489.x
http://www.ncbi.nlm.nih.gov/pubmed/15196251
http://dx.doi.org/10.1212/WNL.0000000000006717
http://www.ncbi.nlm.nih.gov/pubmed/30552300
http://dx.doi.org/10.3171/jns.2000.92.6.1016
http://www.ncbi.nlm.nih.gov/pubmed/10839264


Pharmaceuticals 2020, 13, 341 24 of 25

194. Kasuya, H.; Shimizu, T. Activated complement components C3a and C4a in cerebrospinal fluid and plasma
following subarachnoid hemorrhage. J. Neurosurg. 1989, 71, 741–746. [CrossRef] [PubMed]

195. Van Dijk, B.J.; Meijers, J.C.; Kloek, A.T.; Knaup, V.L.; Rinkel, G.J.; Morgan, B.P.; Van Der Kamp, M.J.;
Osuka, K.; Aronica, E.; Ruigrok, Y.M.; et al. Complement C5 Contributes to Brain Injury After Subarachnoid
Hemorrhage. Transl. Stroke Res. 2019, 11, 678–688. [CrossRef] [PubMed]

196. Alawieh, A.; Langley, E.F.; Tomlinson, S. Targeted complement inhibition salvages stressed neurons and
inhibits neuroinflammation after stroke in mice. Sci. Transl. Med. 2018, 10, eaao6459. [CrossRef]

197. Ducruet, A.F.; Zacharia, B.E.; Sosunov, S.A.; Gigante, P.R.; Yeh, M.L.; Gorski, J.W.; Otten, M.L.; Hwang, R.Y.;
DeRosa, P.A.; Hickman, Z.; et al. Complement Inhibition Promotes Endogenous Neurogenesis and Sustained
Anti-Inflammatory Neuroprotection following Reperfused Stroke. PLoS ONE 2012, 7, e38664. [CrossRef]

198. Kim, G.H.; Mocco, J.; Hahn, D.K.; Kellner, C.P.; Komotar, R.J.; Ducruet, A.F.; Mack, W.J.; Connolly, E.S.
Protective effect of C5a receptor inhibition after murine reperfused stroke. Neurosurgery 2008, 63, 122–126.
[CrossRef] [PubMed]

199. Chen, X.; Arumugam, T.V.; Cheng, Y.-L.; Lee, J.-H.; Chigurupati, S.; Mattson, M.P.; Basta, M. Combination
Therapy with Low-Dose IVIG and a C1-esterase Inhibitor Ameliorates Brain Damage and Functional Deficits
in Experimental Ischemic Stroke. Neuromol. Med. 2018, 20, 63–72. [CrossRef] [PubMed]

200. Alawieh, A.M.; Langley, E.F.; Feng, W.; Spiotta, A.M.; Tomlinson, S. Complement-Dependent Synaptic
Uptake and Cognitive Decline after Stroke and Reperfusion Therapy. J. Neurosci. 2020, 40, 4042–4058.
[CrossRef] [PubMed]

201. Orsini, F.; Villa, P.; Parrella, S.; Zangari, R.; Zanier, E.R.; Gesuete, R.; Stravalaci, M.; Fumagalli, S.; Ottria, R.;
Reina, J.J.; et al. Targeting Mannose-Binding Lectin Confers Long-Lasting Protection with a Surprisingly
Wide Therapeutic Window in Cerebral Ischemia. Circulation 2012, 126, 1484–1494. [CrossRef]

202. Elvington, A.; Atkinson, C.; Zhu, H.; Yu, J.; Takahashi, K.; Stahl, G.L.; Kindy, M.S.; Tomlinson, S.
The Alternative Complement Pathway Propagates Inflammation and Injury in Murine Ischemic Stroke.
J. Immunol. 2012, 189, 4640–4647. [CrossRef] [PubMed]

203. Rynkowski, M.A.; Kim, G.H.; Garrett, M.C.; Zacharia, B.E.; Otten, M.L.; Sosunov, S.A.; Komotar, R.J.;
Hassid, B.G.; Ducruet, A.F.; Lambris, J.D.; et al. C3a Receptor Antagonist Attenuates Brain Injury after
Intracerebral Hemorrhage. Br. J. Pharmacol. 2009, 29, 98–107. [CrossRef]

204. Garrett, M.C.; Otten, M.L.; Starke, R.M.; Komotar, R.J.; Magotti, P.; Lambris, J.D.; Rynkowski, M.A.;
Connolly, E.S. Synergistic neuroprotective effects of C3a and C5a receptor blockade following intracerebral
hemorrhage. Brain Res. 2009, 1298, 171–177. [CrossRef]

205. Fisher, R.S.; Acevedo, C.; Arzimanoglou, A.; Bogacz, A.; Cross, J.H.; Elger, C.E.; Engel, J.; Forsgren, L.;
French, J.A.; Glynn, M.; et al. ILAE Official Report: A practical clinical definition of epilepsy. Epilepsia 2014,
55, 475–482. [CrossRef] [PubMed]

206. Kopczynska, M.; Zelek, W.M.; Vespa, S.; Touchard, S.; Wardle, M.; Loveless, S.; Thomas, R.H.; Hamandi, K.;
Morgan, B.P. Complement system biomarkers in epilepsy. Seizure 2018, 60, 1–7. [CrossRef]

207. Kharatishvili, I.; Shan, Z.Y.; She, D.; Foong, S.; Kurniawan, N.D.; Reutens, D.C. MRI changes and complement
activation correlate with epileptogenicity in a mouse model of temporal lobe epilepsy. Brain Struct. Funct.
2014, 219, 683–706. [CrossRef] [PubMed]
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