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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a fatal and rapidly progressing motor neuron disease without effective treatment. Although the precise mechanisms leading to
ALS are yet to be determined, there is now increasing evidence implicating components of the innate immune complement system in the onset and progression of its
motor phenotypes. This review will survey the clinical and experimental evidence for the role of the complement system in driving neuroinflammation and con-
tributing to ALS disease progression. Specifically, it will explore findings regarding the different complement activation pathways involved in ALS, with a focus on the
terminal pathway. It will also examine potential future research directions for complement in ALS, highlighting the targeting of specific molecular components of the

system.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is the most common form of
motor neuron disease (MND), and the third most prevalent adult-onset
neurodegenerative disease (Renton et al., 2011). The pathogenesis of
ALS involves the progressive and selective loss of upper cortical and
lower a-motor neurons in the motor cortex, brainstem and spinal cord,
as well as denervation of skeletal muscle, leading to symptoms of
muscle weakness, fasciculation and ultimately paralysis (Bruijn and
Cleveland, 1996; Lee et al., 2013; Zarei et al., 2015). ALS is rapidly
fatal, with a median life expectancy of 2—4 years from diagnosis, most
commonly as a result of loss of respiratory muscle function. The ae-
tiology of ALS is poorly understood, and the number of ALS cases are
predicted to increase in coming years largely due to an ageing popu-
lation, particularly in developing nations, reaching an estimated 375,
000 cases worldwide by 2040 (Arthur et al., 2016). There are only a few
drugs, including Riluzole and Edaravone, that are approved to treat the
disease, and these have limited efficacy in patients (Dharmadasa and
Kiernan, 2018; Hardiman and van den Berg, 2017). Thus, there is an
urgent need to develop new therapeutics that will significantly extend
survival and decrease morbidity in ALS.

There are two forms of ALS - familial and sporadic, which make up
approximately 10% and 90% of cases respectively. The two aetiologies
are phenotypically indistinguishable from each other based on their
clinical and pathological features, both resulting in progressive muscle
weakness, atrophy and spasticity (Siddique and Siddique, 2008). For

familial ALS, a few of the key genes implicated include mutations in
C9orf72, SOD1, TARDBP, FUS and VCP (DelJesus-Hernandez et al.,
2011; Koppers et al., 2012; Kwiatkowski Jr. et al., 2009; Renton et al.,
2011; Rosen et al., 1993; Sreedharan et al., 2008). Asides from genetic
predisposition, several theories have been put forward regarding the
causes of motor neuron death and muscle denervation in ALS. These
include glutamate excitotoxicity, impaired protein homeostasis, aber-
rant RNA metabolism, mitochondrial abnormalities, axonal defects,
impaired DNA repair, dysregulated vesicle transport, radical-mediated
oxidative stress and glial and immune dysfunction leading to neuroin-
flammation (Brown and Al-Chalabi, 2017; Hardiman et al., 2017; Zarei
et al., 2015). This review will survey evidence for a role for the innate
immune complement system in driving neuroinflammation and con-
tributing to disease progression in ALS. Specifically, it will cover find-
ings regarding the pathways involved, particularly the role of the
terminal complement pathway. It will also examine potential future
directions for research into the role of the complement system in ALS.

2. The immune system in neurodegenerative diseases

The immune system has evolved as the body's primary defence
against foreign and potentially infectious agents (Hwang and McKenzie,
2013). In vertebrates, we observe two distinct, yet interlinked effector
arms that comprise the host's overall immunity. The first of these is the
innate immune response, an evolutionarily ancient process that acts
through rapid and non-specific targeting of foreign antigens by
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monocytes, macrophages, dendritic cells and granulocytes (Akira et al.,
2006). The second is the adaptive immune response, which is primarily
organised around two classes of lymphocytes known as T and B cells
(Dunkelberger and Song, 2010). It is from the precise and dynamic
interplay between these two systems that host cells are able to maintain
homeostatic conditions to protect against invading pathogens.

As it is now recognised however, abnormalities in the same im-
munological cascades that accompany these responses have been linked
to immuno-inflammatory disease. Additionally, in more recent years
these same immune systems are believed to contribute to a large part to
neurodegenerative disorders, including Alzheimer's disease and other
dementias, Parkinson's disease, Huntington's disease and ALS.
Compelling evidence has revealed how the pathologies of such diseases
may not be restricted to cell-autonomous mechanisms of the neurons
themselves, but rely crucially on non-neuronal involvement (Ilieva
et al., 2009). In the case of ALS, this phenomenon is supported by in-
vestigations into mice overexpressing the ALS mutant SOD1 protein in
motor neurons and non-neuronal cells (Gong et al., 2000; Lino et al.,
2002; Pramatarova et al., 2001). Indeed, such studies identified the
presence of the mutant protein in motor neurons and astrocytes alone,
was not sufficient enough to cause neurodegeneration, and at most, the
animals only experienced minor ALS-like phenotypes - a stark contrast
to transgenic mice systemically overexpressing the same protein in all
cells (Gong et al., 2000; Heurich et al., 2011; Lino et al.,, 2002;
Pramatarova et al., 2001). Therefore, at least in this model, motor
neuron toxicity is derived from external cell types and factors. One
suggested candidate that may drive motor neuron toxicity in ALS is a
pathogenic contribution from components and cells of the innate im-
mune system (Boillee et al., 2006; Clement et al., 2003; Kang et al.,
2013; Wang et al., 2009; Yamanaka et al., 2008a; Yamanaka et al.,
2008b).

Until recently, the central nervous system (CNS) was considered an
immunoprivileged region due to the presence of a blood brain and
spinal cord barrier that prevents passage of the major immune cells and
molecules (Louveau et al., 2015). Numerous studies have now de-
monstrated however, a local expression of immune molecules, as well
as evidence of immune cell infiltration into the CNS from the periphery
(Engelhardt et al., 1993; Greter et al., 2005; Kierdorf et al., 2013; Togo
et al., 2002; Troost et al., 1990). During disease, the current hypothesis
describes resident glial cells, such as microglia, astrocytes and oligo-
dendrocytes, acting as CNS immune effectors in response to noxious
self-derived molecules, so-called damage associated molecular patterns
(DAMPS), or danger signals, from dying neurons. Early in the disease,
these cells are thought to protect surrounding neuronal tissue, clearing
any debris and secreting growth promoting factors into the cell's mi-
croenvironment, as would be expected under normal physiological
conditions (Julier et al., 2017; Sochocka et al., 2017). However, sus-
tained chronic neuroinflammation via continued stimulation from
dying neurons as disease progresses can cause these glial cells, as well
as those infiltrating immune cells via an increasingly compromised
blood brain and spinal cord barrier, to shift to a neurotoxic status and
release pro-inflammatory mediators, thereby accelerating degeneration
(Hanisch and Kettenmann, 2007; Liddelow et al., 2017; Nagai et al.,
2007). Whilst the triggers for this phenotypic shift remains unknown,
there is evidence that the self-amplifying, and inflammatory properties
of the complement system may be the key driver (Brennan et al., 2016;
Morgan, 2018). The ability of complement effector molecules to not
only modulate innate immune responses, but also to interface with
adaptive immune biology, initiate synapse degeneration and regulate
the blood brain and spinal cord barrier integrity, has become increas-
ingly appreciated as a driving force behind neurodegenerative patho-
genesis (Tenner et al., 2018).

3. Complement system activation in the CNS

The complement system is a key component of the innate immune
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system. It is comprised of a large collection of well over 50 identified
blood-circulating and membrane-bound proteins, including receptors
and regulators, which act in a cascade manner to augment the immune
response and rid the body of exogenous threats in the form of foreign
pathogens and noxious self-derived molecules generated by cellular
stress responses and death (Kolev et al., 2014). The complement system
undertakes its defensive role primarily through its ability to regulate
inflammation through the activation of complement receptors on innate
and adaptive immune cells, as well as its ability to eliminate pathogens
directly through cytotoxic and cytolytic activity of the membrane attack
complex (MAC (C5b-9); (Hess and Kemper, 2016). Although the CNS
does not receive the same composition of circulating complement fac-
tors produced in the liver due to the blood brain and spinal cord bar-
riers, many studies have demonstrated that multiple components of the
complement cascade can be locally synthesised in the CNS, where it has
been shown to be produced by neurons, astrocytes, oligodendrocytes
and microglia (Barnum, 1995; Gasque et al., 1997; O'Barr et al., 2001).
Similar to the periphery, one primary role of complement activation
within the CNS is to protect neurons from toxic stimuli through the
activation of inflammatory responses by surrounding glial cells. How-
ever, under-regulated and over-activation of the complement system
may lead to unwarranted neuronal death observed in multiple neuro-
degenerative diseases including Alzheimer's disease, Parkinson's dis-
ease, Huntington's disease and ALS (Kjaeldgaard et al., 2018; Loeffler
et al., 2006; Morgan, 2018; Singhrao et al., 1999). In addition to their
immune surveillance functions, it has also been noted that complement
factors have a key role in nervous system development, cellular meta-
bolism, regeneration and regulation of CNS homeostasis (Coulthard
et al., 2018a; Coulthard et al.,, 2017; Coulthard et al.,, 2018b;
Hawksworth et al., 2017; Stevens et al., 2007).

The complement system is known to be activated via four different
pathways: the classical, lectin, alternative, as well as the increasingly
recognised extrinsic pathway. Complement activation leads to the
production of opsonins (i.e. C1q and C3b), anaphylatoxins (i.e. com-
plement cleavage peptides C3a and C5a) and the formation of the cy-
tolytic MAC (Fig. 1). The classical complement pathway is primarily
activated by the recognition molecule Clq, which binds to antigen-
antibody complexes and endogenous pattern recognition molecules
such as immunoglobins (IgG and IgM) and pentraxins (C-reactive pro-
teins) to initiate complement activation. It can also bind to non-pa-
thogen surfaces such as beta-amyloid or liposomes to act as an opsonin
(Jiang et al., 1994), and has recently been identified as forming com-
plexes with ApoE in Alzheimer's disease (Yin et al., 2019). The opso-
nisation of foreign pathogens or DAMPs by Clq enhances their re-
cognition and engulfment by immune cells through their complement
receptor 1 (CR1) and the phagocytic receptor cC1qRp (Paidassi et al.,
2008). Clq has also been shown to bind directly to apoptotic cells,
necrotic cells and blebs of degenerating neurons in the CNS via its
globular head domain and facilitate ingestion via CR1 and/or comple-
ment receptor 3 on microglia and macrophages (Fraser et al., 2010).
This binding process is deemed critical in the CNS for rapid clearance of
toxic cellular debris released by dying neurons (Galvan et al., 2012).
The lectin pathway is activated in response to complexes formed when
pattern recognition molecules such as mannose-binding lectin (MBL)
and ficolins binds to carbohydrate groups called mannan, present on
the surfaces of some pathogens (Shastri et al., 2013). MBL and ficolins
are also known to opsonise exposed carbohydrate groups on apoptotic
cells, which can promote phagocytosis by monocytes and macrophages,
similar to Cl1q dependent phagocytosis (Tenner et al., 1995). The al-
ternative pathway is initiated by bacteria and foreign surfaces, and
leads to an amplification of the spontaneous hydrolysis of C3, forming
C3 (H;0). This then binds to factor B proteases and is cleaved by factor
D to generate a C3 convertase. This constant ‘tick-over’ of C3 helps the
system to stay alert and assists with normal surveillance of the sur-
rounding environment (Ricklin et al., 2010). Similar to classical and
lectin pathways, the alternative pathway is also activated in response to
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Fig. 1. The complement system. Schematic overview of the complement system, including properties of its major upstream and downstream effectors. Classical,
lectin and alternative pathways converge on component C3, which is subsequently cleaved by convertase enzymes (C4b2a and C3bBb) to generate C3a and C3b.
Independent cleavage of C3 and C5 by serine proteases may also occur via the extrinsic pathway. Subsequent C5 activation releases the system's two terminal
molecules, C5a and C5b, both involved in immunity through formation of the membrane attack complex (MAC), and C5a receptors (C5aR) activation.

pattern recognition molecule such as Properdin, where it recognises
several DAMPs on foreign and apoptotic cells. This leads to C3b binding
to these pattern recognition molecules resulting in assembly and sta-
bilisation of the C3 convertase complexes on these cells (Ricklin et al.,
2010).

The three canonical complement pathways all converge on the
central and most abundant complement molecule, C3, with its cleavage
leading to generation of its active fragments C3a and C3b. C3a is a small
peptide that triggers signalling through its corresponding seven-trans-
membrane G-protein coupled receptor C3aR. It is expressed on most
myeloid cells like granulocytes, mast cells, monocytes, macrophages
and microglia as well as on dendritic cells and astrocytes (Quell et al.,
2017). The activation of the receptor leads to several immune mod-
ulatory actions, which include chemotaxis, pro-inflammatory cytokine
production, degranulation and oxidative burst (Coulthard and
Woodruff, 2015). However, there is also compelling evidence that also
suggests that C3aR stimulation has anti-inflammatory effects
(Coulthard and Woodruff, 2015; Kildsgaard et al., 2000; Wu et al.,
2013). The other cleavage product, C3b, is an opsonin that, along with
Clq, can directly target pathogens and dying neurons for degradation
(Ricklin et al., 2016). Generation of C3b through cleavage of C3 exposes
a specific short-lived thioester moiety which attaches to specific car-
bohydrate groups on activated surfaces, leading to preferential opso-
nisation of foreign pathogens and DAMPs released by dying neurons. It
has also been shown to play a pathological role in immunological de-
myelination and neurodegeneration in the spinal cord (Ingram et al.,
2014). Of equal importance, C3b is also an essential factor in generating
C5 convertases to cleave C5, which initiates the terminal complement
activation pathway (Daha et al., 1976; Vogt et al., 1978).

Another complement activation pathway called the extrinsic
pathway bypasses the need for any upstream complement activity, and
involves direct cleavage of C3 and C5 into its biological active peptides
C3a/C3b and C5a/C5b via proteolytic enzymes such as thrombin,
plasmin, kallikrein and factor XIla (Huber-Lang et al., 2006), as well as
intracellular enzymes such as cathepsin L (Liszewski et al., 2013). As a

result, synthesis of C5 by local inflammatory cells can produce C5a via
cleavage of C5 with cell derived proteases, even when devoid of the
complement system precursor, C3 (Huber-Lang et al., 2006). This
pathway may provide a source of terminal complement activation
factors in the absence of upstream complement activation, and in a
local tissue environment such as the CNS (Woodruff et al., 2014).

4. The terminal complement pathway

The cleavage of C5 leads to the formation of the two major effectors
of complement via its two active fragments C5a and C5b. C5a, like C3a,
is a small polypeptide, which is considered to be one of the most potent
inflammatory molecules generated from the immune response, and
exhibits a broad range of biological and pathological functions
(Manthey et al., 2009). C5a exerts its effects through two high affinity
receptors, the classical and generally predominant signalling receptor
C5aR1, and the lesser investigated alternate receptor, C5aR2 (also re-
ferred to as C5L2).

C5aR1 is a member of the rhodopsin family of seven transmembrane
domain receptors coupled to the hetero-metric G proteins of the G;
subtype: pertussis toxin-sensitive Gg;2, Go;3 or pertussis toxin-in-
sensitive Gg16. Cellular activation of C5aR1 leads to intracellular cal-
cium mobilization and the initiation of a variety of downstream sig-
nalling pathways, all of which support pro-inflammatory responses.
These include chemotaxis of immune cells, and their subsequent acti-
vation leading to superoxide production, release of proteases, kinases
and cytokines/chemokines, thus setting off an immuno-inflammatory
cascade (Gomez-Cambronero et al., 2007; Manthey et al., 2009;
Melendez and Ibrahim, 2004; Torres and Forman, 1999). Its expression
has been widely documented on immune cell types such as monocytes/
macrophages, dendritic cells, neutrophils and eosinophils in the per-
iphery (Karsten et al., 2015) as well as astrocytes, microglia and neu-
rons in the CNS (Woodruff et al., 2010).

Since its discovery in 2000, the physiological role of the less un-
derstood second receptor C5aR2 has remained somewhat controversial
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(Li et al., 2013). C5aR2 is a seven-transmembrane domain receptor that
is grouped into the G-protein coupled receptor family like C5aR1. In
contrast to the C5aR1, however, it is not coupled to intracellular G-
protein activated signalling pathways due to an amino acid replacement
of arginine by leucine in the DRY motif in the second intracellular loop
structure (Croker et al., 2016). Previous studies have shown contra-
dictory roles of C5aR2, where different groups have suggested either
pro- or anti-inflammatory functions (Zhang et al., 2017). Early studies
have presented a theory that C5aR2 acted as a decoy receptor for
C5aR1, due to its inability to induce intracellular calcium mobilization,
extracellular signal-related kinase phosphorylation or receptor inter-
nalization, which are all consequences of C5aR1 activation by C5a (Lee
et al., 2012; Okinaga et al., 2003). This has led to the proposal that
C5aR2 may regulate the availability of C5a binding to C5aR1, or by
forming oligomers with C5aR1, to interrupt C5a — C5aR1 signalling and
thus act in an anti-inflammatory manner (Croker et al., 2016). Fur-
thermore, another study supported the anti-inflammatory function as it
demonstrated C5aR2 may function as an intracellular receptor, which
becomes activated once the ligand binds to C5aR1. It was suggested
that C5aR2 could negatively modulate C5a — C5aR1 signalling and limit
the signalling capacity of C5a via its interaction with C5aR1 and B-
arrestin (Bamberg et al., 2010; Wang et al., 2013). In direct contrast to
decoy receptor and f-arrestin models of C5aR2 function, several studies
have shown that C5aR2 deficient mice had a diminished response to
C5a, including a reduced influx of inflammatory cells and a attenuation
of cytokines such as IL-6 and TNF-a compared to wild-type mice (Chen
et al., 2007; Hsu et al., 2014). Furthermore, some studies have also
found evidence for C5aR2 playing a direct pro-inflammatory role by
acting as a trigger for the release of cytokines, including extracellular
release of the pro-inflammatory transcription factor HMGB1 (Rittirsch
et al., 2008).

The other fragment of C5, C5b, in conjunction with the remaining
complement components C6 — C9 forms the terminal cytolytic MAC on
cell membranes through non-enzymatic assembly. Once proteolytic
cleavage of C5 into C5b has occurred, C6 binds to a labile binding site
on C5b, quickly associating with C7, and forming a lipophilic complex
(Hadders et al., 2012). Membrane insertion of the complex occurs when
C8 binds, allowing it to penetrate through the cell membrane lipid bi-
layer. Once inserted, the complex acts as a receptor for C9, and when
bound, catalyses its oligomerisation into multiple C9 molecules (Serna
et al., 2016). These molecules of C9 allow the complex to form a pore
that perforates the membrane, and permits the flux of ions, such as
calcium and sodium, into the cell, ultimately leading to cell death via
osmotic lysis or metabolic storm (Brennan et al., 2016; Hadders et al.,
2012). Unlike C5aR2 with its seemingly contradicting functions, MAC
has clearly identified pathogenic roles in various CNS disorders, in-
cluding neurotrauma and multiple sclerosis, where MAC appears to
play a role in facilitating neuronal death through direct cell lysis or
potentially via inflammatory activation (Fluiter et al., 2014; Harhausen
et al., 2010; Ingram et al., 2009; Michailidou et al., 2018).

5. Clinical and experimental evidence of upstream complement
pathway involvement in ALS

Substantial research has been accumulated from ALS patients in-
vestigating levels of complement components during disease progres-
sion. Additionally, ALS animal models have been useful in corrobor-
ating findings from human patients, as well as allowing investigators to
perform disease-modifying interventions in a controlled research en-
vironment. Components of various complement activation pathways
have been found to be altered in serum samples, neurological tissues
and skeletal muscles from ALS patients and also in mouse models of ALS
(Kjaeldgaard et al., 2018).
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5.1. Classical complement pathway

The classical complement pathway was initially implicated in ALS
pathogenesis, as various studies demonstrated elevated levels of Clq
and C4 in the serum, cerebrospinal fluid (CSF), CNS (motor cortex and
spinal cord) and skeletal muscle tissue of ALS patients (Apostolski et al.,
1991; Bahia El Idrissi et al., 2016a; Sta et al., 2011; Trbojevic-Cepe
et al., 1998; Tsuboi and Yamada, 1994; Yamada et al., 1994). The first
of these studies showed significantly increased levels of C4 in the serum
from 37 ALS patients when compared to healthy volunteers (Apostolski
et al., 1991). Similar results were found in subsequent studies, where
upregulated levels of C4 and C4d were identified in the CSF and serum
of ALS patients (Trbojevic-Cepe et al., 1998; Tsuboi and Yamada,
1994). More recently, increased levels of C1q and C4 were found on
glial cells in the vicinity of motor neurons in the spinal cord and motor
cortex of 16 ALS patients when compared to 10 control cases who had
died from non-neurological diseases (Sta et al., 2011). Furthermore,
another study also looked at the expression and localisation of Clq in
the post-mortem intercostal muscle biopsies from ALS patients and
control donors who did not suffer from neuromuscular or neurological
disease (Bahia El Idrissi et al., 2016a). Increased levels of C1q on the
nerves innervating the motor end plates and in the vicinity of nerve
endings in the intercostal muscles of ALS patients was identified, while
Clq was undetectable in control biopsies. Additionally, this study
provided evidence that Cl1q was deposited on innervated motor end-
plates early in the disease process, prior to denervation, suggesting that
it may play a role in degradation of the neuromuscular junction through
its opsonisation properties (Bahia El Idrissi et al., 2016a).

In addition to the clinical studies implicating the classical comple-
ment pathway in pathophysiology of ALS, many studies in ALS animal
models have also confirmed the role of upstream classical complement
pathways in disease progression. The first study to demonstrate the
involvement of the classical complement pathway was performed by
Olsen and colleagues in 2001. They demonstrated up-regulation of
ClqA and ClgB mRNA transcripts in the spinal cord of SOD1¢9%A
transgenic mice at later stages of disease (Olsen et al., 2001). Sub-
sequent studies experimentally profiled the changes in complement
components in isolated lumbar motor neurons from SOD1 transgenic
mouse models including SOD1°°3*#, SOD1%*"® and SOD1%®°® mice
using microarray analysis and real time quantitative PCR (Ferraiuolo
et al., 2007; Lobsiger et al., 2007; Perrin et al., 2005). An increase in the
mRNA transcripts of classical pathway recognition component Clq
(ClgA, ClgB and C1qC) was identified in motor neurons of SOD1
transgenic mice, when compared to motor neurons from wild-type
mice. Furthermore, another study using SOD1"'204!™T transgenic mice
showed elevated mRNA levels of C1gB in lumbar spinal cord at post-
symptomatic stages using microarray analysis (Fukada et al., 2007).
Similarly, many studies have also demonstrated that mRNA levels of
ClgB, as well as C4, were continually elevated in the lumbar spinal
cords of SOD1%°32 mice following onset of disease (Ferraiuolo et al.,
2007; Heurich et al., 2011; Lee et al., 2013; Lobsiger et al., 2013).
Another study demonstrated classical complement induction in a non-
SOD1 animal model of ALS, with increases in C1qB and C4 mRNA levels
in the lumbar spinal cord of TDP439331K transgenic mice identified (Lee
et al., 2018). More recently, studies have also shown peripheral changes
in classical complement proteins using SOD1°%4 and TDP43°331K ALS
mice. These studies demonstrated upregulated mRNA expression of
C1gB and C4 in the tibialis anterior (primarily fast-twitch) muscles of
SOD1%9%A and TDP43°%3!X mjce at the mid-symptomatic and end stages
of disease (Lee et al., 2018; Wang et al., 2017). In support of this, an-
other study also revealed an elevated presence of these Cl1q and pro-
teins at the motor end-plates of SOD1%%** mice, suggesting that it could
play a role in degradation of neuromuscular junction (Bahia El Idrissi
et al., 2016a; Heurich et al., 2011).
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5.2. Central component C3

Multiple studies have also shown upregulation of the central com-
plement component, C3 in ALS patients. An early study showed through
immunofluorescence techniques that C3 was deposited in the spinal
cord and motor cortex of ALS patients, primarily on astrocyte-like cells
(Donnenfeld et al., 1984). Similarly, C3 staining was increased in ALS
patient glial cells within the spinal cord and motor cortex (Sta et al.,
2011). In support of this, C3 was upregulated in the CSF of 71 ALS
patients when compared to 40 healthy controls, and increased levels of
C3 cleavage products C3c and C3dg in the serum of 186 ALS patients
(Ganesalingam et al., 2011; Goldknopf et al., 2006). A recent seminal
study demonstrated that C3 positive astrocytes, termed neurotoxic Al
astrocytes, were increased in the spinal cord of ALS patients. These Al
astrocytes are induced by factors released from activated microglia, and
could drive neuronal death in culture (Liddelow et al., 2017). This
suggests that C3 expressing Al astrocytes may be integral for disease
initiation and progression in ALS. Furthermore, the previously men-
tioned study by Bahia El Idrissi et al. (2016a, 2016b) also found de-
position at the motor end plate of both C3 and C3b prior to onset of
symptoms. The complement regulator CD55, (also known as decay
accelerating factor), which prevents formation of C3 convertase, was
also present at the motor end-plate of ALS patients but not control
donors, suggesting an attempt at protecting the motor end-plates from
further complement activity and degradation (Bahia El Idrissi et al.,
2016a; Fig. 2A).

There have also been consistent reports implicating C3 involvement
in experimental models of ALS. When compared to age-matched wild-
type controls, an upregulation of C3 mRNA and protein expression is
observed in SOD1¢3* rodents' spinal cord (Heurich et al., 2011; Lee
et al., 2013; Woodruff et al., 2008). Notably, the activation fragment of
C3, C3b was shown to co-localize with activated glial cell parenchyma,
and was deposited in close proximity to dying motor neurons, sug-
gesting that C3b could assist in the removal of dying motor neurons via
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opsonisation, during disease progression. The central component of all
complement pathways, C3 was also increased in the lumbar spinal cord
of TDP43%%31K mice, suggesting that complement activation occurs in
response to motor neuron death regardless of which ALS-related gene
mutation is present (Lee et al., 2018). In terms of peripheral comple-
ment dysregulation, there have been documented increases in C3 de-
position at the motor end plates and nerve terminals of SOD1¢°** mice,
starting at the pre-symptomatic stage, and upregulated C3 mRNA in the
SOD1%%*A and TDP43°%%!X tibialis anterior muscle (Heurich et al.,
2011; Lee et al., 2018; Wang et al., 2017). Additionally, these studies
showed decreased mRNA levels of the complement regulator CD55 in
the spinal cord and increased levels in the skeletal muscles of SOD1°934
and TDP43°%31X mice, which suggests that homeostatic balance of
complement system is perturbed in these models leading to over-acti-
vation of the complement system.

5.3. Alternative and lectin pathway

In comparison to the widely documented expression of classical and
central components of the complement system during ALS disease
progression, few studies to date have directly investigated complement
components associated with alternative and lectin pathways
(Kjaeldgaard et al., 2018). A moderate increase in mRNA levels of
factor B from the alternative pathway was identified in the lumbar
spinal cord and tibialis anterior muscles of SOD1%°** and TDP432331K
mice (Lee et al., 2013; Lee et al., 2018). However, these studies failed to
detect levels of mannose binding lectin (MBL), in the lumbar spinal
cords of either SOD1%%A or TDP43°33K mice (Lee et al., 2013; Lee
et al., 2018)(Fig. 2B). It is possible that other lectin pathway initiators
such as Ficolin could be involved (Xu et al., 2018). To date however, no
study has investigated the functional role of the alternative or lectin
pathways in ALS pathogenesis.
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6. Clinical and experimental evidence of terminal complement
involvement in ALS

Somewhat surprisingly, in contrast to the above studies implicating
an important role for classical and central complement component in
the pathogenesis of ALS, prior studies using knockout mice have in-
dicated no major role for these pathways in disease pathology. Genetic
deletion of upstream complement components Cl1q, C3 and C4 in SOD1
transgenic ALS mouse models showed a reduction in macrophage le-
vels, but ultimately did not show any significant beneficial effects on
disease progression and survival (Chiu et al., 2009; Lobsiger et al.,
2013). Although these were germline gene knockout studies, which
may have some limitations, this indicates that the upstream comple-
ment pathway may not be an integral factor in the pathophysiology of
ALS. To support the involvement of terminal complement pathway in
the disease progression of ALS, previous studies by our group have
shown that the genetic deletion of C5aR1, and the administration of a
C5aR1 antagonist to SOD1%9** mice, significantly extended survival
and improved motor function (Lee et al., 2017; Woodruff et al., 2014).
One explanation for the differing outcomes from these studies could be
that deleting the upstream complement components Clq, C3 and C4
does not eliminate the direct activation of C5 via the extrinsic pathway,
and thus the biological function of the cleavage products, C5a and C5b
are not inhibited (Woodruff et al., 2014). Indeed, a prior study using C3
knockout mice demonstrated a compensatory upregulation pro-
thrombin to enable protease-mediated C5 cleavage (Huber-Lang et al.,
2006). Regardless, the similar findings from C5aR1 knockout and
C5aR1 antagonist-treated SOD19** mice strongly indicate that the
terminal complement pathway may be more important in driving ALS
pathophysiology.

Coinciding with the potential role for terminal complement acti-
vation products in ALS pathogenesis, a previous study demonstrated
increased levels of C5a and terminal complement complex (C5b-9) in
the serum of 54 ALS patients when compared to 49 age and gender-
matched healthy controls (Mantovani et al., 2014). Additionally, ele-
vated C5a levels within leukocytes from these patients was also iden-
tified, suggesting increased C5a — C5aR1 signalling on these immune
cells. In addition to peripheral upregulation of terminal pathway
components, an earlier study also found that C5aR1 immunostaining
was significantly increased in motor neurons of ALS patients when
compared to healthy controls, which was localised to the cell mem-
brane and vesicular-like cytoplasmic structures (Humayun et al., 2009).
Utilisation of in vitro studies suggested that heightened neuronal C5aR1
signalling could contribute to the motor neuron death in ALS. Previous
studies have also demonstrated increased deposition of MAC in both
neurological tissue (motor cortex and spinal cord) and intercostal
muscle biopsies from ALS patients (Bahia El Idrissi et al., 2016a; Sta
et al.,, 2011). Using immunohistochemistry, the first of these studies
indicated the presence of C5b-9/MAC in neuronal and glial cells in the
spinal cord and motor cortex of ALS patients, but not in control tissue
(Sta et al., 2011). Furthermore, C5b-9/MAC deposition on the motor
end-plates in intercostal muscle biopsies was identified in ALS patients,
while no deposition was observed in control tissue. Like C1q and C3b,
this deposition occurred early in the disease, prior to end-plate de-
nervation, suggesting that the MAC may contribute to the loss of motor
end-plates (Bahia El Idrissi et al., 2016a). CD59a, a regulator of C5b-9/
MAC formation, was also detected at the motor end-plates of ALS pa-
tient muscle biopsies, but not controls, suggesting that the muscle could
be attempting to counteract complement activation to prevent MAC
deposition (Fig. 2A).

In addition to the role of terminal complement pathway in ALS
patients, extensive investigation into the terminal pathway, particularly
C5a - C5aR1 signalling, have demonstrated that this pathway has dis-
ease-modifying consequences in ALS rodent models. There have been
several reports of C5aR1 up-regulation in the lumbar spinal cord of
SOD1%?%A rodents and TDP43°%31K mice with its expression localised to
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both motor neurons and glia (Lee et al., 2013; Lee et al., 2018;
Woodruff et al., 2008). Additionally, up-regulation of C5aR1 mRNA and
protein was also observed in mice deficient in the low molecular weight
neurofilament (NFL) subunit protein, another mouse model of motor
neuron degeneration in which NFL aggregates in a similar fashion to
that of ALS patients (Humayun et al., 2009). In separate studies,
SOD1%93A rats and mice were treated with the specific C5aR1 antago-
nist, PMX205. Chronic administration of PMX205 in SOD1%%*” rats
markedly delayed the onset of motor symptoms and increased survival,
compared to untreated animals (Woodruff et al., 2008). Furthermore,
PMX205 treatment in SOD1%°** mice also extended survival, improved
motor functions (i.e. hind-limb grip strength) and slowed disease pro-
gression (Lee et al., 2017). These results using pharmacological in-
hibition of C5aR1 are consistent with previous findings where deletion
of the C5ar1 gene in SOD1%°* mice extended survival and improved
hind-limb grip strength (Wang et al., 2017; Woodruff et al., 2014).
More recently, it was also demonstrated that C5aR1 was increased in
the tibialis anterior muscle of SOD1%9** and TDP43°%3'¥ mice during
disease progression where it was localised to infiltrating macrophages
(Lee et al., 2013; Wang et al., 2017). Furthermore, a dramatic decrease
in the number of macrophages infiltrating into the tibialis anterior
muscle of SOD1?*# animals lacking C5aR1 was demonstrated, in line
with the improvements shown in muscle strength (Wang et al., 2017).
Hence, this suggests that C5a — C5aR1 signalling could potentially ac-
celerate ALS disease progression through increasing the recruitment of
pro-inflammatory macrophages to sites of motor neuron death and
neuromuscular denervation (Fig. 2B).

While extensive research has been conducted on the role of C5aR1
in ALS progression in ALS rodent models, the other by-product of C5
cleavage, C5b, has received more limited attention to date. Despite this,
there have been numerous studies that have investigated CD59a, a
regulatory complement protein that inhibits MAC formation. Up-reg-
ulation of mRNA levels of CD59a in the lumbar spinal cord of SOD1%%4
mice was observed early in disease, indicating an initial attempt at
controlling excessive complement activation (Lee et al., 2013). How-
ever, mRNA levels of CD59a ultimately decreased in the lumbar spinal
cord of SOD1°?3A mice at later stages of disease, causing a disruption in
complement homeostasis, leading to excessive complement activation
due to defective regulatory mechanisms (Baalasubramanian et al.,
2004; Lee et al., 2013). Similarly, another study also demonstrated
increased CD59a mRNA levels in the tibialis anterior muscle of
SOD1%%** mice, while interestingly MAC deposition was also increased
in the neuromuscular junction of SOD1%°3* mice (Bahia El Idrissi et al.,
2016a; Wang et al., 2017). This strongly suggests that a dysregulation
in MAC formation during ALS disease progression exists. To further
validate a role for MAC in ALS progression, another study showed that
targeting complement C6 with an antisense oligonucleotide and thus
inhibiting MAC formation resulted in delayed disease progression and
extended survival (Bahia El Idrissi et al., 2016b). Collectively, these
findings suggest that MAC may also have a pathogenic role in ALS
progression (Fig. 3).

7. Future directions towards therapeutic application of
complement-targeted drugs in ALS

Current therapies for ALS are inadequate. The only clinically ap-
proved medications for ALS are Riluzole (Rilutek, Aventis
Pharmaceuticals Inc.) and Edaravone (Radicava, Mitsubishi. Tanabe).
Riluzole has been shown to extend survival of patients by a modest
2-3 months while a subset of patients receiving Edaravone showed a
33% reduction in the decline of their physical abilities (Dharmadasa
and Kiernan, 2018; Writing and Edaravone, 2017). Despite these
therapies, there is still a distinct lack of truly effective disease-mod-
ifying treatments for ALS, and thus, there is an urgent need to develop
new therapeutics to meet these needs. As a result, an increased un-
derstanding into the pathophysiology of ALS is vital for the
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Fig. 3. Proposed mechanism of complement activation in the spinal cord and skeletal muscle during ALS. Complement is activated by cytoplasmic inclusions or
aggregates like TDP43 in degenerating motor neurons. This leads to deposition and opsonization of C1q and C3b on motor neuron surfaces and protein aggregates for
clearance by activated microglia through phagocytosis. This also leads to the production of anaphylatoxin C5a and subsequent activation of C5aR1 and C5aR2.
C5aR1 activation on microglia recruits the cell to sites of motor neuron death (chemotaxis) and induces superoxide production, protease release and pro-in-
flammatory cytokines including TNFa and IL-1a. Release of these astrocyte activating signals from activated microglia (TNFa, IL-1a and C1q) will also cause these
reactive astrocytes (Al astrocytes) to release neurotoxins that will kill the motor neurons. Unlike C5aR1, the functional role of the second C5a receptor C5aR2 in ALS
is still unknown. Complement activation also lead to the formation of membrane attack complex (MAC) on degenerating motor neurons, which will ultimately lyse
these cell. In this proposed model, overactivation of complement following initial disease onset, propagates inflammation and cause motor neuron death, leading to
further complement activation and contributing to disease pathology (self-perpetuating neurotoxicity). In skeletal muscle, denervation of neuromuscular synapses
promotes infiltration of peripheral macrophages through C5a— C5aR1 signalling, to phagocytose the degenerating neuromuscular synapses through opsonin C1q and
C3b. Deposition of MAC also contribute to the loss of degenerating neuromuscular synapses during ALS.

development of novel, disease-modifying therapeutics. Research into
the innate immune complement system and its pathogenic role in ALS
progression has revealed promising findings since its commencement
around two decades ago. Within the complement cascade, there have
been numerous proteins implicated in the progressive and selective
neurodegeneration seen in ALS, not only in animal models but also in
human patients. Given that complement system plays such a dynamic
role in innate and adaptive immune responses, these factors remain a
viable target that could lead to the amelioration of motor symptoms,
and ultimately a greatly improved life expectancy for ALS patients.
Several complement inhibitors that target different components of
the cascade are in clinical development that may be potential therapies
to treat ALS patients (for review see (Ricklin et al., 2017)). Such com-
pounds include eculizumab, compstatin and PMX205 or Avacopan,
which together can block key proteins of the system (i.e. C3, C5 and
C5a), neutralising the effects of excessive complement activation. Al-
though previous studies showed no effect on gene deletion of upstream
molecules Clq, C3 and C4 in SOD1 transgenic mice (Chiu et al., 2009;
Lobsiger et al., 2013), investigation of inhibitors of upstream comple-
ment molecules in animal models of ALS is warranted, due to the lim-
itations of gene knockout studies, including downstream compensation
by terminal components. Unlike the upstream complement compo-
nents, the terminal complement pathway has been clearly shown to
play an important role in driving ALS pathophysiology in rodent
models. The cyclic peptide C5a receptor antagonist PMX205 is a
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promising treatment for ALS, that is currently undergoing clinical de-
velopment by Alsonex Pty Ltd. This compound, originally derived from
the linear C5aR1 antagonist Me-FKPdChaWR (Konteatis et al., 1994)
and later cyclised for structural and metabolic stability (Finch et al.,
1999; March et al., 2004), has been shown to display therapeutic effi-
cacy in numerous rodent models of inflammatory disease. These include
rheumatoid arthritis (Woodruff et al., 2002), ischemic reperfusion in-
juries (Arumugam et al., 2002), inflammatory bowel disease (Jain et al.,
2013; Woodruff et al., 2003), as well as toxin-induced neurodegen-
eration (Woodruff et al., 2006). PMX205 is more lipophilic than the
original C5aR1 antagonist PMX53, which increases its CNS penetrance
and makes it more suitable for CNS disorders (Kumar et al., 2018).
Hence it has been extensively used to reduce disease severity and
prolong survival in animal models of neurodegenerative disorders in-
cluding Alzheimer's disease (Ager et al., 2010; Fonseca et al., 2009).
Furthermore, pre-clinical investigation in rodent models of ALS in our
laboratory demonstrated that PMX205 could effectively enter the brain
and spinal cord of SOD1°?** mice at levels substantially above the
expected ICsq for C5aR1 inhibition (Lee et al., 2017). Combined with its
documented beneficial effects on survival, motor function and disease
progression in rat and mouse models of ALS (Lee et al., 2017; Woodruff
et al., 2008), this promotes the use of the compound for future clinical
trials in ALS. It will be important to validate the efficacy seen with
PMX205 in SOD1%°32 rodents, in other familial mouse models of ALS,
such as TDP43%%31X mice where C5aR1 expression was also shown to be
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increased in the spinal cord and skeletal muscle (Lee et al., 2018). This
will bolster the confidence of using PMX205 in future clinical trials for
ALS.

There are remaining components of the terminal complement
pathway that have yet to be interrogated for their involvement in ALS.
While much interest has been directed towards C5a and its modulation
of chronic inflammation in neurodegeneration, few resources have ex-
plored the potential for its fragment counterpart, C5b and the multi-
meric MAC in ALS (Bahia El Idrissi et al., 2016b). Although the C5
antibody eculizumab is clinically available, and would block the pro-
duction of both C5a and C5b, it is unlikely this antibody would be able
to enter the CNS to prevent local complement activation. Regardless,
targeting C5 cleavage itself may be another potential therapeutic target
to block all terminal pathways in ALS patients, which may have even
greater beneficial effects on the disease progression. Finally, the po-
tential for the non-classical C5a receptor, C5aR2, in regulating aberrant
processes in ALS neurodegeneration provides another line of research
for the future. Despite these potential therapeutic targets within the
complement cascade, the multifactorial nature of ALS will likely require
combined therapies targeting other key systems to effectively treat its
pathologies. Anti-complement inhibitors may provide one much needed
step towards ALS treatment, to ease and ameliorate motor symptoms
for patients with this debilitating disease.

8. Conclusions

Although the precise pathological mechanisms behind ALS are yet
to be determined, there is now increasing evidence implicating com-
ponents of the complement system in the onset and progression of its
motor phenotypes. Specifically, the aberrant activation or regulation of
the complement system may be acting as a driving force for non-cell
autonomous damage, wherein immune cell recruitment and pro-in-
flammatory activation causes an accelerated degeneration of motor
neurons. Clinical evidence comparing human ALS patients to healthy
controls has confirmed upregulated complement components in the
blood, CSF, spinal cord and brain. Supporting findings include studies
of complement system involvement in the SOD1°°** mouse, a well-
documented model of the human condition, as well as other transgenic
animals such as TDP43°%3'X and NFL™/~ mice. A prominent break-
through in the complement/ALS field has come from investigations into
its terminal pathways; most notably, from genetic and pharmacological
blockade of C5aR1 and C6. Although the full myriad of complement
proteins is yet to be examined for their potential efficacy in ALS re-
search, numerous studies have inextricably linked complement path-
ways to the harmful disease processes. Therefore, a continued research
effort into complement-induced neuroinflammation is warranted, as
there exists a potential for important therapeutic targets to be identified
to treat this debilitating disease.
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