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Abstract

While the mechanisms underlying the functions of the complement system in the central nervous
system (CNS) and systemically, namely opsonization, chemotaxis, membrane lysis, and regulation
of inflammation are the same, the plethora of functions that complement orchestrates in the central
nervous system (CNS) is complex. Strictly controlled expression of complement effector
molecules, regulators and receptors across the gamut of life stages (embryogenesis, development
and maturation, aging and disease) dictate fascinating contributions for this ancient system.
Furthermore, it is becoming apparent that complement functions differ widely across distinct brain
regions. This review provides a comprehensive overview of the newly identified roles for
complement in the brain, including its roles in CNS development and function, during ageing and
in the processes of neurodegeneration. The diversity and selectively of beneficial and detrimental
activities of complement, while challenging, should lead to precision targeting of specific
components to provide disease modifying treatments for devastating psychiatric and
neurodegenerative disorders that are still without effective treatment.
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1. Introduction

The complement system is a well-known powerful effector mechanism of the immune
system that normally contributes to protection from infection and resolution of injury [1].
While the underlying mechanisms of the canonical complement pathway functions of
opsonization, chemotaxis, and membrane lysis, occur in the central nervous system (CNS),
the precise role of complement in brain is complex, as several temporal and tissue region
specific factors influence the presence and activities of the system. In addition, the source of
complement components available can be the result of regulated synthesis within the local
CNS tissue, or result from an influx from blood upon stroke or traumatic brain injury with
destruction, or a transient increase in permeability, of the blood brain barrier (BBB), or both
[2]. Effects can be due to the direct activation of complement by necrotic cells, cellular
debris or misfolded protein (such as the fibrillar form of amyloid 8 peptide in Alzheimer’s
disease, as discussed below) or to penetrance of a compromised BBB (See, Alexander et al,
in this issue) followed by complement activation as highlighted recently [3, 4]. However, the
molecular events that lead from the activation of the initial complement cleavage to loss of
brain function are not completely understood. Excessive activation and/or decreased
regulation of the pathway may lead to direct neuronal damage. Alternatively, complement
activation fragments can induce local activation of microglia/astrocytes that synergizes with
other proinflammatory cascades, thus ultimately accelerating pathogenesis and neuronal
dysfunction.

In the past 12-15 years, elegant studies have uncovered previously unknown beneficial roles
for components of the complement cascade during normal embryogenesis and CNS
development, including neuronal proliferation, differentiation and migration signals, and
synaptic refinement (as reviewed in [5]). More recently, evidence for complement-dependent
synapse elimination during critical neuronal maturation stages has emerged, which when
aberrant, may contribute to neuropsychiatric and neurodevelopmental disorders [6]. In
addition, excessive complement-mediated synapse pruning occurs in aging, Alzheimer’s
disease models, and other disorders that correlate with cognitive or behavior impairments
[7-10].

In yet another unexpected finding, C1q, in the absence of other complement components,
induces gene expression critical for neuronal survival in vitro[11], and protection against
oligomeric and fibrillar AR-induced neuronal death [12], suggesting a beneficial homeostatic
role for this component independent of the rest of the pathway. In addition, early
components of complement participate in the non-phlogistic clearance of apoptotic cells and
neuronal blebs [13]. All of these discoveries provide exciting potential for therapeutic
intervention in multiple devastating neurological disorders which have, as of yet, no known
effective treatments, but also demonstrate the need for careful targeting of the pathway to
suppress detrimental consequences without inhibiting the beneficial roles this ancient and
highly regulated system. This review focuses on functions of complement components
synthesized and generated within the CNS itself, including the contributions of complement
to normal brain development and homeostasis, and the consequences of malfunction or
dysregulation in neuropsychiatric and neurodegenerative disorders.
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2. Synthesis of Complement Proteins

The liver has long been recognized as the site of complement protein production both
constitutively and in some cases (ex. C3, MBL) as inducible acute phase proteins (reviewed
in [14]). However, over 35 years ago it was demonstrated that C1q, the initiating component
of the classical complement cascade, could be synthesized in the absence of the C1 serine
proteases C1r and C1s in the peripheral tissue myeloid cells [15]. The synthesis of most
complement proteins is now recognized to be differentially induced in multiple cell types,
including immune, endothelial, and epithelial cells, and pericytes (reviewed in [16]), and
importantly, these factors can be induced variously, in CNS resident neurons, astrocytes,
oligodendrocytes, and microglia during development, or with injury or aging (reviewed in
[18]). In some cases, C1q, the recognition component of the classical complement pathway,
is upregulated in the absence of concurrent upregulation of its associated serine proteases,
Clrand C1s, ([19, 20] and reviewed in [18]) suggesting C1-independent C1g-mediated
functions in the brain. An analysis of complement gene expression in human brains showed
significant upregulation of complement component C1g mRNA and protein with aging
relative to that of the younger brain [21, 22]. While C1q can be synthesized by some neurons
during developmental critical periods [17], C1q protein is dramatically increased in the
normal aging of mouse and human brain [23], and is predominantly synthesized in microglia
[24]. C3 is highly upregulated in brain tissue with injury/inflammation but is predominately
produced by astrocytes. All other complement proteins have been shown to be produced in
brain as previously reviewed [18]. Thus, while in many cases of neurodegenerative diseases,
such as lupus and multiple sclerosis, the blood brain barrier may be transiently compromised
allowing entry of blood-derived complement, complement components are synthesized by
resident brain cells, and thus are present even with an intact blood brain barrier in both
human and mouse injured/aging brain [12, 19, 21, 25].

3. A role for complement proteins in early brain development

Recent studies have extended the realm of complement in neurodevelopment to the very
early stages of brain formation. Early in CNS development, neural stem/progenitor cells
(NPCs) rapidly proliferate to provide the substrate cells required for future neuronal and
astrocyte lineages. Bolstered by prior reports for a role for complement anaphylatoxin
receptors in adult neurogenesis [26], and evidence for C5aR1 in embryonic and induced
pluripotent stem cell proliferation [27, 28], a recent study explored a role for C5aR1 in
human and mouse embryonic neurogenesis [29]. Expression analysis demonstrated that
C5aR1 was expressed on NPCs, in a highly polarized pattern on the apical (i.e. luminal)
surface, which correlates with where stemness factors are localized. This restricted apical
expression was also previously observed in neuroepithelial cells of the developing neural
tube of both humans and mice at an earlier developmental stage [30, 31]. C5a-C5aR1
engagement in human and mouse NPCs resulted in p42/44 (ERK) phosphorylation, which
was dependent on PKCC, a known determinant of NPC polarity [32]. Accordingly, C5aR1
stimulation of human and mouse NPC cultures increased proliferation and maintained cell
polarity. In mice /n vivo, acute blockade of C5aR1 using a selective C5aR1 antagonist,
PMX53 [33], during embryonic neurogenesis, reduced NPC proliferation in the ventricular
zone, altering the balance between symmetric (proliferative) and asymmetric (neurogenic)
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division. This led to significant neurobehavioral alterations in adulthood that were linked to
microstructural alterations in multiple regions of the brain.

Two further recent studies have extended the role of complement during early
neurodevelopment to that of neuronal migration during embryonic cortical development [34,
35]. This process plays an important role in positioning cells into appropriate spatial
relationships. Complement components, C3, MASP1 and MASP2 were identified as key
effectors of this process, as ShRNA knockdown of these factors resulted in impaired
migration of neurons from the NPC proliferative zones, with many neurons arrested along
the migratory tract, resulting in alterations in cortical layer thickness [34]. This phenotype
could be rescued in part via exogenous administration of a selective C3aR agonist. In a
separate study, knockdown or knockout (KO) of C1 inhibitor (C1-INH), a promiscuous
complement protease inhibitor, also led to deficits in neuronal migration [35]. In this case,
administration of a dual C3aR/C5aR agonist, but not a selective C3a agonist, completely
restored the neuronal positioning defects induced by the lack of C1-INH. Interestingly, C1-
INH knockdown or KO also resulted in deficits in embryonic NPC proliferation, whereas C3
KO and MASP-2 knockdown increased NPC proliferation, suggesting a complex role for
complement in the regulation of NPC proliferation. It should also be noted that C1-INH
additionally inhibits other serine proteases (particularly of the fibrinolytic, clotting, and
kinin pathways), although the impact of this, if any, during brain development is unclear.

Overall, these studies demonstrate that upstream complement pathways and the downstream
Cb5a-CbhaR1 axis, plays key endogenous functional roles in embryonic brain development,
maintaining NPC polarity and proliferation, and supporting neuronal migration.
Pharmacological or genetic modulation of complement at several levels was found to have
profound effects on normal mouse brain development. It is therefore interesting to speculate
whether human neurodevelopment diseases such as schizophrenia, which have been shown
to have links to upstream pathway complement factor mutations [6], may have aberrant
downstream complement receptor (eg. C3aR/C5aR1) signaling leading to defects in
neurogenesis and neuronal migration as a component of their pathophysiology, in addition to
the postulated roles in synaptic refinement. This is set to be an exciting future avenue of
complement research.

4. Complement in Developmental Synaptic Pruning

The classical complement cascade also plays a key role in the development and refinement
of synapses during postnatal development, a period of remarkable plasticity. Synapse
elimination is a normal developmental process in which subsets of synapses are eliminated
while the remaining synapses are maintained and strengthened [36—38]. This process occurs
during different critical periods, depending on the brain region and circuit, and has been
extensively studied in the mammalian visual system. During early development, relay
neurons in the dorsal lateral geniculate nucleus of the thalamus (dALGN) are multiply
innervated and receive overlapping inputs from retinal neurons of the left and right eyes.
During the first two postnatal weeks, overlapping retinal inputs are remodeled and pruned,
resulting in the formation of eye-specific territories [39-42], in which most postsynaptic
relay neurons become monocularly innervated. This process is driven by spontaneous retinal
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activity and dependent on competition between the two eyes [43-46]. Immunohistochemical
analyses and high resolution imaging revealed that C1q and C3 are localized to subsets of
synapses throughout postnatal brain and retina (47, 48), suggesting that complement proteins
may be "tagging’ weak or immature synapses for elimination in the healthy developing
brain. Consistent with this hypothesis neuroanatomical tracings of retinogeniculate
projections and electrophysiological recordings of dLGN neurons showed C1q and C3 Kos
exhibit sustained defects in synaptic refinement and elimination, suggesting complement
proteins cooperate with other pathways to regulate normal circuit development (Lee et al.,
2014 ref 50). Although C1qg and C3 KOs have defects in synaptic pruning, these mice still
undergo a significant degree of synapse elimination suggesting that complement proteins
cooperate with other pathways to regulate normal synaptic circuit development [50]. Several
proteins associated with adaptive and innate immunity are expressed in the healthy brain and
regulate circuit development and plasticity, including MHC Class1 (and interacting proteins)
and neuronal pentraxins (51-54) that could interact, directly, or indirectly with complement
to refine immature neural circuits.

Emerging research implicate microglia, the brain’s resident macrophages in complement-
dependent and independent synaptic pruning in the developing brain [55-57]. Microglia are
more phagocytic in the early postnatal brain in regions undergoing synaptic refinement, such
as the visual thalamus and express several engulfment receptors, including complement
receptor 3 (CR3) that recognize complement and other ‘eat me” signals in the immune
system. Electron microscopy and high resolution 3D reconstructions revealed that many
microglia during this early postnatal period (postnatal day P5-8) contained fragments of
presynaptic terminals in their lysosomes, and that microglia preferentially engulfed less-
active synapses during activity —dependent synaptic competition in this system (36). In
addition, mice deficient in C3, which is localized to synapses, or lack the C3b/iC3b receptor
CR3, which is expressed on the surface of microglia, have impaired engulfment of synapses
by microglia [36]. CR3 KO mice have more synapses and exuberant excitatory connectivity
in multiple brain regions that phenocopy C1q and C3 KO mice [49, 58], indicating altered
complement signaling early in development results in sustained defects in synaptic
connectivity (Figure 1). It is not yet known how secreted complement proteins are recuited
to specific (ie. less active) synapses, via complement-interacting proteins, or how microgia
know which inputs not to prune. It is likely that there are mechanisms in the developing
brain that protect appropriate axons and synapses from elimination, although little is known
about complement inhibitors and ‘Don’t eat me’ signals in the healthy brain.

Recent studies have demonstrated that microglia also engulf synaptic elements in the
hippocampus, and visual cortex; however it is not yet known whether complement mediates
synaptic remodeling in these regions during different developmental stages (Tremblay et al.,
2010; Paolicelli et al., 2011). It is likely that different mechanisms instruct microglia to
remodel specific pre and post-synaptic structures depending on local cues.
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5. Functional Consequences of Aberrant Complement Activation During

Development

What are the functional consequences of aberrant synaptic pruning? Alterations in
complement mediated synaptic remodeling is hypothesized to contribute to synapse loss and
cognitive dysfunction in neurodevelopmental and neurodegenerative disorders. Failure to
prune could lead to excessive connectivity and neuronal excitability. Consistent with this
idea, C1gKO mice exhibit enhanced excitatory synaptic connectivity and spontaneous
absence seizures (Chu et al., 2010; ref 49). Conversely, inappropriate or excessive
complement cascade activation during developmental critical periods could alter neural
connectivity and result in aberrant synapse loss.

Irwin Feinberg proposed 30 years ago that altered pruning of cortical synapses might
contribute to cognitive dysfunction and pathobiology of schizophrenia [59], however, this
idea received little attention until recent genetic studies linked complement protein C4
(C4A) and other genes to schizophrenia [60]. It was recently discovered that schizophrenia’s
association with the Major Histocompatibility Complex (MHC) locus arises, in part, from
the existence of many common structural forms of the gene for complement component 4
(C4A). The C4locus includes two C4 paralogues, C4A and C4B, each of which varies in
copy number. Alleles that increase expression of C4, a protein necessary for complement
activation and C3 deposition, are associated with the highest risk for schizophrenia [60].
Moreover, C4 protein decorates the synapses of human and mouse neurons and is necessary
for developmental pruning in the mouse retinogeniculate system [60]. The mechanism by
which C4A, but not C4B, underlies the increased risk of schizophrenia associated with C4A
is not yet known. One hypothesis is that excessive activation of complement- or microglia-
mediated pruning (i.e. due to increased expression of C4, or other mechanisms) during
developmental critical periods leads to defects in synaptic connectivity that contribute to
long-term deficits in cognition and behavior. Indeed, neuroanatomical and neuroimaging
data studies suggest cortical thinning and loss of dendritic spines in some individuals with
schizophrenia, but more evidence is needed to validate these findings. New animal models,
including humanized mice and non-human primate models, could enable one to test this and
other mechanisms nominated by emerging genetics. Intriguingly, alterations in microglia
numbers and activation state have been observed in some individuals with autism [61-63];
however, it is not yet clear whether or how microglia and/or the complement cascade
contributes to cognitive impairment in autism and other neurodevelopmental disorders.

6. Complement in Alzheimer’s disease and Dementias

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease of the elderly,
with incidence doubling every 5 years after the age of 60, and ultimately affecting
approximately 50% of people 85 and older. The devastating clinical ramification is loss of
memory and cognitive ability ultimately leading to profound dementia. Evidence of
neuroinflammation as a substantial component in the development of AD has been
accumulating since the 1990’s [64, 65]. Given that age remains the most significant risk
factor for sporadic AD, and that immune mediators of inflammation increase with aging and
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more so with AD [21, 66], immune activation in the brain is consistently identified as a
potential pathogenic pathway and therapeutic target ([67, 68] and reviewed in [69, 70]).
Indeed, Zhang, Gaiteri and colleagues have shown, using an unbiased integrative network-
based approach, that immune- and microglia-specific networks including complement
proteins involved in phagocytosis and inflammation are upregulated in human sporadic/late
onset AD (LOAD). As mentioned above, expression of most complement components
increases in brain during aging and more so in Alzheimer’s disease patients and animal
models of Alzheimer’s disease, consistent with a role for complement in progression of the
disease [21, 71]. There are at least three mechanisms by which the complement cascade may
play a pathogenic role in pathogenesis of AD: 1. Excessive synaptic pruning triggered by
changes at the synapse; 2. Synergistic activation of neuroinflammation; and 3. Deficits in
CR1 mediated clearance in the vasculature. Since there is strong evidence for each of these
mechanisms, reviewed below, it is plausible that all three mechanisms contribute to
progression of the disease.

Following the discovery of complement-mediated synaptic pruning during development as
discussed above [17, 36, 47], evidence of the involvement of early complement components
in aberrant synapse elimination was described in mouse models of cognitive impairment [8—
10]. Hong and colleagues, used super resolution microscopy to quantify synapses, defined as
colocalization of pre- and post-synaptic proteins, and the early association of C1q or C3 with
synaptic proteins in two different mouse models of AD. A striking decrease in synaptic
density was seen in those AD models in brain areas most affected in AD, CAl, CA3 and
dentate gyrus of the hippocampus, concomitant with an increased association of C1q or C3
with the post synaptic protein, PSD95 [10, 72]. Synaptic proteins were colocalized with
microglia after injection of synaptotoxic oligomeric AR into hippocampus of wild type mice
but not CR3 knock out mice, all pointing to the clearance of iC3b tagged neuronal synapses
via CR3, the complement receptor for iC3b [73]. Moreover, genetic and antibody-mediated
inhibition of C1q, C3 rescued synapse loss and Ap-mediated synaptic dysfunction,
suggesting aberrant reactivation of a complement - mediated developmental pruning
mechanisms mediates pathological synapse loss in AD.

Further investigations demonstrated that deficiency in C3 prevented the decrease in cognitive
performance due to aging [74], as well as in the APP/PS1 AD mouse model [72]. In this
later study, while amyloid accumulation was not diminished in the C3 KO, fewer microglia
and astrocytes were colocalized with AR plaques in the hippocampus. In addition, lower
levels of the proinflammatory cytokines TNFa, IL-12 and gamma interferon (IFN-y) were
detected and a slight but statistically significant rescue of neuron number in the CA3 was
detected in the C3 KO relative to the C3 sufficient APP/PS1 model, all suggesting that
complement-mediated events are detrimental in these disease models [72]. An important
technical and conceptual advance in these studies was the regional specificity revealed by
super resolution microscopy and immunohistochemical analysis vs averaging expression/
deposition of markers over the entire brain, consistent with regional differences seen in
microglia more recently reported in normal mouse aging [75]. Similar extensive
characterization of regionally selective complement-mediated synapse pruning and induction
of inflammatory mediators have been reported in models of frontal temporal dementia
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associated with obsessive-compulsive disorder grooming behaviors [8] and West Nile virus
infection associated with memory impairment [9].

In vitro studies have shown that fibrillar AR (fAR) can activate the classical complement
pathway (in the absence of antibody) and the alternative pathway [76, 77]. Potential
consequences include opsonization and engulfment of AR, leukocyte recruitment (by
anaphylatoxins C3a and C5a) and bystander lysis on neuronal cells by the membrane attack
complex (MAC) (reviewed in [18]) (Figure 2). As stated above, synthesis of most
complement factors has been shown to occur within the “injured” brain, including the AD
brain, and it is well established that complement factors are found associated with fAR
amyloid plaques [64, 78, 79], rather than with diffuse amyloid plaques lacking beta sheet
[80], even early in the disease, as fibrillar plaques appear [81]. Complement components
Clq, C3 and C4 colocalize with nearly 100% of the fibrillar amyloid plaques in humans with
AD cognitive loss and in mouse models of AD, and is seen in other neurodegenerative
diseases [8, 78, 79, 82, 83]. In addition, the complement membranolytic complex C5b-9 has
been detected in the areas containing the fibrillar plagues in Alzheimer’s disease as well as
on some NFTs (reviewed in [18]). Finally, activation of the complement cascade generates
Cb5a, a fragment that recruits and activates microglia via a G-protein coupled receptor [84].
Observations of earlier appearance of thioflavine positive plaques, glial accumulation and
hyperphosphorylation of tau in an AD model crossed to a strain of mice with elevated
hemolytic (terminal pathway) complement activity [20], support the hypothesis that the
activation of the complement pathway by fibrillar amyloid plaques contributes to a local
complement-dependent acceleration of pathogenesis and neuronal dysfunction (Fig. 2).
Human GWAS studies [85-87], as well as gene expression studies in mouse models of AD
[88-90], are consistent with multiple, overlapping processes contributing to the ultimate
synapse loss, neuronal degeneration and cognitive loss, but also suggest that microglia and
immune response pathways involving inflammation and/or clearance mechanisms play
dominant roles.

Toll-like receptors (TLRs) are recognition components of the innate immune response that
trigger protective inflammatory responses to the pathogens. A recent report demonstrated
that LPS, the prototypical TLR4 inflammatory ligand, induced microglial secreted products,
specifically TNFa, IL-1a and Clq, which resulted in the specific differentiation of a subset
of astrocytes (A1) which consequently induced the production of an astrocyte secreted toxin
that triggered apoptosis in neurons [91]. Fibrillar amyloid beta (fApB) is also a TLR2 and
TLR4 ligand inducing microglial inflammation (as reviewed in [92, 93]). Studies in the past
decade have demonstrated that C5a-C5aR1 signaling synergizes with the TLR [94], in the
activation of phagocytes in the periphery (reviewed in [95, 96]) exacerbating a
proinflammatory response and producing detrimental levels of inflammatory cytokines (e.g.
TNF-a, IL-1R). Therefore, it is possible that proinflammatory functions of C5a and TLR in
the CNS also synergize in inflammatory neurodegenerative diseases (Fig. 2). /n vivo, the
genetic deficiency of C5 has been shown to be one of a limited number of genetic
differences associated with decreased amyloid deposition in DBA/2J mice versus C57BI6
mice transgenic for the human APP gene [97], consistent with a contribution of C5a in the
disease.
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Treatment of two distinct mouse models of Alzheimer’s disease with PMX205, an
antagonist of the receptor for the complement activation fragment C5a, led to less fibrillar
amyloid accumulation, less activation of microglia and astrocytes, and a suppression of
cognitive loss implicating a role for C5aR1 in disease progression [68]. Most recently, an
additional AD mouse model, the “Arctic” mouse [98] that generates a human amyloid
peptide that is highly resistant to degradation, was crossed to a C5arI null mouse [99]. The
C5aR1 deficiency prevented spatial specific memory deficits [100] independent of changes
in amyloid load (similar to the rescue of cognitive performance without a decrease in
amyloid load in the C3 knock out AD model discussed above [72]). Importantly, Sholl
analysis of neurons in the CA1 region of the hippocampus revealed a profound decrease in
neuronal complexity temporally aligning with cognitive deficits in the C5aR1 sufficient AD
model mice, whereas no such loss of neuritic branching was seen in the Arctic mice lacking
C5aR1. Gene expression data from adult microglia isolated from brain at 4 different ages,
demonstrate that a lack of C5aR1 in this AD model, prevents the polarization of microglia to
a more inflammatory state seen with age while enhancing expression of genes involved in
phagocytosis and lysosomal degradative enzymes [100]. This supports the postulated notion
that amyloid plaques are not sufficient to cause the cognitive decline seen in AD/AD
models, but rather the response to amyloid is key. Longitudinal analysis of mMRNA and
protein expression in microglia and astrocytes correlated with neuron function will further
advance our understanding of the pivotal triggers of neurotoxicity, such as the recently
proposed pathway in which activated microglia trigger astrocytes to become “Al” astrocytes
that generate a neurotoxin [101]. How that program may be modulated by individual
complement components, or by the concerted actions resulting from complement activation
through C3 or C5 cleavage, remains to be seen.

Immunohistochemistry shows predominant staining of microglia when using well-
characterized, specific antibodies to C5aR1 [102]. However, there is clear evidence for the
expression of a receptor for C5a on neurons that is upregulated by the proinflammatory
cytokine TNFa [103, 104]. /n vitro C5a decreased primary neuron integrity (MAP2
staining), and the selective inhibition of C5aR1 using PMX53 blocked that C5a-mediated
neuronal injury. Importantly, neurons from C5aR1KO mice were spared from C5a mediated
toxicity, and PMX53 had no effect on the fAR-induced neuronal injury of these cells [103].
Furthermore, C5a, via neuronal C5aR1 receptor, contributes to neuronal apoptosis [105] and
decreased cell viability in vitro [103, 106, 107], all suggesting that the protection in AD
models by C5aR1 antagonism could be mediated via both direct effects on neurons and via
microglia activation [103]. The activation of the upstream complement components involved
in synaptic pruning could in some cases, such as an aging or in an injured environment, also
result in the generation of C5a. As a result, it remains to be seen if C5a contributes to
enhanced C1-, C3- and CR3-dependent synaptic pruning, and if so by what mechanism — by
directly injuring neurons/synapses leading to “tagging” of synapses, by modulation of
synaptic pruning or by induction of microglia/astrocyte induced inflammation and
neurotoxicity, or some combination of these pathways.

CR1 is a cell-associated regulatory protein, which binds C3b (and weakly to C4b and C1q).
Activation of either the classical or the alternative pathway by fAp results in the covalent
(via a thioester bridge) association of C3b with the amyloid fibers. In humans, erythrocyte
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CR1 plays a major role in the clearance of C3b-opsonized immune complexes via the
mechanism called “immune adherence” in which C3b bound to immune complexes via its
thioester bond, binds to erythrocyte CR1 that then transports the immune complexes to the
liver and spleen for degradation and thus clearance. In a small study of 36 individuals, AD
patients had significantly lower levels of C3b-opsonized AB bound to their erythrocytes than
age-matched controls or mild cognitively impaired individuals consistent with a defect in
peripheral amyloid clearance mechanisms [108]. Subsequently, polymorphisms in CR1 gene
were identified as associated with AD risk [109]. While the initial risk associated SNPs were
located in non-coding regions of the CR1 gene [109, 110], Keenan and colleagues identified
a SNP that is within the coding region of CR1 [111] resulting in an amino acid change
(S1610T) within the protein domain that has been attributed to C1q binding [112]. However,
no significant differences in CR1 or sSCR1 was detected in brain or plasma respectively, of
individuals harboring either the rs4844609 or rs6656401 polymorphisms [113]. Additional
studies by Rogers and colleagues provided evidence that CR1 on red blood cells could
participate in CR1-mediated clearance of AR from blood [114]. Furthermore, AR capture by
red blood cells (CR1 mediated) was enhanced /n vitro by the presence of anti-AR and
complement (which would increase C3b association with fibrillar amyloid), and further
enhanced by intravenously administration of anti-AR in nonhuman primates [115].
Interestingly, the GWAS-identified variants show lower level/density of CR1 expression on
red blood cells [116]. Given the multivalent nature of interaction of C3b on an activator such
as fAR, as it binds to CR1 on a red cell for immune adherence and clearance, this
characteristic low CR1 density may reduce the efficiency of peripheral clearance of amyloid
B, and thus lead to less efficient clearance from the blood and brain, impacting progression
of AD.

While in humans CR1 and CR2 are coded for by distinct genes, mice express CR1 and CR2
proteins that result from differential splicing of a single Cr2 gene. In addition, CR1 in the
mouse is not expressed on erythrocytes as in humans, although a transgenic mouse
expressing CR1 in mouse erythrocytes has been reported [117]. Mice do have an additional
gene (Crry), which functions similarly to CR1 regulating C3b amplification, but its structure
and cell expression differs from the human, all of which makes mouse models of the role of
red cell CR1 in AD more challenging. Clearly further studies are needed to determine the
impact of CR1 function in AD.

7. The Role of Complement in Other Neurodegenerative Diseases

In addition to Alzheimer’s disease, there is mounting evidence for an involvement for
complement proteins in other neurodegenerative diseases including Parkinson’s disease
(PD), Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS). Increased
microglial and astrocyte activation, correlating with neuroinflammation, is a common
feature of these diseases, so it is not surprising that complement factors are suggested to
potentially contribute to their pathogenesis [118]. Confirmation of complement activation in
these conditions has come from both the identification of complement protein activation
fragments in human patient samples, as well as in animal models of these diseases. There
has also been attempts to identify the role of specific complement proteins in these diseases
through the use of KO mice or pharmacological tools. Although the role of specific
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complement factors is, in many cases, still unknown, there is emerging evidence from
clinical and animal studies for differing roles of upstream versus downstream (i.e. terminal)
complement activation components in these diseases. A summary of the key findings for
complement in neurodegenerative diseases is presented below.

7.1 Amyotrophic Lateral Sclerosis (ALS)

ALS is a motor neuron disease that leads to the progressive loss of motor neurons in both the
motor cortex and spinal cord, leading to muscle paralysis and eventual death. In contrast to
other neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease, ALS is
generally diagnosed at an earlier age, and for the vast majority of patients, has a more rapid
progression of pathology, with a median survival of 2-3 years from diagnosis [119]. There is
only one approved medication in most countries for ALS, Riluzole, which only has a
moderate effect on disease symptoms, and extends survival by a modest 2-3 months [120].
There is therefore great interest in ascertaining the molecular mechanism causing and
driving ALS, to identify potential therapeutic targets. Neuroinflammation is a key feature of
ALS, with evidence it may be a key driver of disease progression [121]. In line with this,
inappropriate and uncontrolled complement activation has also been identified extensively in
tissue samples from both ALS patients and in animal models (Kjeldgaard, Garred and
colleagues review in this same issue). For example, increased C3 and C4 activation products
are found in post-mortem motor cortex and spinal cord tissue in ALS sufferers [122-124].
Additionally, complement activation fragments are present in the CSF and plasma of living
patients, suggesting an ongoing complement activation process in affected individuals [125-
127]. A key animal model of ALS utilizes various mutations of the SOD1 gene (eg.
SOD1G93A) 'which are significant drivers of familial ALS [128]. These SOD1 mutant
transgenic mice, which are widely used in ALS studies, develop similar behavioral and
neuropathological symptoms of human ALS. SOD1 mutant mice have markedly elevated
CNS and muscle expression of complement genes and proteins early in the disease process
[129-132]. They also have increased microglial and astrocyte activation in the regions of
motor neuron death in the CNS, which are associated with elevations in C5aR1 expression
[130]. Similar findings of upregulated complement components and elevated microglial/
macrophage C5aR1 expression in the CNS and muscle, are also observed in the
TDP-43Q331K transgenic model of ALS [133].

Given the identification of dysregulated complement both in ALS patients, and in mouse
ALS models, it is somewhat surprising that SOD1 mutant mice crossed with C1g-, C3-, or
C4-KO mice, did not result in any significant alterations in survival or overall disease
pathology [134, 135]. Only C4-deficient SOD1 mutant mice were observed to have
significant reductions in activated macrophages within sciatic nerves [134]. The authors of
these studies concluded that complement activation does not appear to play a significant role
in this mouse model of ALS. The results contrasted somewhat an earlier study in SOD1G93A
transgenic rats, where blockade of C5aR1 with the C5aR1 antagonist, PMX205, was shown
to ameliorate motor deficits and extend survival, associated with reductions in gliosis [136].
Furthermore, C5aR1-KO mice crossed with SOD1G93A mutant mice, had extended survival
in both genders [137]. More recently, therapeutic administration of PMX205 to SOD1
mutant mice also resulted in improved motor performance, and extended survival [29],
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suggesting that complement activation, at least at the level of C5a, is a driver of ALS
pathology in mice and rats. The reasons for the apparently conflicting results between C1q,
C3 and C4 KO and C5aR1 KO/antagonist studies, are not clear, but one suggestion is that in
the absence of upstream complement proteins such as C3, there is downstream pathway
compensation, potentially allowing for pathological terminal complement activation and C5a
generation / C5aR1 engagement to occur [137]. Further studies, however, are required to
precisely define the role of complement effector molecules in ALS, and their potential for
therapeutic intervention in patients.

7.2 Parkinson’s disease

Parkinson’s disease (PD) is a progressive and terminal neurodegenerative disease that leads
to loss of dopaminergic neurons within the basal ganglia, predominantly affecting motor
function. Similar to the majority of neurodegenerative diseases, although there are multiple
treatments to modulate disease symptoms, there are no treatments that can currently slow or
halt the progression of the disease. There is therefore substantial interest in identifying
whether immune proteins, such as complement, could be key disease drivers and would
perhaps be amenable to therapeutic intervention. Evidence for complement involvement in
PD began in the 1980s where studies led by McGeer demonstrated activated complement
products, C3d and C4d, within post-mortem brain of PD patients [138]. Many years later,
iC3b and C9 were also demonstrated to be increased in the substantia nigra of PD patients
[139], along with various alterations of complement factors within PD blood [140].
Furthermore, C5a was shown to synergize with IgG isolated from PD serum to mediate
dopaminergic neuron death in rat mesencephalic neuron-glia cultures [141]. Despite these
reports suggesting involvement of complement in PD pathology, in the MPTP toxin-induced
PD model, mice lacking either C1q or C3, show no protection from nigrostriatal
dopaminergic degeneration, perhaps indicating that complement does not play a role in the
development of PD neuropathology [142, 143]. It should be noted however that a lack of C3
may not necessarily limit downstream complement activation (see above), and so the role of
downstream complement effectors in PD pathology remains to be determined.

7.3 Huntington’s disease

HD is caused by an expansion of CAG triplet repeats in the A7 7 gene leading to aberrant
huntingtin protein formation that accumulates within the striatum and cortex, leading to
progressive neuronal death and multiple behavioral and motor symptoms. Similar to other
neurodegenerative diseases, neuroinflammation is believed to be key in propagating and
accelerating pathology, and is an attractive target for drug discovery. Continuing the theme
from this section, complement activation products are also found in post-mortem brain tissue
from HD subjects [123, 144]. Interestingly, it has also been shown that circulating blood
immune cells isolated from HD patients, as well as immune cells and microglia in a
transgenic HD model, have impaired migration responses to C5a, driven by defects in actin
remodeling due to mutant Auntingtin presence [145]. The consequences of this for HD
pathology or immunity remain unclear. However, an early study using a toxin-based
approach to induce acute striatal lesions demonstrated that therapeutic inhibition of C5aR1
was able to markedly inhibit neurodegeneration, and behavioral deficits associated with the
model [146], suggesting that C5a may be a mediator of pathology in HD. Despite this, using
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a more relevant transgenic mouse model of HD (R6/2 mice), where the mutant human
huntingtin gene is overexpressed, Larkin and Muchowski demonstrated that genetic
deficiency in C3 (i.e. C3—/- x R6/2 mice), did not alter disease progression [147],
reminiscent of prior findings in ALS [135] and PD [142] models. Whether specific
therapeutic targeting of terminal complement factors, such as C5a-C5aR1 interaction, would
be beneficial in transgenic HD mice models remains to be identified.

8. Therapeutic Implications

Specific antagonists of C5aR1 have been shown to inhibit peripheral acute C5a-induced
inflammatory disorders as well as chronic debilitating disorders in animal models [148, 149]
[150]). The C5aR1 specific antagonists PMX53 and PMX205, cyclic hexapeptides based on
the C-terminal end of C5a that differ from each other only in substituting hydrocinnamate
for acetylated phenylalanine, (reviewed in [151]), are orally active, although PMX205 has
more favorable tissue distribution and CNS penetrance [152]. PMX205 and/or PMX53 have
been shown to reduce disease activity in several animal models, including models of CNS
disease such as brain trauma [153], ALS [154] and Huntington-like neurodegeneration
[155]. Furthermore, PMX205, significantly and substantially limits pathology in 2
transgenic animal models of AD (Fig. 3) and trended toward a rescue of a behavioral deficit
in aged transgenic mice [68]. These data suggest that specific targeting of C5aR1 using
small, brain permeable antagonists such as PMX205 are promising for future clinical
development.

The specificity of a complement inhibitor is an important consideration for future
therapeutic translation for CNS disease. C5a also binds with equal affinity to a second 7-
transmembrane receptor originally called C5L2, but now designated as C5aR2 [156, 157].
While several apparent controversies remain to be resolved (as discussed in [158, 159]),
current evidence suggests that C5L2 may have both pro- or anti-inflammatory properties
dependent upon the cell type, disease context and species [160-162]. Notably, the much
utilized PMX series of compounds (ie. PMX53 and PMX205) have been shown to be
specific for C5aR1, and do not cross-react with C5aR2 [163]. In addition, the protective
effects of a specific genetic ablation of C5aR1 (C5aR1KO) in preventing behavioral deficits
in AD transgenic mice [100], and survival in ALS transgenic mice [137], provides genetic
target validation to support the pharmacologic data of PMX205.

Importantly for translation of complement inhibitors for CNS disease to the clinic,
Eculizumab, a FDA-approved anti C5 monoclonal antibody that binds C5 preventing its
cleavage and thus obviating the generation of the C5b-9 membrane attack complex (MAC)
as well as C5a, has now been used in humans for specific autoimmune disorders [164]. Thus
far, chronic suppression of the C5a/C5aR1 axis has not been harmful for extended clinical
use in vaccinated adults. Furthermore, two of the C5aR1 antagonists, PMX53 and CCX168,
have shown no detrimental toxicity in human phase la/llb clinical trials of refractory
rheumatoid arthritis [165] and ANCA-associated vasculitis [166] respectively. Various anti-
C5a compounds have also completed Phase | and Il trials with no reported adverse events
(see [33] for review). One advantage of a selective non-antibody based C5aR1 antagonist for
long term treatment of diseases such as AD is its potential for greater access to the brain

Mol Immunol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tenner et al.

Page 14

(Kumar et al., 2018). In addition, while the antagonist blocks effects of C5a, the generation
of C5b by the uninhibited cleavage of C5 enables the assembly of the bacteriolytic C5b-9
complex upon complement activation by pathogens that is critical in combating certain types
of bacterial infections.

A method to mitigate or slow aberrant pruning could have translational relevance. Annexon
Biosciences recently developed a functional C1q antibody that binds to the globular head
domain of C1 and prevents activation of C1r/s and downstream classical complement
cascade activation. Recent and emerging data show that this antibody enters the brain and
decreases C3 synaptic deposition, synapse loss, and cognitive dysfunction in Alzheimer’s
mouse models in which aberrant complement-mediated pruning is implicated (Hong et al.,
2016). C1r/s inhibitors have been commercially developed and could also hold promise in
future studies if brain penetrant compounds are developed. Given the broad funcions of
complement in the brain and periphery, identification of complement interacting proteins at
synapses could enable more specific inhibition of complement-dependent pruning in the
brain.

9. Concluding Remarks

Application of modern advances in technology as well as creative thinking and well-
designed experimentation has enabled a new understanding of the diverse roles of
complement components in the brain. In addition to the now definitive synthesis of
complement proteins in the brain itself, it is now established that complement activation
fragments are critical during embryonic neurogenesis, with regulation of proliferation and
differentiation of neural progenitor cells (C5a/C5aR1) and neuronal migration (C3a/C3aR).
The discovery of a substantial role of the early classical complement components in
sculpting neuronal synapses has created a new paradigm in the conceptual understanding of
the role of these proteins in brain development and disease. These pathways can provide
potential therapeutic targets to ameliorate or slow the progression of disease. C5aR1-specific
antagonism and/or and genetic ablation of C5aR1 in mouse models of neurodegenerative
disease, suggest a fundamental role for C5a, since both methods of inhibiting C5aR1 rescue
behavior deficits. While further delineation of these processes is necessary, the results will
undoubtedly instruct the pharmacological development of interventions for these quite
diverse and currently intractable disorders of the nervous system. These disorders not only
have a profound impact on quality of life of those affected and their families/communities,
but also profoundly impact the health care systems worldwide, and thus disease-modifying
treatments are desperately needed.
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Highlights
. Complement has critical functional roles in embryonic brain development

. C1, C4, C2, C3 and CR3 are critical in synaptic refinement during brain

maturation

. Complement activation contributes to excessive synaptic pruning in CNS
disorders

. Determination of the molecular triggers of complement involvement will

direct the pharmacologic development of interventions for currently
intractable disorders of the CNS.
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Figure 1. Microglia Prune Developing CNS Synapses in a complement-dependent manner
A Schematic of engulfment assay in which left and right eyes are injected with anterograde

tracers, CTB-Alexa647 (blue) and CTB-Alexa488 (red), respectively B. Microglia (green)
are visualized in the dLGN using a EGFP reporter mouse. C. Representative microglia
(green) from the P5 dLGN surface rendered to visualize engulfed inputs (red and blue).
[Grid line increments=5 pum] reveals presynaptic elements completely within microglia
cytoplasm (green) (Schafer et al., Neuron 2012). Microglia engulfment of synapses is
mediated, in part, by C3-CR3 phagocytic signaling as depicted on right.
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Fig. 2. C1q and C5a: Homeostasis and neuroinflammation in AD
Proposed model of beneficial effects (green arrows) and detrimental effects (red arrows) of

complement at different stages of AD progression.
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UT PMX205

Figure 3. C5aR1 Antagonist Suppresses AD-like Pathology in Mouse Models
PMX205 substantially reduces thioflavine plaques (A,B), microglial CD45 (C,D) and

hyperphosphorylated tau (AT100, E,F) (45-70%) in Tg2576 (A-D) and 3xTg (E,F). Scale
bar is 100um (A,B) or 50um (C-F). From Fonseca et al. (2009) J. Immunology 183:1375-
1383. (currently #68)
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