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Abstract

The complement system is an ancient collection of proteolytic cascades with
well-described roles in regulation of innate and adaptive immunity. With
the convergence of a revolution in complement-directed clinical therapeu-
tics, the discovery of specific complement-associated targetable pathways
in the central nervous system, and the development of integrated multi-
omic technologies that have all emerged over the last 15 years, precision
therapeutic targeting in Alzheimer disease and other neurodegenerative dis-
eases and processes appears to be within reach. As a sensor of tissue distress,
the complement system protects the brain from microbial challenge as well
as the accumulation of dead and/or damaged molecules and cells. Addi-
tional more recently discovered diverse functions of complement make it of
paramount importance to design complement-directed neurotherapeutics
such that the beneficial roles in neurodevelopment, adult neural plasticity,
and neuroprotective functions of the complement system are retained.
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1. INTRODUCTION

Widely recognized for its ability to mediate innate immune responses to invading microbes, the
complement system consists of over 40 soluble and membrane-associated components, regulators,
and receptors that also contribute to directing an appropriate adaptive immune response to in-
fection or injury and restricting microbial infection. Classically described antimicrobial functions
include (#) enhancing phagocytic clearance of microbes, () increasing vascular permeability to en-
able rapid and targeted local access of immune components to the site of challenge, (¢) recruiting a
cellular response to infection, and (d) destroying the invading pathogens through generation of the
lytic membrane attack complex (MAC). While activation of complement is critical to the imme-
diate host response to infection, additional functions for the complement system and individual
components, both independent and dependent on complement pathway activation, continue to
be discovered and described (1-3). Some of the complement components are pattern recognition
proteins that recognize microbes and damaged/dying self, including apoptotic cells or cellular de-
bris, as well as misfolded or aggregated protein, leading to activation of the complement system.
For example, the classical complement system initiation complex, C1, is activated by apoptotic
cell surface markers and immune complexes, as well as fibrillar amyloid beta (AB) (a component of
amyloid plaques) and neurofibrillary tangles (4-6), both hallmark pathologies of Alzheimer disease
(AD) (Figure 1).

Many of the complement components circulate as inactive proenzymes, and the activation cas-
cades are assembled following recognition of a permissible surface, often microbial or altered self.
While classically considered to be liver derived, essentially all complement components can be
synthesized in the central nervous system (CNS) with expression induced or enhanced upon in-
fection or injury. Activation pathways that were initially described in serum are similarly activated
in the CNS when the activators and complement components are present. While activation of the
three pathways occurs via three different mechanisms, all pathways converge at complement com-
ponent C3 and terminate with C5b-9, the components of the terminal MAC (Figure 1). Cleavage
of C3 and C5, by C3 and C5 convertases, respectively, results in production of the anaphylatoxins
C3a and C5a, which bind to seven-transmembrane-spanning G-protein-coupled receptors C3aR
and C5aR1, respectively, to mediate leukocyte migration and activation. Cleavage of C3 also re-
sults in generation of C3b and subsequent Factor I-mediated degradation to iC3b, both major op-
sonins of the complement system that mediate recognition and engulfment through complement
receptors such as complement receptor 1 (CR1) and CR3 on phagocytic cells. Since activation
of the complete complement cascade is proinflammatory, overproduction (or ineffective regula-
tion) of complement cleavage products such as C3a and C5a can result in pathologic inflammation
and/or a misdirected lytic MAC, which in the CNS contributes to neuroinflammation and cogni-
tive decline associated with many neurodegenerative diseases. While inappropriate autoantibodies
that activate complement result in direct neuronal damage in diseases such as myasthenia gravis,
neuromyelitis optica, and neuropsychiatric lupus (8-10), this review highlights recently described
inflammatory, as well as noninflammatory and anti-inflammatory, functions of the complement
system in the CNS. Particular focus is given to Clq, the recognition component of the classical
complement pathway, as well as activation products C3a and C5a and their receptors, which are
central to inflammatory and noninflammatory functions of complement in the brain (Figure 1).

2. COMPLEMENT IN CENTRAL NERVOUS SYSTEM HOMEOSTASIS
AND NEUROPROTECTION
2.1. Complement Synthesis in the Brain

Traditionally considered an immune-privileged site, the CNS is discontinuous with the peripheral
complement system due to the presence of the blood-brain barrier, which largely excludes cellular
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and humoral components of blood, including the soluble complement components. However,
virtually all complement components can be synthesized locally in the brain by a variety of cell
types (reviewed in 11), and this increases with aging as well as with neurodegenerative diseases in
humans and mouse models (12-15; reviewed in 16-18). Earlier studies of synthesis of complement
components using cell lines and in vitro systems that can be misrepresentative of in vivo physiol-
ogy have now been enhanced by in vivo studies in multiple models and human systems. Recent
RNA-sequence analyses of complement component expression in human and animal models
confirm that select complement proteins are expressed in major cell types in the CNS. Indeed,
complement component expression in the CNS is modulated in response to injury/infection, de-
velopmental cues, and aging (11, 17, 19-21). Moreover, there is regional and temporal regulation
of complement component expression in the CNS, which likely dictates the roles of the specific
components and controls/prevents the generation of inappropriate downstream effector mecha-
nisms (19, 22; reviewed in 23). For example, microglia, brain-resident macrophages, are the major
producers of complement component Clq (24), although Clq is synthesized by neurons during
specific developmental periods (34). Clq expression is often an early response to disease/injury
independent of Clr and Cls, the proteases required to generate the Cl complex and hence
activate the classical complement pathway (26). This suggests a role for Clq independent of the
activation of the rest of the complement pathway and is supported by previously described roles
for Clq in neuroprotection and regulation of inflammation discussed below (see Section 3.1). In
contrast to the predominant microglial production of C1gq, activated astrocytes are the major pro-
ducers of C3 (27-29), particularly in response to challenge such as the inflammatory signal LPS
(lipopolysaccharide), but more recent reports show strong induction of C3 in microglia in diverse
neurodegenerative disorders as well (27, 30), although whether all consequences of C3 are detri-
mental remains to be determined. Cell-specific deletion of C3 could help to dissect these issues.
To further mechanistically define potential targets for regulation, it will be important to determine
the signaling pathways, including transcription factors, that regulate complement gene expression
over time and in response to injury in the different cell types and specific regions of the brain.
This is made feasible with the emergence of new technologies including spatial transcriptomics.
The recent release of analyzed transcriptomic data from the Seattle Alzheimer’s Disease Brain
Cell Atlas consortium by the Allen Brain Institute is a major step forward in collating cell-specific
gene expression, including complement components in AD (https://portal.brain-map.org).

2.2. Regulation of Complement Pathway Activation

Inappropriate activation of the complement system on host tissue can lead to tissue damage, and
therefore the system needs to balance activation and inactivation to clear pathogens or altered
self while limiting damage to bystander cells. Both soluble (such as Factor H, Factor I, C4bp,
clusterin) and membrane-associated (such as CR1, CD46/MCP, CD55/DAF, CD59) regulators
of complement protect the host from complement-mediated damage by disrupting the cascades
at multiple points, including proteolytic inactivation of generated C3a and C5a, and C4b and
C3b, and dissociation of convertases (Figure 1). The C1 complex and the MAC are also targets
of complement inhibitors (Figure 1). Failure to regulate complement at host surfaces can lead to
pathologic inflammation and autoimmunity (31). Mutations in complement regulatory proteins
shed light on the significance of tissue and region-specific regulation of the complement system,
including that in the CNS. For example, sushi repeat protein X-linked 2 (SRPX2), a C1 inhibitor
expressed by neurons, is required for normal brain development, and mutation of SRPX2 is as-
sociated with seizures, cognitive impairment, and speech disorders (32, 33) (discussed below in
Section 2.4). The sushi domain, also known as a complement control protein (CCP) domain or

www.annualreviews.org o Complement in the Brain

433


https://portal.brain-map.org

short consensus repeat (SCR), is found in many of the described complement inhibitors and has
helped in identification of CNS-associated complement regulatory proteins (34).

2.3. Complement and Synaptic Pruning in Normal Development
and the Adult Brain

The complement system is required for multiple developmental processes including cell migration
and proliferation during normal CNS development (35-37). These properties have been exten-
sively reviewed elsewhere (17, 38). In addition, the targeted removal of synaptic connections,
termed synaptic pruning, is required for normal brain development and appropriate sculpting
of neuronal circuitry and maintenance of neuronal plasticity. In a seminal discovery, Stevens
et al. (39) demonstrated that the classical complement pathway mediates synaptic pruning in
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Figure 1 (Figure appears on preceding page)

Complement activation pathways. Three pathways, the classical, lectin, and alternative pathways, are distinguished based on
recognition molecules (C1q, MBL/ficolins, and C3-H, O, respectively). The recognition molecules sense and bind to different surfaces,
triggering downstream pathway activation. While antibody/antigen complexes are the classic mediators of C1q recognition and
classical pathway activation, C1q also binds damaged self-associated ligands that are then indicators of neurodegenerative diseases, such
as the neurofibrillary tangles and amyloid plaques in Alzheimer disease as well as apoptotic cells. The lectin pathway is activated in
response to the recognition components MBL/ficolins binding to microbial carbohydrates, and structures exposed by damaged cells (7).
The alternative pathway is spontaneously activated when C3 is hydrolyzed, resulting in generation of a reactive thioester bond,
subsequent covalent attachment to an accepting surface, and exposure of sites leading to C3 and C5 convertase formation. Activation of
any of the three pathways leads to generation of a C3 convertase, C4b2b for the classical and lectin pathways and C3bBb for the
alternative pathway, and further downstream activation of the pathways leads to generation of a C5 convertase and generation of the
membranolytic MAC. The alternative pathway can amplify activity of the classical or lectin pathway because it is initiated with cleaved
C3. Cleavage of C3 or C5 by the C3 or C5 convertase, respectively, leads to production of anaphylatoxins C3a and C5a, which regulate
glial cell activation and chemotaxis. C3b and particularly iC3b, a Factor I-mediated cleavage product of C3b, tag synapses and facilitate
synaptic pruning. The pathways are regulated in part by complement inhibitors (red rectangles) that regulate inappropriate activity.
Abbreviations: C1-INH, C1 inhibitor; C4bp, C4-binding protein; CLU, clusterin; CR1, complement receptor 1; CSMD1, CUB and
sushi multiple domains 1; DAF, decay accelerating factor (CD55); FB, Factor B; FD, Factor D; FH, Factor H; FI, Factor I; MAC,
membrane attack complex; MASP1/2, MBL-associated serine protease 1/2; MBL, mannose-binding lectin; MCP, membrane cofactor
protein (CD46); SRPX2, sushi repeat protein X-linked 2; SUSD4, sushi domain—containing protein 4; Vn, vitronectin. Figure adapted
from Reference 18 and images created with BioRender.com.

postnatal CNS since mice deficient in Clq or C3 have defects in synapse elimination. Clg,
produced in the CNS, tags synapses for subsequent activation of the classical pathway, leading
to deposition of C3 cleavage products and ultimately CR3-mediated engulfment of the tagged
synapse by microglia. Synaptic refinement through pruning is regulated by synaptic activity since
microglia preferentially engulf synapses in a CR3- and C3-dependent manner when synaptic ac-
tivity is decreased (40). The developing mouse retinogeniculate circuit, encompassing the dorsal
lateral geniculate nucleus (LGN), has been widely utilized to investigate activity-dependent synap-
tic pruning (41). During development of this circuit, the LGN is initially innervated by both eyes,
and activity-dependent, complement-mediated pruning contributes to the shift to monocular in-
nervation seen in the mature LGN (39, 40). C1g-mediated synaptic pruning is regulated in space
and time since Clq is required for synapse elimination in the developing retinogeniculate circuit,
butitis not required for development and plasticity in the primary visual cortex despite its expres-
sion in the primary visual cortex during development (42). In addition to its role in development of
the retinogeniculate circuit, complement-mediated synaptic elimination is required for plasticity
(43) and forgetting in the adult brain. Forgetting is mediated by elimination of synapses between
engram cells, the neurons involved in memory storage (44). Depletion of microglia in mice in-
hibited forgetting as measured using contextual fear conditioning (45). Using a Cre-dependent
adeno-associated virus expressing decay-accelerating factor (DAF/CD55), an inhibitor of classi-
cal and alternative pathway C3 and C5 convertases, CD55 was selectively expressed in engram
cells in the dentate gyrus. CD55-expressing mice showed higher freezing (less forgetting) com-
pared to control mice, indicating a requirement for complement in forgetting. Elimination of
synapses is also associated with the aging process, as C3-deficient C57Bl/6 mice fail to demonstrate
region-specific synaptic loss associated with aging observed in wild-type mice (46). However, dys-
regulation in complement-mediated synaptic pruning is associated with disorders such as epilepsy
and schizophrenia (47, 48). These studies indicate a highly regulated role for complement in
normal CNS development and continuous neuroplasticity in the adult and aging brain.

2.4. Complement Regulators in the Brain

SRPX2 is a soluble C1 inhibitor that is secreted by neurons and regulates synapse density in
the cortex (32, 49). Deficiency in SRPX2 is associated with epilepsy, cognitive impairment, and
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speech dysfunction (33). Cong et al. (32) demonstrated that SRPX2 coimmunoprecipitated with
Clq in mouse brain lysates as well lysates from HEK293T cells transfected with Clqa/b/c. In
vitro, SRPX?2 inhibited complement activation in serum, and the inhibition was at the level of C1
since SRPX2 binds to C1q and blocked C1-dependent cleavage of C2. Retinogeniculate synapses
are overpruned in the SRPX2-deficient mice, and this overpruning is dependent on the presence
of C3. SRPX2-mediated regulation of synaptic pruning in the dorsal LGN also required Clq,
consistent with inhibition of complement activation at the level of C1 (50). While SRPX2 and
Clq are expressed throughout the retino-geniculo-cortical pathway, deletion of Cl1qa or SRPX2
did not affect synaptic pruning in the cortex (50). This system further demonstrates the temporal
and region-specific activity of the complement system in synaptic pruning.

The sushi domain—containing protein (SUSD) family and the CUB and sushi multiple domains
(CSMD) family are expressed in the brain and have demonstrated complement-inhibitory activity
(34). The sushi domain—containing protein 4 (SUSD4) gene is predicted to encode two isoforms;
one is a type 1 membrane-spanning protein containing four CCP repeats (SUSD4a) and the other
a secreted protein containing three CCP repeats (SUSD4b). The SUSD4a isoform is highly ex-
pressed in the CNS and inhibits formation of the classical/lectin and alternative C3 convertases
in vitro (51). The SUSD4 knockout mouse has elevated Clq levels in the brain and demonstrates
defective motor skills and increased anxiety behavior, consistent with defective CNS development
(52). Gonzilez-Calvo et al. recently demonstrated a defect in AMPA receptor turnover in SUSD4
knockout mice, and they postulate that SUSD4 may interact with Clq or Clq globular domain—
containing molecules that are known to regulate synapses, such as CBLN1 and other Clq-like
proteins (53). Thus, the mechanism by which SUSD4 regulates synapse function, and the role of
complement as well as C1g-like proteins (54-56), in synapse organization requires further eluci-
dation. Similar to SUSD4, CSMD1 is highly expressed in the CNS, and mutations in CSMD1
are linked to neurological disorders (34). These observations are supported by the finding that
the CSMD1 knockout mouse displays neuropsychological deficits (57). CSMD1 promoted Fac-
tor I-mediated cleavage of C4b and C3b and inhibited deposition of the MAC (58). It is yet to be
determined whether CSMD1 regulates complement-mediated synaptic pruning.

2.5. Balancing Signals in Synaptic Pruning

The tagging of synapses by Clq for removal by microglia or astrocytes is akin to the targeted
removal of apoptotic cells and cellular debris, which has been well described in the periphery (59).
Engulfment of debris occurs when eat-me signals engaging phagocytic receptors overcome don’t-
eat-me signals that engage receptors that downregulate phagocytosis. Clq is a well-characterized
eat-me signal that stimulates engulfment of apoptotic cells through multiple mechanisms, includ-
ing activation of the classical complement pathway and subsequent opsonization by C3 cleavage
fragments, as well as direct C1q-mediated engulfment (60). Therefore, it could be expected that
mechanisms identified in the periphery for clearance of debris are conserved in the CNS for
engulfment of inactive synapses. Indeed, microglia preferentially engulf apoptotic neurons and
neuronal blebs in the presence of Clq in vitro (61), and Clq preferentially tags synapses that have
upregulated apoptotic markers in vivo (62). Among other surface markers of apoptotic cells, Clq
binds phosphatidylserine (PS), the best-studied eat-me signal. PS is temporally upregulated in the
hippocampus and at retinogeniculate synapses during developmental periods of high microglia-
mediated synaptic pruning, and PS-labeled material is detected within microglial lysosomes during
these periods (63). Further, there was reduced microglia-mediated engulfment of PS in the absence
of Clq (63). Complement-mediated synaptic pruning in the developing mouse retinogeniculate
system is activity dependent, tagging weaker synapses for removal, and CD47 is a well-described
don’t-eat-me signal that localizes to the more active synapses and inhibits microglia-mediated
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engulfment by binding to microglia-expressed SIRPa (64). These results demonstrate conserved
engulfment pathways in the periphery and CNS that contribute to temporal and regional speci-
ficity of synaptic pruning in the CNS. An imbalance in signals due to neuroinflammation, neuronal
injury, or other pathologic conditions may tip the balance toward pathologic synaptic pruning
associated with neurodegeneration, as discussed below.

3. COMPLEMENT IN ALZHEIMER DISEASE AND OTHER
NEURODEGENERATIVE DISEASES

3.1. C1q Is Neuroprotective

An estimated 6.5 million people in the United States have AD, the most common form of demen-
tia, which results in the progressive decline of cognitive function, loss of independence, and death
(65). Pathological hallmarks of AD are fibrillar A plaques and neurofibrillary tangles, as well as
neuroinflammation and synaptic and neuronal loss. Rogers and colleagues (66) provided critical
evidence for complement activation in AD in 1992, and advancements over the last three decades
have continued to dissect the pathways and consequences of the complex complement cascade in
AD, including multiple genome-wide association studies that support a role for neuroinflamma-
tion and complement in AD (67). Upon sufficient induction of complement component synthesis
as discussed above, the proinflammatory complement cascade can be activated and amplified im-
mediately upon exposure to a permissible substrate. However, there is compelling evidence that
various components of the complement system maintain normal tissue homeostasis in the absence
of significant injury. Increased hippocampal expression of Clq is observed as early as two months
of age in the 3xT'g mouse model of AD when compared to control mice (26). The increase in Clq
expression precedes AD pathology (plaque deposition, gliosis, tau pathology, and cognitive im-
pairment) (68). In contrast, expression of Clr and Cls, the proteases required to generate the C1
complex and thus to activate the classical complement pathway, is not upregulated at two months
of age in this model, demonstrating a lack of coordinated expression of the C1 complex compo-
nents, similar to that previously reported in peripheral myeloid cells and during development (19,
69). Clr and Cls expression showed a significant increase only after 10-13 months of age when
AD pathology is apparent (26). These data as well as multiple subsequent transcriptome analyses
suggest that Clq, produced early and locally in response to injury, without the coordinated ex-
pression of other complement components, may serve a protective role and limit progression of
disease (Figure 2).

Clq is an ancient molecule, with a vertebrate ortholog expressed in a primitive chordate
lineage that existed prior to jawed vertebrates (70), indicating ample time to coevolve and be
utilized for multiple functions. Indeed, C1q in the absence of C1r and Cls (and other complement
pathway components) has both neuroprotective and anti-inflammatory activities that promote
resilience and resolution of injury (reviewed in 1). C1q enhances the viability of primary rodent
neurons in culture when the cells are subjected to nutrient stress or toxic Ap peptide (fibrillar
AB or oligomeric AB) (26, 71, 72). Under these conditions, Clq increased the activation and
nuclear translocation of cAMP response element-binding protein (CREB), a transcription factor
that promotes neuron survival and neurite outgrowth (26). CREB likely functions as a central
transcription factor regulating C1q-mediated neuroprotection since inhibition of CREB blocked
Clq-mediated neuroprotective activity. Interestingly, C1q also stimulates CREB phosphorylation
and activation in human monocytes, which are associated with anti-inflammatory signaling (73).
Thus, CREB may serve as a downstream target in regulation of neuroprotection and resolution
of inflammation, which may be critical processes in slowing the progression of neurodegenerative
diseases such as AD. Clq suppresses proinflammatory cytokine production from microglia in
vitro while enhancing phagocytosis of apoptotic neurons (61), and it decreases inflammasome
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Figure 2

Selective targeting of complement activation-induced signaling may preserve the neuroprotective functions of C1q while inhibiting
neurodegenerative functions. (#) Clq promotes survival of neurons in vitro when they are challenged with fibrillar or oligomeric AB.
(b) C1q enhances phagocytosis and limits proinflammatory cytokine production in microglia. The Clq-mediated neuroprotective
pathways in panels # and & could be inhibited with a therapeutic antibody directed at Clq. (¢) With prolonged insult, induced synthesis
of Cls and Clr leads to generation of the C1 complex and ability to activate the classical complement pathway. Subsequent deposition
of iC3b on injured neurons leads to synaptic pruning by microglia and astrocytes associated with cognitive decline. (4) Chronic injury
and thus complement activation, as in the brain with Alzheimer disease due to fibrillar AB, hyperphosphorylated tau, and damaged
neurons, induce the terminal pathway components and additional C3a/C5a production, leading to induction of detrimental disease-
associated microglia and disease-associated astrocytes and neurotoxicity. BMS-984923 inhibits neuronal injury and subsequent
Cl-dependent synaptic pruning. PMX205 inhibits C5a/C5aR1 signaling, limiting generation of DAM and neurotoxicity. Inhibition of
downstream complement-mediated neurodegeneration in panels ¢ and d could preserve the neuroprotective function of Clq early
during the disease process while limiting the neurodegenerative functions later in the disease. Abbreviations: AB, amyloid beta; CREB,
cAMP response element-binding protein; DAA, disease associated astrocyte; DAM, disease-associated microglia; MAC, membrane
attack complex. Figure adapted from Reference 18 and images created with BioRender.com.

caspase 1 activation and production of IL-1f in human macrophages (74), all suggesting a role
for Clq in sensing injury and limiting pathology associated with neurodegenerative disease
(Figure 2). Neural stem cells (NSCs) are multipotent undifferentiated cells that can generate
many cells of the CNS, including neurons, glia, and oligodendrocytes (75). Clq binding to CD44
on NSCs triggers ERK phosphorylation and migration of NSCs in vitro and migration and
repair after spinal cord injury in vivo (76), again supporting a role for Clq in sensing injury and
mediating resolution and repair in multiple cell types within the CNS.
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3.2. Downstream Complement Activation Leads to Neurotoxicity
in Alzheimer Disease

Complement-mediated damage in AD is complex and may result from multiple mechanisms in-
cluding but not limited to neuroinflammation accompanied by (#) excessive synaptic pruning (27,
62,77, 78), (b) direct neurotoxicity by C5a (79, 80), and (¢) gliosis directly or indirectly (81-83).
The role of complement in these processes, and their contribution to pathology and dysfunction,
is complicated by region- and time-specific activation as well as differences in animal models used
to investigate these processes. For example, genetic ablation of C3 or overexpression of a C3 in-
hibitor was reported to prevent age-related hippocampal decline while increasing amyloid plaques
and altering gliosis in the J20 mouse model (46, 84). Subsequently, it was shown that despite the
increase in plaques, constitutive C3 ablation prevented synaptic loss and, importantly, cognitive
decline in the APP/PS1 mouse model (83). The loss of synapses has long been associated with
cognitive decline in AD (85, 86). Support for this was provided by Stevens and colleagues, who
demonstrated that AD-associated synapse loss, or excessive synaptic pruning, was inhibited in
the absence of Clq, C3, and CR3 in AD mouse models, and that complement-mediated synaptic
pruning by microglia occurred early in disease, prior to plaque deposition (78). Carpanini et al.
(87) recently expanded on the mechanism of complement-mediated synaptic pruning in AD by
demonstrating a role for the terminal complement components C6 and C7 in synapse elimina-
tion using two AD mouse models, thus implicating the MAC in pathogenic synapse elimination
in AD. It is important to note the localization, age, and disease stage of changes in these models of
neurodegeneration. The lack of such extensive region- and time-specific analysis in earlier studies
may contribute to perceived discrepancies between reports. Kinetic studies correlating pathology,
gene expression, neuronal integrity, and behavior are critical in comparing models and arriving
at causative events of dysfunction. Finally, given the substantial influence of complement during
development of the nervous system, as recently reviewed (17, 20, 88), the use of newly developed
inducible complement component knockout mice rather than constitutive genetic ablation is crit-
ical to avoid confounding issues due to developmental deficiencies that affect adult function (89),
and it has the added advantage of mimicking more closely a pharmacologic intervention in adults.

A novel recent study by Spurrier et al. (90) demonstrated that blocking oligomeric AB—mediated
neuronal damage prevented Clq deposition at the neuronal synapse and limited pathology and
cognitive decline in mouse models of AD. The same group previously reported that oligomeric
AB exerts neurotoxic activity through an interaction with the glycosylphosphatidylinositol (GPI)-
anchored cellular prion protein (PRPC) that couples with the transmembrane metabotropic
glutamate receptor 5 (mGLRS) to induce neurotoxic signaling (91). The mGLRS silent allosteric
modulator BMS-984923 prevents oligomeric AB-mediated neurotoxicity but does not alter gluta-
mate signaling required for optimal neuron function, and thus it is a potential therapy for at least
some subtypes of AD (92, 93). Spurrier et al. (90) used two aged mouse models of AD, the amy-
loidogenic APPswe/PS1AE9 overexpressing transgenic mouse and the AppNL-G-F/hMapt double
knock-in mouse, and demonstrated that BMS-984923 restored synaptic density and alleviated
memory deficits after a one-month treatment. C1q expression was elevated in the brain in these
AD models as expected, and BMS-984923 did not influence total C1q expression levels. However,
Clq only accumulated at synapses in the dentate gyrus of vehicle-treated AD animals, and not
in animals treated with BMS-984923 where synaptic density was restored. Interestingly, BMS-
984923 also reversed alterations in neuronal gene expression associated with AD but had little
impact on microglial gene expression as measured by single-nucleus RNA sequencing of com-
bined cortex and hippocampus. These data suggest that damage- or injury-induced changes in
neurons may result in Clq tagging of synapses for subsequent engulfment by astrocytes and/or
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microglia. In addition, these findings demonstrate that the presence of activated microglia and
elevated Clq is not sufficient to drive pathologic synaptic pruning in these AD mouse models.
The data further emphasize the importance of monitoring specific locations/regions of protein
expression and induction of drivers of activation to define precise contributions of complement
components to physiology and pathophysiology, as well as more fully describing the now apparent
different states of activated glia.

In addition to altered synapses, the classical complement system is activated by both fibril-
lar AB plaques and hyperphosphorylated tau found in extracellular neurofibrillary tangles (4, 5)
(Figure 1), and activation of the classical complement pathway leads to deposition of C3b, forma-
tion of the C3 and C5 convertases, and production of anaphylatoxins C3a and C5a. C5a has been
shown to be directly toxic to primary rodent neurons in vitro via C5aR1, as toxicity was prevented
by addition of the C5aR1-specific antagonist PMX53, and primary neurons from C5aR1 knock-
out mice were not killed by C5a treatment (80, 94). Clq deficiency in the Tg2576 and APP/PS1
AD mouse models results in limited gliosis in older animals where fibrillar plaque pathology is
apparent (81), suggesting downstream consequences of classical complement pathway activation
in AD-associated neuroinflammation. C3a and C5a mediate glial cell activation and migration via
binding to C3aR and C5aR1, respectively (Figure 1). Importantly, treatment of Tg2576 and 3xT'g
with PMX205, a cyclic hexapeptide C5aR1 antagonist, at the beginning stage of plaque deposition
results in decreased accumulation of fibrillary AB and activated glia (95, 96), consistent with a role
for the complement system, and C5a-C5aR1 signaling specifically, in propagating glial-mediated
inflammation in AD. Subsequent analysis of gene expression showed that PMX205 decreases se-
lective inflammatory gene expression, reduces the activation of a unique microglial subpopulation
associated with synapse pruning in the hippocampus of the Tg2576 mouse model of AD, and in-
creases disease-mitigating microglial activation (96). Furthermore, genetic deletion of C5aR1 in
the Arctic AD mouse model prevented behavioral deficits and inflammatory gene expression and
rescued hippocampal neuronal complexity seen in the Arctic AD mouse relative to wild type. In-
terestingly, in this model there was no effect on amyloid plaque accumulation (79), suggesting that
rather than the plaques themselves causing neurotoxicity, it is either the response to plaques or the
response to some other injury that s causing the detrimental effects associated with plaque deposi-
tion. C5a/C5aR1 signaling enhances detrimental microglial activation pathways, as selective gene
expression was prevented when C5aR1 was deleted or selectively enhanced when C5a was over-
expressed in AD mice (15). Interestingly, early and intermittent treatment of the 5xFAD model of
amyloidosis with a peptide, EP67, with select C5aR1 agonist activity resulted in increased amy-
loid phagocytosis and decreased synapse (synaptophysin) and neuronal (NeuN) loss (97). Whether
these results are due to the timing of treatment or to the receptor-selective engagement of EP67
will be informative in directing therapeutic manipulation of these systems. It is important to note
that C5a and C5a-desArg (the result of carboxypeptidase cleavage of C5a) can also bind to a second
receptor C5aR2 (previously known as C5L2), which, unlike C5aR1, lacks the ability to signal via
G-proteins and has often been considered a negative regulator of C5a-C5aR1 activity acting as a
scavenger receptor for C5a and promoting anti-inflammatory properties (reviewed in 98). C5aR2
is often expressed similarly to C5aR1 butat lower levels. C5a binds to C5aR2 with less affinity than
C5a binding to C5aR1, although C5a-desArg binds to C5aR2 with a tenfold higher affinity than
to C5aR1 (99). C5aR2 can form heterotrimers with C5aR1, promoting C5aR1 internalization via
recruitment of B-arrestin and thus downregulating ERK signaling (98). C5aR2 agonism reduces
C5a-C5aR1-mediated inflammatory response to Toll-like receptors, C-type lectin receptors, or
cytosolic DNA sensor stimulation of interferon genes (100).

C3a, generated upon complement activation, binds to C3aR, expressed on both immune and
nonimmune cells. C3aR expression is induced in microglia in mouse models of amyloidosis,
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demonstrating tissue and temporal induction as recently reported (15) as well as human AD. How-
ever, the role of C3aR in neurodegeneration is clearly complex, as reported data have supported
both protective and detrimental effects. For example, genetic ablation of C3ar1 ameliorates dis-
ease in tauopathy models (27) and West Nile virus—induced synapse loss (101), but it also enhances
neurogenesis in the adult brain (102) and has been shown to mitigate inflammatory cytokine and
chemokine production, particularly in acute injury in the periphery (103). An excellent review of
the complexity of C3a-C3aR signaling, which can be either pro- or anti-inflammatory, summarizes
data implicating C3a binding to receptors and ligands other than C3a for C3aR, as well as cellular
differences in signaling pathways induced by C3a interaction with C3aR (104). For example, C3aR
signaling via the alternative ligand TLQP-21 (derived in vivo from VGF processing) reduced amy-
loid plaques and dystrophic neurites in the 5XFAD mouse model of AD (105). In addition, C3a
can be cleaved by a carboxypeptidase forming C3a-desArg. While it is known that C3a can bind
C3aR and C5aR2, C3a-desArg only interacts with C5aR2 (106), suggesting another avenue for
differential anti-inflammatory effects of C3a/C3a-desArg. Combined, these studies suggest that
targeting downstream complement activities (e.g., C5aR1 signaling) should limit pathologic neu-
roinflammation in AD without blocking potential beneficial effects of C3aR and C5aR2, or Clg,
which have both neuroprotective and anti-inflammatory functions that may limit AD-associated
pathology (Figure 2) as well as peripheral beneficial host defense and clearance functions.

Additive insults over time in AD lead to increased neuroinflammation, due at least in part to
heightened expression of complement components triggered by damage-associated molecular sig-
naling, and subsequent activation of the classical complement cascade (Figure 2). Synergy between
the complement activation products and other proinflammatory pathways increases production of
proinflammatory cytokines and additional toxic inflammatory mediators resulting in further tis-
sue damage, eventually leading to neuronal loss and cognitive decline. Identification of temporal
and regional regulation of expression of inflammatory mediators, transcription factors induced
during the disease state that propagate expression of complement proteins and inflammatory me-
diators, as well as mechanisms of pathway synergy should inform and direct future therapeutics
for AD. For example, similar to recognition components in the complement system, the Toll-
like receptor (TLR) family of pattern recognition receptors evolved to rapidly sense injury and/or
infection and direct immune responses via modulation of gene expression. Single-nucleotide poly-
morphisms (SNPs) in TLR4 that are associated with attenuated inflammatory responses protect
against susceptibility to AD (107). Microglia, expressing TLR4, respond to aggregated Ap with
enhanced production of proinflammatory cytokines in vitro (108). Synergy between proinflam-
matory TLR4 signaling and C5aR1 signaling has been demonstrated in the periphery (reviewed
in 109) and is likely to contribute to neuroinflammation in AD (82). Indeed differential gene ex-
pression in the Arctic C5aR1 knockout model is consistent with this additive or synergistic effect
on inflammation (15, 79).

In addition to inflammation within the brain, aging, the greatest risk factor in AD, is accompa-
nied by systemic changes in innate and adaptive immune responses including chronic low-grade
inflammation, termed inflammaging. Since alterations in immune system pathways are associ-
ated with susceptibility to AD, it is important to consider the contribution of both central and
peripheral immune responses to progression of AD (reviewed in 110).

3.3. Conserved Complement Functions in Diverse Neurodegenerative Processes

Since inflammation is at the genesis of many disease processes, and the complement system is
a key contributor and regulator of inflammation, the “clinical complement revolution,” initi-
ated with the anti-C5 mAb eculizumab for treatment of complement-mediated hemolysis in
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paroxysmal nocturnal hemoglobinuria (PNH) in 2007 (111, 112), and more recently for treatment
in neurological disorders myasthenia gravis and neuromyelitis optica spectrum disorders (113,
114), is well poised to expand into other disorders, including AD and other currently incurable
neurodegenerative processes and diseases. Chronic inflammation is associated with indirect
secondary neurodegeneration that accompanies delayed adverse outcomes in traumatic brain
injury (TBI) (115-117). Acute damage to the cortex leads to secondary injury in the thalamus
accompanied by complement-mediated neuroinflammation and neurodegeneration (118, 119). In
mice, C1q gene expression was upregulated in the cortex following acute experimental TBI, and
elevated microglial C1q expression extended along neural pathways into the thalamus. Targeting
Clq globular heads with a monoclonal antibody reduced neurologic impairment associated with
the TBI (119). Interestingly, the vulnerable neurons in this TBI model were in the GABAergic
reticular thalamus, and not cortical or excitatory thalamic neurons, again illustrating a region-
and neuron-specific impact of complement. In another approach, C3 was targeted in a TBI
system using CR1-related gene/protein Y (Crry), a complement inhibitor expressed in rodents
that, similar to CR1, is a cofactor for Factor I-mediated degradation of C3b and C4b and also
accelerates the decay of C3 convertases (120). Crry was fused to CR2, which binds at sites of
complement activation, facilitating the inhibition of C3 convertases and thus suppressing local
generation of C3a, C5a, and the MAC. Such treatment improved learning and memory and
reduced glial activation at extended time points after the injury (115, 116). Ischemic stroke leads
to a similar pattern of acute injury followed by secondary damage associated with complement-
dependent neurodegeneration and cognitive decline (121; reviewed in 23). Revascularization
therapy associated with ischemic stroke limits some pathology (e.g., infarct size) and is standard of
care; however, it is accompanied by downstream complement-dependent, neuroinflammatory, and
neurodegenerative processes (122). Alawieh et al. (121) targeted C3 convertase, using Crry linked
to a single-chain antibody that recognizes the damage-associated molecular pattern (DAMP),
annexin IV, expressed specifically in damaged tissue from both human and experimental stroke.
Experimental reperfusion after ischemic stroke in the presence of targeted complement inhibition
blocked microglia-mediated synaptic pruning and cognitive decline after injury. However, C5a
was increased in a mouse model of ischemia-reperfusion, and mice lacking C5aR1 showed smaller
lesion size and improved neurological score compared to C5aR1-sufficient mice (80), so it is not
yet clear how much of the benefit of inhibiting C3 cleavage is due to reduced synaptic pruning or
the suppression of neuronal injury by blocking the generation of C5a and thus C5aR1 signaling.
C3 deficiency or inhibition also suppresses neuronal loss in mouse models of tauopathy and
multiple sclerosis (27, 30, 123). While further investigation remains to be done to clarify the
precise detrimental processes (MAC, C3a, C5a, opsonization), these data demonstrate additional
neurodegenerative processes that are likely to respond to complement-directed therapeutics, and
the additional advantage of targeting therapy to the site of injury. For a review of additional CNS
pathologies for which Clq and complement have been implicated, including age-related macular
degeneration and viral infection, see References 18, 23, 124, and 125.

4. EMERGING AREAS AND THERAPEUTIC TARGETS
4.1. Precision Targeting of Complement Components

As discussed above, and illustrated in Figure 2, the complement system mediates both neuro-
protective and neurodegenerative functions in the CNS. Therefore, efforts to strategically target
destructive neuroinflammatory functions while preserving neuroprotective pathways should
be a priority for drug development for neurodegenerative diseases, including proteinopathies
such as AD, Parkinson disease, and Huntington disease, all of which are associated with
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complement-dependent clearance of aggregated proteins, as well as excessive complement-
dependent neurotoxicity (reviewed in 126, 127) and lack disease-modifying treatments at this
time. Aging-associated alterations in the systemic immune system may impair the normal clear-
ance processes, leading to accumulation of toxic protein aggregates such as A, a-synuclein, and
huntingtin protein in AD, Parkinson disease, and Huntington disease, respectively, and leading to
neuronal loss (110, 128). Therefore, boosting the beneficial clearance mechanisms and neuropro-
tective functions of complement components may be useful in prevention of disease progression.
While Cl1q has been considered as a target in neurodegenerative diseases, the selective targeting
of C1q could block beneficial C1q-mediated synaptic pruning in circuit refinement, complement
activation—independent neuroprotective and anti-inflammatory functions of Clq, as well as classi-
cal pathway—mediated clearance of toxic protein aggregates and pathogen destruction. Moreover,
systemic depletion of C1q may trigger autoimmune-type reactions, as has been recently reported
in a phase 2 Huntington disease trial of an anti-Clq antibody (ANX005, Annexon, Inc.). There-
fore, targeting downstream complement activation products or their activating receptors, such as
C5a or C5aRl, respectively, would maintain the protective functions of complement in the brain
while limiting pathogenic inflammation associated with neurodegeneration. In addition to the pre-
clinical studies in AD mice mentioned above, PMX205 was successfully tested in the hRSOD1G93A
mouse model of amyotrophic lateral sclerosis (129), and clinical trials are now being proposed to
test this in human patients with amyotrophic lateral sclerosis. It should be noted that eculizumab,
an inhibitor of C5 cleavage, has been used successfully for more than 15 years for treatment of
MAC-mediated hemolysis in acquired anemias (111, 112). A drawback of C5 inhibition is the
enhanced susceptibility to infection, and particularly to Neisseria infection, that results from the
accompanying systemic inhibition of MAC-dependent lysis. Therefore, in some diseases selective
targeting of C5aR1 would maintain the beneficial antimicrobial function of the terminal com-
plement components, since C5b generation would not be impaired, while limiting pathogenic
neuroinflammation associated with C5a activity. Moreover, selective targeting of C5aR1 would
preserve C5a signaling through C5aR2, which may be neuroprotective (130). Importantly, selec-
tive targeting of C5aR1 in the Arctic mouse model of AD limited proinflammatory gene expression
while enhancing expression of prophagocytic genes, suggesting that not only do beneficial phago-
cytic clearance mechanisms remain intact (131) but the absence of C5aR1 signaling enables the
resolving or disease-mitigating programs to be optimally engaged (79, 96, 132).

Another potential complement-directed therapeutic that should be considered is CR1, a mul-
tifunctional transmembrane glycoprotein expressed on a variety of cell types that, among other
activities, binds to C3b/C4b to mediate clearance of opsonized immune complexes from blood.
Erythrocyte CR1, the majority of CR1 expressed in humans, traffics C3b/C4b opsonized immune
complexes to liver and spleen for degradation in a process called immune adherence (133). SNPs in
CRI that are associated with decreased CR1 surface density on red blood cells are associated with
an increased risk for late-onset Alzheimer disease, suggesting a requirement for CR1 in limiting
disease susceptibility (67, 134-136). Whereas thus far, monoclonal antibody therapies targeting A
for clearance have been largely ineffective (137), it has been postulated that enhancing erythrocyte
CRI1-mediated clearance of AB-anti-Af immune complexes by treatment with a bispecific antibody
to AB and CR1 may facilitate peripheral A clearance in AD and hence limit pathologic accumu-
lation of AB plaques in the brain (138, 139; reviewed in 23, 140). However, since this CR1 immune
adherence mechanism is present only in primates, the hypothesis can be tested only in mice
transgenic for human CR1 (141) or potentially in the recently generated humanized CR1/CR2
mouse (142). As mentioned above, CR1 is also a cofactor for Factor I-mediated degradation
of C3b, facilitates the dissociation of C3 and C5 convertases, and thus suppresses the genera-
tion of downstream complement effectors (C3a, C5a, MAC). In addition, CR1 is a phagocytic
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receptor, mediating engulfment of C3b-opsonized particles. These and other functions of CR1
may also contribute to the association of loss of function (and/or lower expression) of CR1 variants
with increased susceptibility to AD (139, 143).

In considering complement-directed therapeutic strategies, complement components, func-
tioning within or independent of the complement cascades, have traditionally been investigated
in the context of the extracellular space as described above. However, recently a role for intracel-
lular complement, coined the complosome, has been described as a metabolic regulator for cells
of the immune system (144; reviewed in 145). Intracellular C3 in T cells is cleaved by cathep-
sin L into C3a and C3b, and intracellular C3a triggers activation of lysosomal C3aR, activating
mTOR, a central regulator of nutrient sensing and metabolism (146, 147). C3a and C3b are also
shuttled to the cell surface, where C3b engages cell surface CD46, further driving metabolic ac-
tivity in humans (reviewed in 148). Astrocytes and microglia are the major producers of C3 in
the injured or sensitized brain (27, 28), but whether glial-derived C3 is involved in intracellu-
lar signaling and/or metabolic reprogramming, as hypothesized (148), is yet to be determined.
Niyonzima et al. (149) recently provided evidence supporting the expression of an intracellular
CS5 convertase in monocytes and macrophages that generates C5a for subsequent proinflamma-
tory signaling via mitochondrion-expressed C5aR1. Whether this system is similarly active in
microglia and contributes to neuroinflammation remains to be explored; however, both intra-
cellular and extracellular complement signaling should be considered in the context of future
therapeutic targeting.

4.2. Targeted Delivery in the Central Nervous System

In addition to the US Food and Drug Administration-approved monoclonal anti-C5 antibodies
(eculizumab and the subsequent improved versions) and small-molecule C5aR1 receptor antag-
onist avacopan, there are some notable preclinical successes in delivering biological inhibitors of
complement (115, 116, 121, 123, 150, 151). Multiple challenges exist toward effective targeting
of the complement system in the brain. The blood-brain barrier restricts drug access to the site
of injury, although emerging strategies to overcome challenges associated with complement-
targeted drug delivery across the blood-brain barrier in neurodegenerative diseases have been
recently reviewed (125). The continued advances in viral delivery of engineered inhibitors, engi-
neered use of transport receptors to enable stealth receptor-mediated transcytosis of therapeutics,
and nanobody technology including complement component—specific targets (123, 152-154) not
only will be useful for targeting specific activities of these complex multifunctional proteins but
also could inform the development of small molecules that can selectively target unwanted or aber-
rant function. As discussed above, complement has both neuroprotective and neurodegenerative
activities, so selective targeting of specific pathways while maintaining function of other pathways
is critical. In addition, expression of complement proteins is temporally and spatially regulated,
and it likely evolved to orchestrate specific functional activity, such that timing and location of drug
delivery need to be controlled. For example, as described above, specific populations of GABAer-
gic neurons were vulnerable to complement-mediated attack in TBI and were therefore protected
in the presence of anti-Clq therapy, which would suppress downstream complement mediators
as well (119). However, while acutely beneficial for protection of this vulnerable population of
neurons, prolonged loss of the Clq-mediated neuroprotective and anti-inflammatory functions
beneficial in promoting neuronal resilience in other populations and/or in disease stages (reviewed
in 1) may not be as helpful for chronic disorders. Therefore, caution should be used in directing
therapeutics to appropriate locations and at specific times. Further elucidation of the gene ex-
pression programs, signaling pathways, and cellular communication during the entirety of disease
processes should further illuminate targetable pathways and components in the complement
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system to effectively enhance and/or inhibit the complement system to better human health and
longevity.

1. Complement is synthesized and complement pathways are active in the brain.

2. Complement expression and function in the brain are regulated in time and space
according to extracellular cues and intracellular signaling pathways.

3. Complement mediates neuroprotection, neuroplasticity, and neurodegeneration in the
central nervous system (CNS).

4. Neuroinflammation, including activation of the complement system, is a driver of
neurodegenerative processes.

5. CNS-specific complement regulatory molecules regulate complement activity in the
brain.

6. Complement-mediated synaptic pruning refines neural circuits, contributing to neuro-
plasticity in the developing brain and adult brain.

7. Pathologic complement-mediated synaptic pruning contributes to cognitive decline in
neurodegenerative disease.

8. The design of precision human therapeutics such as targeting downstream proinflamma-
tory complement signaling (e.g., C5aR1) in neurodegenerative diseases would preserve
systemic host defense and clearance mechanisms as well as neuroprotective functions of
upstream components (e.g., Clq, C3).

1. Complement-directed therapeutics in neurodegenerative diseases should preserve or en-
hance neuroprotective/beneficial functions of complement while inhibiting neurotoxic
proinflammatory signaling.

2. Use of inducible genetic ablation of complement components to confirm stage-specific
roles for specific complement components will be informative in designing effective
targeted therapeutics for neurodegenerative diseases.

3. Identification of signaling pathways and transcriptional programs regulating comple-
ment expression in the brain should inform additional potential modes of therapeutic
intervention.

4. Further identification of brain-specific complement regulatory proteins will provide new
therapeutic targets in neurodegenerative diseases.

5. Combining new technologies in spatial transcriptomics with validated/specific protein
expression will provide critical insight into regulation of complement expression in time
and space. Precision targeting of specific complement components in time and space
should be considered in the development of CNS-targeted therapeutics.

6. Defining conserved roles for complement in multiple neurodegenerative diseases (e.g.,
Alzheimer disease, Huntington disease, Parkinson disease) should inform and improve
treatment strategies for these incurable diseases.
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