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Summary

Cumulative evidence indicates a role for the complement system in both pathology and recovery
after ischemic stroke. Here, we review the current understanding of the dual role of complement in
post-stroke injury and recovery, and discuss the challenges of anti-complement therapies. Most
complement directed therapeutics currently under investigation or development systemically
inhibit the complement system, but since complement is important for immune surveillance and is
involved in various homeostatic activities, there are potential risks associated with systemic
inhibition. Depending on the target within the complement pathway, other concerns are high
concentrations of inhibitor required, low efficacy and poor bioavailability. To overcome these
limitations, approaches to target complement inhibitors to specific sites have been investigated.
Here we discuss targeting strategies, with a focus on strategies developed in our lab, to specifically
localize complement inhibition to sites of tissue injury and complement activation, and in
particular to the post-ischemic brain. We discuss various injury site-specific targeted complement
inhibitors as potential therapeutic agents for the treatment of ischemic stroke treatment, as well as
their use as investigate tools for probing complement-dependent pathophysiological processes.
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Introduction

Stroke is among the leading causes of death worldwide and is a major cause of disability (1-
3). Although there has been a remarkable improvement in stroke prevention and
management of high-risk patients (4), treatment options for ischemic stroke patients remain
extremely limited and unsatisfactory. The only currently available acute treatment option for
stroke is thrombolytic therapy using tissue-plasminogen activator (t-PA), which has a very
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short window of efficacy (up to 3 hrs. post-stroke) and carries the risk of fatal intracranial
hemorrhage. As a consequence, less than 10% of stroke patients receive t-PA therapy (5-7).
Beyond an acute treatment window, efforts to improve outcomes of stroke patients have been
focused on rehabilitation therapy that has shown mild improvements in select subsets of
chronic stroke patients (8). The main challenge in developing novel stroke treatments is
designing a therapeutic with an extended window of efficacy, and that can safely reduce the
extent of injury after stroke without impairing recovery mechanisms.

At the pathophysiological level, stroke or cerebral ischemia and reperfusion injury (IRI)
involves a complex dynamic of multi-phasic events. These include acute ischemia-induced
cell death within the ischemic core, inflammatory responses that exacerbate damage and
result in secondary injury, and neuroregenerative responses that underlie functional recovery.
The inflammatory response not only contributes to the propagation of secondary injury that
radiates from the ischemic core to the penumbra, but also provides a major inhibitory drive
to recovery and reparatory mechanisms (9, 10). The complement system has been
recognized as a central mediator in the activation and pathological amplification of
inflammation after IRI. Data from studies on human stroke patients have shown that there is
significant activation and deposition of complement in the postmortem ischemic brain (11,
12). In addition, serum complement proteins and activation products in stroke patients have
been shown to correlate with severity of stroke and subsequent functional disability (13-18).
Complement has also been extensively studied in animal models of experimental stroke, in
which an important role for complement in the pathology of acute and chronic stroke has
been demonstrated (reviewed in (19)). On the other hand, studies in animal models have
shown that complement is also involved in reparatory and neuroregenerative processes after
stroke, as well as other homeostatic functions across multiple organ systems. Thus, these
dual functions of complement present a challenge to the clinical development of anti-
complement therapeutics that have adequate efficacy and safety profiles (20, 21). For these
reasons, it is important to understand the roles of the different complement pathways and
activation products in the pathogenesis of stroke, as targeting a particular complement
pathway or activation product may allow for a therapeutic that dissects the dueling roles of
complement. In addition, targeting complement inhibition to the site of cerebral injury is
likely to improve the efficacy and safety profile of an anti-complement therapeutic.

We review the role of complement in post-stroke pathophysiological events and discuss the
design, application and challenges of site-targeted complement inhibitors for the treatment
of stroke.

Overview of complement cascade and regulatory proteins

The complement system consists of secreted and membrane-bound proteins. The
complement activation cascade can be triggered via one of three different pathways; the
classical, lectin or alternative pathway (Fig. 1). The classical pathway is usually initiated by
the binding of C1q to Ab Fc domains or by direct deposition of C1q on apoptotic cells and
debris. The lectin pathway is initiated by the binding of mannose binding lectin (MBL) or
ficolins to certain carbohydrates on microbial surfaces, as well as to glycosylation patterns
on IgM. The alternative pathway can be spontaneously activated, but also serves as an
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amplification loop for the other pathways, and may account for up to 80% of complement
activation. All three complement pathways converge at the formation of the C3 convertase
that cleaves C3 into C3a and C3b, with subsequent protein cleavage and assembly steps that
culminate with the formation of the cytolytic membrane attack complex (MAC) (Fig. 1). In
addition to the MAC, other biologically active proteins and products of complement
activation products that function via receptor engagement are bound C1q and MBL,
deposited C3 activation products (C3b, iC3b, C3d), and the soluble C3a and C5a
anaphylatoxins. Of note, more recently an extrinsic protease pathway of activation has been
described, which includes plasmin and thrombin mediated activation of complement by
direct cleavage of C3 and C5 proteins (22, 23), findings that may have implications in the
context of stroke and thrombolytic therapy.

Complement activation on host cells is controlled by various proteins; decay accelerating
factor (DAF) and membrane cofactor protein (MCP), and complement receptor 1 (CR1/
CD35) that control C3 activation, and CD59 that inhibits formation of the MAC. In mice,
MCP expression is restricted and DAF and Crry, the latter being a structural and functional
analogue of DAF and MCP, represent the primary membrane bound inhibitors of C3
activation. Factor H (fH) and C4-binding protein are soluble inhibitors of the alternative and
classical pathway, respectively (Reviewed in (24)).

Complement activation and function in the post-ischemic brain

Triggers for complement activation after stroke

Stroke or cerebral IRI is associated with depletion of cellular energy resources, release of
reactive oxygen species, activation of apoptotic and necrotic cell death mechanisms, and
excitotoxic insult due to glutamate excess and ionic imbalances (19). These pathological
processes can lead to the activation of complement via different mechanisms (Fig. 2).
Metabolic stress to central nervous system (CNS) parenchyma and endothelial cells is
associated with the exposure of normally hidden antigens, often referred to as danger
associated molecular patterns or neoepitopes (25). This phenomenon is a general paradigm
and occurs in other tissues following IRI, although the specificity and pattern of expression
of post-ischemic neoepitopes may be different (26—28). Post-ischemic neoepitopes are
recognized by circulating natural self-reactive IgM antibodies that in turn can bind C1q and
MBL, via Fc-domain or agalactosyl (GO) glycosylation pattern, respectively (25, 29).
Although with lower affinity, C1q and MBL can also directly deposit on apoptotic cells and
debris leading to complement activation (30, 31). The classical pathway can also be
activated by C-reactive protein binding to stressed cells, and the lectin pathway can also be
activated by ficolins deposited on stressed or apoptotic surfaces (32, 33).

Although there are multiple potential mechanisms of complement activation after stroke, we
have shown a key role for natural self-reactive IgM in activating complement and
propagating injury in murine ischemic stroke. Antibody (and T cell) deficient Rag1l—/— mice
were protected from cerebral complement activation and injury after transient middle
cerebral artery occlusion (MCAO), but reconstitution of Rag1-/- mice with natural IgM
mAbs that recognized specific post-ischemic neoepitopes reversed the phenotype and
restored complement activation and injury (25). Since MBL deficient mice (34), but not Clq
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deficient mice (35) are protected from ischemic stroke, the data taken together indicate that
complement activation and propagation of injury in murine ischemic stroke occurs via IgM
mediated activation of the lectin pathway. Indeed, in human stroke, serum level of MBL was
shown to be an independent risk factor of ischemic stroke (36), and genetically-defined
deficiency of serum MBL results in smaller lesion sizes, and more favorable acute (3 days)
and sub-acute outcomes (3 months) in stroke patients (37—40). Similarly, lower serum levels
of ficolin-3 on patient admission, which is indicative of ficolin consumption, correlated with
increased injury markers and worse functional outcome in stroke patients (41).

Although the lectin pathway appears to play an important role in complement activation
after cerebral ischemia, we have shown an equally important role for the alternative pathway
in the propagation of injury following murine ischemic stroke, since genetic or
pharmacological inhibition of the alternative pathway also resulted in a significant reduction
in complement activation and improved outcomes after stroke (42). These data indicate that
alternative pathway amplification of the lectin pathway drives injury in murine ischemic
stroke.

Complement dependent pathophysiology in the CNS

Complement activation results in the generation of three types of activation products,
namely opsonins (C1g, MBL and C3b/iC3b/C3d), anaphylatoxins (C3a and C5a) and the
MAC. These activation products have been variously implicated in both degenerative and
regenerative mechanisms after brain injury ((19, 20), summarized in Fig. 2). Although much
is still unknown about the role and contributions of these activation products in the context
of ischemic stroke, studies across a spectrum of neurodegenerative diseases have provided
insight on how complement contributes to CNS pathology.

Complement opsonins play a key role in promoting microglial-mediated phagocytosis of
stressed, but living and potentially salvageable neurons, and also in the stripping of synapses
during neurodegenerative processes (43, 44). Signaling through complement opsonin
receptors not only stimulates phagocytosis, but also promotes the activation of microglia and
macrophages through intracellular signaling pathways culminating in the release of
interferon gamma and other cytokines (45). Signaling of C3d through complement receptor
2 (CR2) has also been shown to inhibit proliferation of neuronal progenitor cells (46). The
complement anaphylatoxins C3a and Cba are potent activators of microglia, monocytes and
granulocytes (47); they can further increase interferon gamma release (45), and can serve as
chemoattractants by signaling through their cognate receptors, C3aR and C5aR1.
Complement activation within the CNS can also induce the endothelial expression of P-
selectin, facilitating immune cell recruitment (35, 48-50). The terminal activation product of
complement, the MAC, can be cell-activating or cytolytic, depending on the level of
deposition on the cell surface. However, a pathological role for the MAC has not been
clearly defined, and at least in murine models, may be dependent on gender and severity of
insult (42, 51, 52).
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Source and regulation of CNS complement activity

Important for developing strategies to target complement activity is understanding the origin
of complement within the CNS, and how complement activity within the CNS is regulated.
The principle source of serum complement proteins is the liver, and they circulate in their
inactive form prior to cleavage and activation by a triggering insult. Although serum
complement is normally excluded from the CNS by the blood-brain-barrier (BBB), breaches
in BBB integrity, as occurs for a period of several days after stroke, allows the influx of
serum complement proteins into the CNS (53, 54). However, the CNS is capable of locally
producing complement proteins, and expression is upregulated in many neurodegenerative
diseases and during development (55-57). The role of CNS-derived complement versus
serum-derived complement in post-stroke pathology, however, has not been investigated. As
in other organs and tissues, cells within the CNS also express complement regulatory
proteins, including microglia, astrocytes, oligodendrocytes and neurons (53, 55, 58).
Interestingly, stressed and apoptotic neurons during neuronal pathology express reduced
levels of complement regulatory proteins on their surface (59).

Role of complement in reparatory and regenerative responses after injury

Understanding the role of complement in promoting pathology after CNS injury, and
specifically after stroke, is complicated by the fact that the same complement activation
products that promote injury are also involved in homeostatic processes, as well as
reparatory responses to injury (20). For example, the deposition of complement opsonins on
apoptotic cells and debris represents a mechanism for the clearance of dead and dying cells
and resolution of inflammation. C3a and C5a signaling can also be involved in promoting
neurogenesis and neuroblast migration, as well as in providing neuronal protection from
excitotoxic insult (60-62). At sub-lytic concentrations, the MAC can contribute to anti-
apoptotic signaling in oligodendrocytes via PI3K dependent mechanism (63). Because of
this duality of function, it is a challenge from a therapeutic perspective to fine-tune
complement inhibition strategies and bisect the pathological versus protective roles of
complement.

Injury site-specific targeting of complement modulation

General considerations of site-targeted and systemic complement inhibition

Despite a well-defined role for complement in the pathology of inflammatory diseases,
including stroke, there are various potential concerns with the application of systemic
complement inhibition (21, 64, 65). One major concern for therapeutic strategies that utilize
a systemic approach to inhibit activation of certain complement proteins is poor
bioavailability and low efficacy. For instance, we have previously shown that site-targeted
forms of human DAF and CD59 (by means of linking the proteins to CR2, see below) are
more than 20-fold more effective at inhibiting complement /n-vitro than their untargeted
soluble forms (64). A similarly targeted form of murine Crry, that targets the inhibitor to
sites of complement activation, required a 10-fold lower dose than an untargeted soluble
form of Crry to provide equivalent protection in a model of intestinal IRI (66). Depending
on the target, a systemic approach would require very large doses of inhibitor; for example
circulating levels of C3 are greater than 1 mg/ml. Additional concerns regarding the use of
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systemic complement inhibitors include high turnover of complement proteins, high
concentration of some target complement proteins, such as C3 which is present at greater
than 1 mg/ml in serum, the potential contribution of local complement production to
pathology (particularly relevant for CNS injury and disease), and the increased risk of
infectious complications (21, 64, 65). Risk of infection is a major concern for stroke
patients, as they have increased vulnerability to infections that can significantly deteriorate
outcome and affect recovery (67, 68). Systemic complement inhibition may also interfere
with various homeostatic functions of complement such as the catabolism of immune
complexes and apoptotic cells, tissue regeneration, lipid metabolism and angiogenesis
(reviewed in (54)).

Beyond therapeutic applications, site-targeted inhibitors can also provide a toolbox for the
dissection and exploration of the role of complement in the pathophysiological response
after injury, as we have applied previously in the context of different models of IRI using a
targeting moiety linked to different complement inhibitors (21). While transgenic mice
lacking different complement proteins have provided important insights into the role of
complement in injury and disease, complement inhibition allows investigation of
mechanisms in a clinical setting. This is important since transient complement inhibition
can, and indeed sometimes does, produce different outcomes when compared to a mouse
deficient in the equivalent targeted complement protein. This is not surprising given that
complement deficiency from birth can affect processes from synaptic maturation during
development to various other ongoing homeostatic mechanisms.

A final consideration here, although complement inhibitor biologics (whether targeted or
systemic) have limited ability to cross the BBB and may thus have limited application in
several neurodegenerative diseases, this is of less concern for ischemic stroke. During the
acute phase of ischemic stroke, both ischemia and reperfusion insults are associated with a
breach of BBB integrity which lasts for several days after injury, both in human and
experimental models (69). This will allow access of complement inhibitory proteins to the
ischemic brain. The temporary disruption to the BBB also highlights a potential advantage
of a site-targeted inhibitor in that once it has gained access, the inhibitor will have an
increased half-life at the target site. Indeed, we have shown that a complement inhibitor that
targets to the site of injury after ischemic stroke can be detected in the ipsilateral hemisphere
5 days after stroke (47) (Fig. 3). Even in the context of chronic stroke, site-targeted
complement inhibitors may maintain their therapeutic utility given accumulating evidence
that there is sustained oxidative stress and inflammation in the brain endothelium of chronic
stroke patients, and that this is associated with deteriorated outcome and higher incidence of
thrombotic events (70-72). Therefore, targeting of complement inhibitors to the inflamed
endothelium may still provide therapeutic efficacy despite an intact BBB as is found in
chronic stroke.

Targeting sites of complement activation

The fact that complement components circulate as inactive proteins in high concentrations
and are selectively and pathologically activated and deposited at sites of injury, make

Immunol Rev. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alawieh and Tomlinson Page 7

deposited complement activation products an attractive target for the delivery of complement
inhibitors (or indeed other therapeutics) to sites of inflammation and injury.

The approach we have taken is to target C3 activation products that are deposited at high
density at sites of complement activation. C3 cleavage is the central event in the complement
cascade, and C3 activation products are produced regardless of which complement pathway
is engaged.

Following C3 cleavage into C3b and C3a, C3b irreversibly binds through amide or ester
bonds to cell surface molecules, and is then cleaved into iC3b and subsequently C3dg and
C3d (73). Whereas the half-life of C3b is short, the C3d breakdown product remains
membrane-bound for an extended period. C3d is a ligand for CR2, a receptor expressed
predominantly on B cells and dendritic cells, and we used the N-terminal C3d binding
portion of CR2 as a targeting vehicle for complement inhibitory proteins or inhibitory
domains thereof (64, 65). Specifically, we have prepared and characterized human CR2-
DAF and CR2-CD59 (64), and for in vivo characterization, murine CR2-Crry (65), CR2-fH
(66) and CR2-CD59 (74). The different inhibitors provide a toolbox for investigating the
role and contribution of certain complement pathways and activation products in disease
processes; Crry inhibits all complement pathways at the C3 activation step, fH inhibits only
the alternative pathway, and CD59 inhibits generation of the terminal MAC, leaving the
ability to produce earlier complement activation products intact. Importantly, we have shown
that therapeutic doses of CR2-Crry do not interfere with systemic complement activity and
do not increase susceptibility to infection, unlike C3 deficiency (65). Also of note, the CR2
targeting vehicle can have independent activity. The CR2 moiety can serve as an antagonist
of CR3 receptor engagement on phagocytes, and thus inhibit the interaction between C3d
and CR3, which is involved in phagocytic cell activation (45). In addition, the CR2 moiety
of fusion proteins has been shown to modulate autoimmunity in a murine model of lupus,
presumably by interfering with the engagement of C3d with CR2 expressed on B cells which
has a costimulatory function (75).

Ruseva et al (76) recently reported a new, albeit similar, approach for complement activation
site-specific targeting of CD59. Their construct consisted of CD59 linked to CRIg
(complement receptor of 1g superfamily) via the hinge region of mouse 1gG2a, and they
demonstrated targeting of the construct to the brain following traumatic brain injury. The
CRIg moiety targets to C3b and iC3b, and the CD59 moiety inhibits generation of the MAC,
which provided protection from brain injury.

Other site-targeting strategies

Another approach that has been used to target complement inhibition to the brain after
ischemic stroke is the decoration of soluble complement receptor 1 (SCR1) with sialyl-Lewis
(sLeX) carbohydrate. The sLe* moieties on the sSCR1sLe* complex bind P and E-selectin,
adhesion molecules that are upregulated on the endothelium at sites of inflammation.
Characterization of sSCR1sLe* in a model of ischemic stroke is discussed below.

We recently developed a new targeting strategy for delivery of a complement inhibitor to
post-ischemic tissue. Single chain Abs (scFv) derived from IgM mADbs recognizing post-
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ischemic neoepitopes (see above) were linked to complement inhibitors, and one such
inhibitor, B4scFv-Crry, has been shown to specifically target to transplanted hearts and
significantly reduce graft inflammation and injury. Furthermore, unlike complement
deficiency, and similar to CR2-Crry, B4scFv-Crry did not affect immunity to infection (26).

The neoepitope recognized by B4 mAb and B4scFv is a modified form of annexin 1V, and
we have shown that this neoepitope, as well as a neoepitope recognized by an IgM mAb
designated C2 which recognizes a subset of phospholipids (25), are expressed in the post-
ischemic murine (25) and human (unpublished) brain. We are currently investigating B4 and
C2 scFv targeting strategies of targeted complement inhibition in models of ischemic stroke.
Neoepitope targeting has potential advantages over CR2 targeting approaches that include: i.
A contribution of the scFv vehicle to therapeutic activity by inhibiting binding of pathogenic
IgM and, as a consequence reduction in C1q and MBL binding, ii. Higher specificity for
injured tissue since CR2 has several other non-injury associated ligands (21), iii. Lower
immunosuppressive activity since unlike the CR2 target C3d, there will be an absence of
neoepitope expression on pathogenic surfaces and, iv. Unlike CR2, a scFv that targets
neoepitopes will not directly affect generation of its own ligand. Figure 4 outlines current
approaches to target complement inhibition.

Use of targeted C inhibitors in the context of stroke

Early studies using a site-targeted complement inhibitor in the context of cerebral IRI,
characterized the protective effects of SCR1-sLe* (see above) that binds to selectin-
expressing cells and inhibits both neutrophil migration and complement activation (73).
When administered prior to MCAO in mice, SCR1sLeX specifically localized to the cerebral
vasculature following ischemic stroke, and was significantly more effective at providing
protection than its untargeted counterpart, sSCR1 (77). However, SCR1sLe* failed to provide
neuroprotection following ischemic stroke in neonatal rats (78) and non-human primates
(79), and to our knowledge has not been developed further.

The only other site-targeted approach of complement inhibition applied to the treatment of
ischemic stroke is our CR2 targeting strategy, which is the focus of the remainder of this
review. It was shown that a single dose of CR2-Crry administered 60 min after MCAO and
30 min of reperfusion, resulted in a similar level of protection as C3 deficiency at 24 hrs.
post-stroke. CR2-Crry treatment was associated with a significant reduction in IgM and
complement deposition in the brain, lower levels of P-selectin, decreased formation of
microthrombi, and reduced neutrophil infiltration (48).

Subsequent studies demonstrated that CR2-fH, an alternative pathway specific inhibitor,
similarly provided protection in the acute phase after stroke, as did deficiency in fB, an
alternative pathway protein (42), implicating this pathway as an important mediator of stroke
pathogenesis. In this study, we also investigated the effects of combined C1q/MBL
deficiency and C6 deficiency on outcomes after stroke. C1g/MBL deficiency was highly
protective, supporting previous studies indicating an important role for the lectin pathway
(34, 38, 40, 80, 81), and consistent with IgM-mediated activation of complement (see
above). C6 deficiency had no effect on acute outcome after ischemic stroke, indicating that
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the MAC is not involved in mediating injury in the model used (60 min MCAQO, male
C57BL/6 mice). Of note, however, deficiency of CD59a, an inhibitor of MAC formation,
exacerbated injury in mice subjected to 30 min MCAO, indicating that the MAC may
contribute to injury in less severe settings (52).

Given the evidence for a role of complement in reparatory and homeostatic mechanisms
during stroke recovery, we further investigated how complement deficiency and targeted
complement inhibition influenced sub-acute outcome measures (47). We showed that
although C3 deficiency, CR2-Crry or CR2-fH treatment all had comparable protective
effects in the acute phase after stroke (24 hrs.), only CR2-fH provided sustained
neuroprotection into the subacute phase (7 days) (47). In fact, C3 deficient and CR2-Crry
treated animals showed a rebound increase in infarct volume at 7 days compared to 24 hrs.
Nevertheless, CR2-Crry was associated with a lower extent of cell death and microglial
activation compared to C3 deficiency, a finding that suggests transient inhibition of
complement by CR2-Crry induces an improved anti-inflammatory response compared to C3
deficiency. On the other hand, compared to C3 deficiency and CR2-Crry treatment, CR2-fH
treatment was associated with higher SVZ neurogenesis, more pronounced neuronal
migration, and enhanced cognitive outcomes at 7 days after stroke. Live animal fluorescence
tomography demonstrated that CR2-fH targeted specifically to the ischemic brain with a
tissue half-life of a little over 2 days (Fig 3).

To investigate a potential reason for this difference between CR2-Crry and CR2-fH
treatment, we assayed for C5a in brain homogenates 3 days after stroke, since the
anaphylatoxins have been implicated in promoting neurogenesis (60, 82). Although C5a
levels were significantly reduced in CR2-fH treated mice compared to PBS treated controls,
they were higher than in CR2-Crry treated mice, which had almost undetectable levels of
Cb5a. These data are consistent with the alternative pathway amplification loop being a major
contributor to post-stroke pathology, while inhibition of this pathway allows for residual
complement activation via the lectin and/or classical pathway that generates anaphylatoxins
for regenerative processes in the subacute phase. It is possible that low level deposition of
complement opsonins generated in the subacute phase via the lectin/classical pathway may
also play a role in recovery, for example via clearance of dead cells and debris or even
synaptic remodeling.

Complement-dependent neuroprotective mechanisms are not well understood, but studies on
cerebral IRI and neurodegenerative diseases have provided insight into potential
mechanisms involved in the protective effects of complement inhibitors (summarized in Fig.
5). In the acute phase after stroke, inhibition of complement opsonization is associated with
increased neuronal density and decreased cell death in the ischemic penumbra (47, 83, 84), a
finding that can potentially be explained by the inhibition of neuronal apoptosis and
phagocytic activity of CNS-resident and hematogenous phagocytes. In addition, inhibition of
either opsonins or anaphylatoxins using targeted complement inhibitors or a C3aR
antagonist is associated with a significant reduction in neutrophil and granulocyte infiltration
to the ischemic penumbra, and a reduction in microgliosis and astrogliosis, in both the acute
and sub-acute phases after ischemic stroke (42, 47, 77, 85). Collectively, these effects
explain the robust acute reduction in functional deficit after stroke with complement
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inhibition. However, we have also investigated the effects of acute complement inhibition on
subacute outcome measures, and found that acute inhibition with CR2-fH resulted in a
significant reduction in inflammatory cytokine levels, increased expression of neuronal
growth factors, and concurrent elevation of neuroblast adhesion molecules at 7 days after
stroke (47). Both TNF-alpha and C3d have been shown to inhibit neurogenesis after brain
injury (46), and taking the findings together, we hypothesize that the effect of complement
inhibition on recovery mechanisms is primarily through inhibition of inflammation which
releases a brake on recovery and growth-promoting processes (Fig. 5).

Concluding Remarks

Development and application of complement inhibitory strategies in the context of ischemic
stroke has not only led to the characterization of novel therapeutic candidates with
potentially better safety profiles than t-PA, but also has provided key insights into the
pathophysiological role of complement in promoting injury and recovery after stroke. From
a therapeutic standpoint, there is a requirement for additional and rigorous pre-clinical
characterization in multiple models. Also, it will be necessary to investigate complement
inhibition, and indeed any other neuroprotective strategy, in the context of t-PA therapy as a
standard of care. At a minimum, it will be necessary to show that there is no contraindication
for the combined use of complement inhibition and thrombolytic therapy. There are also
many important, yet unanswered questions concerning the role of complement in post-stroke
pathology. For example, how CNS-derived versus serum-derived complement contributes to
injury, how each complement activation product is involved in injury versus repair
mechanisms, whether and how complement is involved in neuronal circuit remodeling
during recovery, and whether targeting the inflamed endothelium during chronic stroke after
BBB repair will aid recovery.
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Figure 1. Overview of the complement system and complement regulators
In addition to extrinsic pathways that may contribute to complement activation through

serum proteases (plasmin and thrombin), complement is activated by one of three pathways:
1. The classical pathway, via C1q binding to Fc-domains of antigen-bound antibodies or
directly to apoptotic or stressed cells, 2. The lectin pathway, via binding of MBL to sugar
moieties on pathogenic surfaces and glycosylated proteins, and 3. The alternative pathway,
via spontaneous hydrolysis of serum complement C3 (“tick-over”) with the involvement of
factors B and D. Both classical and lectin pathway form a C3 convertase by cleaving C4 and
C2 to form C4b2a. The alternative pathway C3 convertase is formed by association of C3b
with factor B and subsequent cleavage of factor B by factor D forming C3bBb. The initial
products of C3 cleavage are C3b and C3a. Deposited C3b can further amplify C3 cleavage
by recruitment of the alternative pathway, and additionally serves as an opsonin that is
subsequently processed into iC3b and C3d. C3b can also associate with C3 convertase
(C4b2a or C3bBb), forming a C5 convertase that cleaves C5 into C5b and C5a. C3a and C5a
are termed anaphylatoxins and signal through G-protein coupled receptors. C5b deposits on
cell surfaces and recruits downstream complement proteins C6-C9 leading to the formation
of membrane attack complex (MAC). Several complement regulators that function at
different points in the complement pathway serve as checkpoints that prevent uncontrolled
complement activation (brown circles in the figure).
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Figure 2. Triggersand consequences of complement activation after stroke
Following stroke or cerebral ischemia-reperfusion injury, complement can be activated by

the direct binding of C1q and MBL to stressed cells, or via natural antibodies that recognize
danger-associated molecular patterns (DAMPS). Reperfusion and activation of serum
proteases like thrombin and plasmin can also provide an extrinsic mechanism to activate
complement after stroke. Following initial activation, complement activity is amplified by
the alternative pathway leading to deposition of opsonins, MAC and release of
anaphylatoxins, all of which are involved in injury and recovery after stroke. Signaling

Immunol Rev. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alawieh and Tomlinson Page 17

through C3aR and C5aR1 has been implicated in promoting expression of adhesion
molecules on endothelial surfaces, and to directly stimulate activation and migration of
neutrophils and monocytes/microglia. Complement anaphylatoxins have also been shown to
play a role in promoting neuronal stem cell proliferation and migration after stroke. C3d and
other complement opsonins can also serve as targets and activators for phagocytic cells, but
can also contribute to exacerbated loss of function after stroke by promoting synaptic and
neuronal uptake by microglia and other phagocytic cells. Through a similar mechanism,
complement opsonins can also beneficially assist with the clearance of apoptotic and dead
cells, the resolution of inflammation, and synaptic remodeling after stroke. Finally, although
several studies have shown MAC deposition in the brain after stroke, the role of MAC in
post-stroke injury and recovery is still not well understood.
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Ex-vivo imaging of brains
5 days after right MCAO

4 )
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Figure 3. Brain localization of targeted versus untargeted fH to ischemic brain
Adult male C57BL/6 mice were subjected to 60 min right MCAO followed by reperfusion,

and fluorescently labeled fH or CR2-fH were administered 30 min after reperfusion. In-vivo
fluorescence tomography was performed daily and the average signal per unit area in the
head was calculated. Figure shows localization of CR2-fH in brains of mice after ischemic
stroke with a calculated half-life of 48.5 hrs. The right panel shows ex-vivo imaging of
isolated brains at 5 days after injury, revealing the presence of CR2-fH specifically in the

ipsilateral hemisphere.
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Mechanism of action of different site-targeted complement inhibitors in the context of

ischemic stroke
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Figure 5. Pathophysiological responses after ischemic stroke and its modulation by targeted
inhibition of complement amplification

Inhibition of complement amplification reduces inflammation-associated neuropathology.
The reduced injury lessens the inhibitory effects of injury on regeneration, leading to

optimal recovery.
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