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Ischemic stroke is a leading cause of death and disability worldwide. A serious risk of acute ischemic stroke (AIS) arises after the stroke event, due to inflammation and edema formation. Inflammation and edema in the brain are mediated by bradykinin, the formation of which is dependent upon a multi-ligand receptor protein called gC1qR. There are currently no preventive treatments for the secondary damage of AIS produced by inflammation and edema. This review aims to summarize recent research regarding the role of gC1qR in bradykinin formation, its role in inflammation and edema following ischemic injury, and potential therapeutic approaches to preventing post-stroke inflammation and edema formation.
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1. Introduction

Despite advances in medicine and health care treatment and delivery, acute ischemic stroke (AIS) remains a leading cause of disability worldwide, with an estimated 795,000 strokes occurring every year in the US alone, 87% of which are ischemic (Tsao et al., 2022). Occlusion of the cerebral arteries that lead to AIS is accompanied by subsequent brain edema, which is mediated by bradykinin, suggesting that ischemic stroke is a thromboinflammatory disease. Furthermore, it has been established in preclinical models that gC1qR plays a central role in the assembly and formation of the biochemical pathway that leads to the generation of bradykinin and subsequent vascular leakage and associated inflammation (Fandaros et al., 2022).

Previous studies examining gC1qR have identified its presence in endothelial cells of the brain microvasculature and its role in the activation of the classical complement pathway (Yin et al., 2007). Although C1 inhibitors have been used as targeted therapies for edema formation following stroke (Weiss et al., 2020; Mercurio et al., 2021), the role gC1qR plays in edema formation post-stroke and its potential for being a therapeutic target have yet to be investigated. This paper aims to summarize recent research regarding gC1qR, particularly its role in bradykinin formation and, thus, a subsequent role in inflammation and edema development following ischemic stroke. We hope that with this review, we make a meaningful case that future research should investigate gC1qR as a potential therapeutic target in ameliorating post-stroke inflammation and edema formation.



2. gC1qR structure and its function in physiologic and pathophysiologic responses

gC1qR is a ubiquitously expressed, versatile binding protein that has been identified in multiple cellular compartments, including the mitochondrial matrix, cell surface, nucleus, and endoplasmic reticulum (Dembitzer et al., 2012). C1q, a complement component involved in the classical activation pathway, is a well-characterized binding partner of gC1qR, a receptor often described as a chaperone-like regulatory protein (Ghebrehiwet et al., 1994; Lynch et al., 1997; Rozanov et al., 2002). However, vitronectin (Lim et al., 1996), Factor XII, high molecular weight kininogen (HK) (Herwald et al., 1996), membrane type-1 metalloproteinase (MT1-MMP) (Rozanov et al., 2002), HIV Tat, and nuclear splicing factor 2 are ligands that also interact with this highly conserved protein and are involved in a diverse array of physiologic and pathophysiologic phenomena (Storz et al., 2000; Fogal et al., 2008; Fausther-Bovendo et al., 2010; Kim et al., 2011).

The structure of gC1qR is intimately connected to its functionality as a critical messenger in multiple signaling pathways. The 33 kDa protein is very acidic (pI = 4.15) and lacks traditional features of a cell surface receptor, such as a consensus motif for a transmembrane domain or a GPI anchor (Pednekar et al., 2016; Ghebrehiwet et al., 2019) gC1qR is composed of three monomers forming a trimer with a doughnut-shaped quaternary structure (Jiang et al., 1999). The receptor has seven anti-parallel β-strands filled by an N-terminal and two C-terminal α-helices, with an inner plasma-exposed surface highly negatively charged. In contrast, the membrane-facing outer ring is neutral or basic. The putative mechanism for cell-surface signaling via gC1qR involves the formation of associations with multiple transmembrane proteins and uses their respective signaling modalities to invoke specific functions (Fausther-Bovendo et al., 2010) gC1qR is unique in that it contains both ITAM and ITIM motifs, a rare structural consideration that reflects the binding protein’s dual ability to promote and inhibit cellular functions (Ghebrehiwet et al., 2019).

The involvement of gC1qR in the classical complement pathway is generally associated with its C1q binding activity. gC1qR is involved in classical pathway activation (Ghebrehiwet et al., 2006), through its interaction with the C1q subunit, which results in downstream generation of classical pathway products including C4d, C3b, and C5b-9 (Ghebrehiwet et al., 2006). This gC1qR-C1q-dependent activation of classical pathway products results in inflammatory peptide generation, cellular activation, and lysis (Fosbrink et al., 2005; Ghebrehiwet et al., 2006). More broadly, these complement-associated responses that stem from gC1qR-C1q binding form the basis of tissue destruction and cell death that are implicated in normal physiologic processes and the pathogenesis of inflammatory and infectious conditions.

Beyond complement activation, the intimate association of gC1qR with HK, bradykinin, and other peptides underlies normal physiologic responses, including vascular permeability and coagulation. The receptor protein has been implicated in coagulation through its association with thrombin and vitronectin (Lim et al., 1996; Pednekar et al., 2016). Binding of a vitronectin-thrombin-antithrombin complex to gC1qR, likely mediated through a specific gC1qR-vitronectin association, may form the basis of clearance of vitronectin-containing complexes in blood clots (Lim et al., 1996). C1q and gC1qR have been identified as mediators of dendritic cell development and may be involved in T-cell tolerance and anergy phenotypes (Kouser et al., 2015).

The localization of gC1qR in multiple cellular compartments and tissue types may explain its role in multiple pathophysiologic processes. gC1qR-positive cells generally localize to hypoxic or nutrient-deprived regions in tumor models, most notably in breast cancer, where the mitochondrial protein is overexpressed and located on the extracellular surface (Fogal et al., 2008; Song et al., 2019) gC1qR has also been implicated in atherosclerotic lesions, with a notable presence in activated macrophages (Peerschke et al., 2004; Song et al., 2019).

With respect to endothelial cell permeability, differential gC1qR expression is associated with shear stress in vessels due to blood flow (Yin et al., 2007; Fandaros et al., 2022) and may result in angioedema formation. gC1qR has also been implicated in bacterial and viral pathogenesis (Peerschke and Ghebrehiwet, 2007). Cell surface gC1qR is involved with Listeria monocytogenes virulence factor InlB, an activator of receptor tyrosine kinase Met (c-Met) that promotes bacterial dissemination (Braun et al., 2000; Shen et al., 2000; Peerschke and Ghebrehiwet, 2007). Inhibition of gC1qR-InlB binding has been shown to reduce L. monocytogenes invasion in a dose-dependent manner (Peerschke and Ghebrehiwet, 2007). In viral pathogenesis, gC1qR and its association with the Hepatitis C virus (HCV) core protein may induce T-cell suppression and result in a persistent infection (Yao et al., 2003).



3. Role of gC1qR in bradykinin formation and inflammatory disease

Besides binding the globular heads of C1q in the classical complement system, gC1qR also plays an integral part in the bradykinin formation. There are two general pathways for bradykinin formation (Kaplan et al., 2002). The one which involves gC1qR, the kinin-kallikrein pathway, will be the focus of this review.

The three major proteins in the kinin-kallikrein pathway are coagulation factor XII, prekallikrein (PK), and HK. Two bimolecular complexes–gC1qR-CK1 and uPAR-CK1–are organized on the endothelial cell surface and enable interactions among the proteins of the kinin-kallikrein pathway (Joseph et al., 2004). Factor XII is the initiating protein, and it attaches to uPAR-CK-1. PK is bound to HK, which is bound to the gC1qR component of the gC1qR-CK1 complex (Figure 1; Herwald et al., 1996).


[image: image]

FIGURE 1
Kinin-kallikrein pathway leading to bradykinin formation.


Once Factor XII is bound to uPAR-CK-1, the kinin-kallikrein pathway auto-activation of factor XII to factor XIIa begins. Factor XIIa catalyzes two reactions: factor XI to factor XIa and PK to kallikrein. Factor XIa continues to initiate the intrinsic coagulation pathway. Kallikrein catalyzes the digestion of HK to form bradykinin. Bradykinin acts on bradykinin 1 and 2 receptors, inducing vasodilation and inflammatory responses. Kallikrein catalyzes further activation of factor XII to factor XIIa, exerting a positive feedback effect. Like bradykinin, kallikrein also has inflammatory properties, acting as a chemoattractant for neutrophils and monocytes, causing neutrophil aggregation and secretion of elastase, and activating factor B of the alternative complement pathway (Kaplan et al., 2002).

Given the crucial mediating role of gC1qR in the assembly of the kinin-kallikrein system, it is clear that gC1qR plays a role in bradykinin formation and inflammatory disease.



4. Involvement of gC1qR in brain edema development and other neurological disorders

Although the direct effect of gC1qR in post-ischemic brain edema has not been studied, it can be considered through studies of bradykinin.

Bradykinin is a potent vasodilator and pro-inflammatory agent in the body, produced in response to tissue injury. In the brain, bradykinin is linked with brain edema. In a study involving patients with traumatic brain injury and ischemic stroke, bradykinin levels in cerebrospinal fluid (CSF) samples were greater in the patient group than in the control group (Kunz et al., 2013). Additionally, CSF bradykinin concentration was positively associated with the extent of brain edema formation. Consequently, the role of gC1qR in bradykinin formation suggests that gC1qR may be indirectly involved in the development of post-ischemic brain edema.

The role of bradykinin in brain edema is elucidated by considering its functioning at the cellular level. Bradykinin binds to bradykinin one and bradykinin two receptors (B1R and B2R, respectively), leading to increased intracellular calcium release. Subsequently, claudin-5, a tight junction protein responsible for the integrity of the blood-brain barrier (BBB), is downregulated. As macromolecules enter the BBB, brain edema results (Gauberti et al., 2018).

Apart from affecting the BBB, bradykinin also contributes to brain edema by triggering pro-inflammatory signals in the cerebral circulation. Bradykinin promotes leukocyte rolling on the brain endothelium, induces mast cell and cyclo-oxygenase activation, and increases reactive oxygen species production in pial arterioles (Brian et al., 2001). The binding of bradykinin to B1R and B2R also attracts microglial cells to infarcted areas (Gauberti et al., 2018).

Of note, there remains controversy over the effects of bradykinin on its receptors. Some studies suggest B2R deficiency is protective against post-ischemic edema in the brain (Zausinger et al., 2002; Gröger et al., 2005; Su et al., 2009) while others report it has no effect or even exacerbates secondary brain injury after cerebral ischemia (Xia et al., 2006; Austinat et al., 2009). There also exists contradictory information on B1R. However, data regarding B1R are more homogeneous, and there is general agreement on its contribution to brain inflammation (Gauberti et al., 2018). To clarify the impact of bradykinin on post-ischemic brain edema, further investigation of B1R and B2R activity is needed. By considering the role of gC1qR in bradykinin formation and the actions of bradykinin in the brain, we highlight gC1qR as a potential target against post-ischemic brain edema, providing a more comprehensive understanding of the complex interplay between gC1qR and bradykinin signaling in this context.

The multifaceted roles of gC1qR in inflammation and edema, as well as its involvement in various signaling pathways, warrant further exploration in the context of neurological disease processes. Recent basic science studies have begun to elucidate the potential connections between gC1qR and neurological disorders such as Alzheimer’s disease. Alzheimer’s disease (AD) is characterized by chronic neuroinflammation, and recent findings suggest that gC1qR may play a role in this process through its association with the complement system and the complement systems association with AD. For example. Fonseca et al. (2009) observed complement activation in brains of a murine AD model, with the presence of complement proteins such as C1q, C3, and C4 in senile plaques and neurofibrillary tangles, which are hallmark features of the disease. Moreover, C1q, which binds to gC1qR, has been shown to bind to amyloid-beta (AB) peptide, which is a major component of the senile plaques in AD, and the binding of C1q to AB may trigger the complement cascade, resulting in inflammation and synaptic loss (Rogers et al., 1992; Hong et al., 2016). Although these findings do not directly implicate gC1qR in AD, they highlight the possible role of the complement system, including gC1qR-associated pathways, in the pathogenesis of the disease. Further research is needed to elucidate the specific role of gC1qR in AD and its potential as a therapeutic target.

In summary, both basic science and clinical studies have begun to uncover the connections between gC1qR’s role in inflammation and edema and the pathophysiology of various neurological diseases. Further research is needed to validate these findings and determine the therapeutic potential of targeting gC1qR in the context of neurological disorders.



5. Targeting gC1qR for therapy against post-stroke inflammation and brain edema

Targeting gC1qR as an approach to AIS management is an emergent area of interest based on the receptor’s proposed role in the pathogenesis of post-stroke inflammation. Given the high mortality rate of up to 80% associated with cerebral edema following AIS (Hacke et al., 1996; Berrouschot et al., 1998), novel complement-directed mechanisms of action are critical to multimodal treatment in the post-stroke setting. Multiple non-selective medical therapies, including osmotherapeutics, anesthetics, sedative agents, steroids, and induced hypothermia, have shown varying efficacy and safety in managing cerebral edema following stroke (Halstead and Geocadin, 2019).

In contrast to non-selective therapies, novel targeted therapeutics modulate components of cell-cell signaling pathways implicated in cerebral edema, including Sur1-Trpm4 channel inhibitors, vascular endothelial growth factor-related drugs, ion channel inhibitors, aquaporin blockade agents, and microRNAs (Halstead and Geocadin, 2019; Yao et al., 2020) gC1qR inhibition is a unique mechanism of action as it may attenuate pathologic inflammatory cascades by simultaneously mediating multiple pathways that contribute to cerebral edema. It has demonstrated promising results in pre-clinical models.

The specific interactions of therapeutic interest in the context of cerebral edema following AIS include the association of gC1qR with HK and gC1q. The gC1q-gC1qR interaction is mediated largely by the globular head A domain and less so by the globular heads B and C of the gC1q ligand (Ghebrehiwet et al., 2019). Concerning the receptor, the primary binding site of gC1q is located on residues 76–93, which is exposed on the plasma-facing side of the receptor (Ghebrehiwet et al., 2002). In terms of the HK-gC1qR relationship, a critical association that mediates inflammation and vascular permeability, structure-function studies involving gC1qR deletion mutants demonstrated that domains 190–202 and 204–218 on the receptor are involved in an HK binding pocket (Ghebrehiwet et al., 2011) that represents a prospective therapeutic target for post-AIS cerebral edema. Ghebrehiwet et al. (2011) also noted that the deletion of residues 154–162 of the gC1qR receptor and a single point mutation W233G significantly reduced bradykinin generation in vitro. This finding suggests that interactions outside of primary HK binding sites modulate the downstream generation of bradykinin. This potent pro-inflammatory peptide has been implicated in cerebral edema in AIS.

Monoclonal antibodies and peptide-based therapeutic approaches have been proposed in cancer therapy, infection, and general inflammation. The binding of HK to gC1qR is inhibited by monoclonal antibody (mAb) 74.5.2, directed against amino acids 204–218 of gC1qR, a site associated with the binding pocket for HK (Ghebrehiwet et al., 2011). Another HK binding site has been identified and confirmed at residues 190–202 (Ghebrehiwet et al., 2013), which was effectively blocked with mAbs 48 and 83 that were specific for this domain. A study focused on gC1qR-directed mAb therapy for mesothelioma indicated that mAb 60.11, directed against amino acids 76–93 of the C1q binding domain, significantly reduced tumor growth and aberrant angiogenesis in vivo. In contrast, mAb 74.5.2 had no effect (Peerschke et al., 2020). When administered together, mAbs 74.5.2 and 60.11 were associated with a significant reduction in S. aureus colonization of aortic valves, kidneys, and the spleen compared to untreated controls in a rat infective endocarditis model, suggesting that combination mAb therapy may be a viable approach (Peerschke et al., 2006). The authors suggest that gC1qR blockade with these two mAbs may modulate different functions of the receptor, with mAb 60.11 mediating direct complement activation and mAb 74.5.2 inhibiting the kinin/kallikrein system (Joseph et al., 1999; Peerschke et al., 2006). Given the synergistic roles of increased complement activity and kinin/kallikrein system activation in cerebral edema, these findings suggest that gC1qR targeting should be domain-specific to mediate these distinct proinflammatory pathways implicated in AIS.

Peptide-based approaches are of interest given some concerns surrounding mAb uptake and blood-brain barrier (BBB) permeability that are relevant for cerebral edema management. Domain 5 of HK, rich in histidine and arginine residues, contains a gC1qR interaction site along with HKH-20, a 20-amino acid peptide that is shown to mediate the interaction of HK with endothelial cells (Ghebrehiwet et al., 2013, 2019). Ghebrehiwet et al. (2019) provide evidence that a synthetic peptide directed to HKH-20 can inhibit HK-gC1qR binding in vitro, with the histidine residues critical for this interaction. There are unique considerations for gC1qR-directed peptide therapy for the CNS. The disulfide bonds in LyP-1, a tumor-homing peptide with gC1qR as its receptor, provide evidence of drug delivery challenges to the CNS. The disulfide linkages of LyP-1 are cleaved in the brain, hindering the targeting of glioma and metastatic brain tumors (Bickel et al., 1995). Further investigation into targeted peptide approaches for cerebral edema in AIS is essential and may help circumvent the current roadblocks to the therapeutic delivery of bulkier mAb-based alternatives.

Targeting ligands associated with nanoparticles represent a novel gC1qR-directed strategy that has been studied in the context of cancer treatment (Paasonen et al., 2016), using a mouse model of MCF10Ca1A breast tumor cells, identified a low molecular weight molecule with affinity for a tumor-homing binding site on gC1qR and attached it to an iron oxide nanoparticle. The resulting paramagnetic nanoparticles demonstrated robust homing to vasculature in MCF10Ca1A tumors in vivo compared to nanoparticles functionalized with a control peptide (Yenugonda et al., 2017) highlight the critical delivery challenges concerning the CNS; mAb and peptide-based therapies, the focus of many studies, do not readily cross the BBB, which poses a challenge to the treatment of AIS. Using a pharmacophore model for C1q and LyP-1, the authors identified a small molecule, M36, that could directly bind to gC1qR and inhibit glioma cell proliferation in culture. This approach provides in vitro evidence that a small molecule, instead of a peptide, may serve as the gC1qR homing molecule when associated with a nanoparticle (Yenugonda et al., 2017). A small molecule-based nanoparticle approach may be better suited to CNS delivery when compared to a larger peptide-homing agent when accounting for BBB permeability. For cerebral edema and drug delivery to the CNS, nanoparticles could avoid issues of proteolytic degradation, short-half life, and high volume of distribution associated with peptide-based drugs (Salameh and Banks, 2014), which limit delivery to the affected ischemic tissue.

gC1qR-directed therapy offers a novel mechanism of action that addresses the role of aberrant complement activation and generation of neuroinflammatory peptides in stroke pathogenesis. Complement inhibition has been shown to reduce the generation of downstream complement components such as C5a and attenuates pathologic microglial activation in stroke (Alawieh et al., 2018; Garred et al., 2021). Targeted therapy that inhibits the interaction between HK and gC1qR, such as the 74.5.2 mAb, has attenuated bradykinin-associated permeability changes in endothelial cells (Fandaros et al., 2022), a promising finding that offers a potential therapeutic target for post-stroke edema management.

Complement-directed therapies, particularly of early cascade components, can reduce downstream proinflammatory mediators and minimize inappropriate opsonization of cells that is associated with cell damage and impaired neuronal function (Garred et al., 2021). In contrast, existing non-targeted therapeutics for cerebral edema in AIS, such as hyperosmolar agents (e.g., mannitol, hypertonic saline) and induced hypothermia, rely on various mechanisms of action that operate substantially downstream from the inflammatory precedents of cerebral edema generation, such as osmotic gradient manipulation and metabolic demand reduction, to alleviate edema accumulation (Halstead and Geocadin, 2019). Targeted upstream approaches, including gC1qR-directed therapeutics, may be preferred due to direct attenuation of molecular signaling pathways (Fandaros et al., 2022) that underlie the vascular changes and proinflammatory factors that drive edema generation in AIS. Future investigations that explore gC1qR-directed therapies in the context of AIS will draw upon these established modalities and binding sites that have proven to be relevant to gC1qR and its role in generalized inflammation, vascular permeability, cancer, and infection.



6. Conclusion

We report the importance of gC1qR as a mediator of bradykinin formation, and consequently, a key receptor in inflammation and cerebral edema formation. We discuss in detail the involvement of gC1qR in the kinin-kallikrein bradykinin pathway, the role of bradykinin in edema following stroke, and important structure-function studies outlining the importance of gC1qR. We highlight the importance of mutation and monoclonal antibody studies against gC1qR that alter disease progression in animal models. Researchers focused on different conditions and different gC1qR-therapy modalities; however, gC1qR inhibition consistently was shown to ameliorate disease through anti-inflammatory mechanisms. Studies highlighted in this review suggest the potential viability of targeted gC1qR therapy through the attenuation of pathological inflammatory cascades. However, the direct application of targeted gC1qR inhibition on inflammation and edema formation following AIS remains to be evaluated. We suggest future studies optimize drug delivery through the BBB and assess the efficacy of gC1qR inhibition in an established AIS model.
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