

[image: image1]
Pneumococcal Encounter With the Blood–Brain Barrier Endothelium












	
	MINI REVIEW
published: 03 November 2020
doi: 10.3389/fcimb.2020.590682






[image: image2]

Pneumococcal Encounter With the Blood–Brain Barrier Endothelium

Anjali Anil and Anirban Banerjee*

Department of Biosciences and Bioengineering, Indian Institute of Technology Bombay, Mumbai, India

Edited by:
Federico Iovino, Karolinska Institutet (KI), Sweden

Reviewed by:
Marco Rinaldo Oggioni, University of Leicester, United Kingdom
 Mathieu Coureuil, Institut National de la Santé et de la Recherche Médicale (INSERM), France

*Correspondence: Anirban Banerjee, abanerjee@iitb.ac.in

Specialty section: This article was submitted to Bacteria and Host, a section of the journal Frontiers in Cellular and Infection Microbiology

Received: 02 August 2020
 Accepted: 22 September 2020
 Published: 03 November 2020

Citation: Anil A and Banerjee A (2020) Pneumococcal Encounter With the Blood–Brain Barrier Endothelium. Front. Cell. Infect. Microbiol. 10:590682. doi: 10.3389/fcimb.2020.590682



Meningitis, the inflammation of the protective membrane surrounding the brain and spinal cord (known as meninges), is a condition associated with high mortality rates and permanent neurological sequelae in a significant proportion of survivors. The opportunistic pathogen Streptococcus pneumoniae (SPN/pneumococcus) is the leading cause of bacterial meningitis in adults and older children. Following infection of the lower respiratory tract and subsequent bloodstream invasion, SPN breaches the blood–brain barrier endothelium for invasion of the central nervous system. Transcytosis, a mode of passage through the endothelial cells has been identified as the predominant route of pneumococcal blood–brain barrier trafficking. Herein, we review the interactions enabling SPN invasion into the brain endothelial cells, events involved in the tug-of-war between pneumococcal virulence factors and host intracellular defense machineries and pneumococcal strategies for evasion of host defenses and successful transendothelial trafficking.
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INTRODUCTION

The central nervous system (CNS) consists primarily of the brain, the control center of the body, and the spinal cord, enveloped in meninges and protected by the skull and vertebrae, respectively. The meninges is a membranous covering of connective tissue whose primary function is to shield the brain and spinal cord from trauma. It is composed of 3 layers: outermost dura matter, arachnoid, and the inner pia matter. The space between the arachnoid and pia matter is called the subarachnoid space and houses the cerebrospinal fluid and major vasculature. Acute inflammation of the meninges, a condition known as meningitis, is triggered by certain infections, autoimmune disorders, cancer, and drugs and is associated with a high mortality rate and long-term neurological sequelae in survivors (Collaborators, 2018). Streptococcus pneumoniae, Neisseria meningitidis, and Hemophilus influenzae are the major etiological agents of bacterial meningitis in adults and older children, and group B streptococcus is responsible for most cases in neonates (Oordt-Speets et al., 2018). Streptococcus pneumoniae (SPN/pneumococcus), a commensal resident of the human nasopharynx and an opportunistic pathogen, causes meningitis following bloodstream invasion from the lower respiratory tract and high-grade bacteremia (Mook-Kanamori et al., 2011). Although a spread of infection directly from the middle ear (following otitis media) to the brain has been reported (Marra and Brigham, 2001), SPN predominantly adopts the hematogenous route and breaches the blood–brain barrier (BBB) for invasion of the CNS.

The BBB is constituted by brain microvascular endothelial cells (BMECs), which form the wall of the blood capillaries, maintained by support from the basement membrane, astrocytes, and pericytes and helps to maintain homeostasis of the CNS. The BBB endothelium is characterized by the presence of tight junctions and low pinocytosis/transcytosis ability. The tight junctions composed of claudins (specifically, claudin-3, −5, and −12), occludins and junction adhesion molecules are present toward the apical (luminal) side of the barrier and, along with the adherens junctions, contributes to the high transendothelial electrical resistance and dictates polarity to the BBB endothelium (Sandoval and Witt, 2008; Luissint et al., 2012). These features, along with the asymmetric distribution of efflux and nutrient transporters across the polarized endothelial membrane, enable it to strictly control the transport of blood-borne molecules into the brain and guard the latter from harmful materials present in the circulatory system (Daneman and Prat, 2015). Meningeal pathogens, however, have been shown to breach the BBB by (a) paracytosis: traversal via the intercellular space, (b) transcytosis: intracellular trafficking through the endothelial cells, or (c) Trojan horse mechanism: utilizing infected phagocytes as vehicles (Doran et al., 2013). Apart from these strategies, recognition of pathogen-associated molecular patterns (PAMPs) by host pattern recognition receptors (PRRs) following microbial invasion and replication in the brain elicits an overwhelming inflammatory response. Ensuing leukocyte recruitment along with the combined cytotoxicity of microbial toxins and reactive oxygen/nitrogen species generated by the immune cells lead to BBB disruption, which additionally fosters pathogen infiltration into the brain.

Events involved in the interaction of SPN with the BBB leading to meningitis is studied in detail by Iovino et al. (2013) using a clinical meningitis isolate TIGR4 (serotype 4) in a mouse model of bacteremia-derived meningitis. Subarachnoid vessels were identified as the primary contact site of SPN with the brain (at 1 h post-infection), which later spread to the cerebral cortex, septum, and eventually, to choroid plexus (by 8 h post-infection). Early in the course of infection, SPN were found tightly attached to the BBB endothelium; however, these numbers reduce with time with a concomitant increase in the number of SPN present in the brain tissue, suggesting pneumococcal translocation across the BBB. Interestingly, the junctions between the endothelial cells in the subarachnoid space and choroid plexus were found to be intact during the course of infection, suggesting that SPN predominantly adopts the transcytosis route for crossing the BBB, especially in the early stages of infection. Indeed, a follow-up study confirmed the presence of SPN inside the BMECs in vivo (Iovino et al., 2014). In this review, we summarize the molecular events involved in pneumococcal interaction with the BMECs, facilitating its trafficking across the BBB.


Adherence and Invasion

The first step in the interaction of blood-borne SPN with brain endothelium is adherence/attachment to BMECs. Multiple interactions between pneumococcal surface proteins and the brain endothelial cell receptors are known to facilitate this (Figure 1); some of these interactions are common across different cell types. Additionally, some of the receptors can bind to multiple ligands on the SPN surface and vice versa. The laminin receptor on the BMECs serve as a common receptor for the attachment of a wide array of meningeal/neurotropic agents (Orihuela et al., 2009). SPN interacts with the laminin receptor via PspC (also called CbpA), a member of the family of choline-binding proteins, which anchor to phosphoryl choline on the SPN cell wall (Orihuela et al., 2009). PspC additionally facilitates SPN adhesion to brain endothelium via its interaction with the human polymeric immunoglobulin receptor (hpIgR) (Iovino et al., 2017). hpIgR, along with the platelet endothelial cell adhesion molecule (PECAM-1), facilitate binding of SPN via the pneumococcal pilus-1 adhesin RrgA (Iovino et al., 2017). Enolase, the pneumococcal glycolytic enzyme is a moonlighting protein that gets secreted via an unknown mechanism (Bergmann et al., 2001). The surface-displayed enolase acts as a receptor to host cell surface-bound plasminogen, promoting SPN adherence to BMECs (Bergmann et al., 2013). A recent study that utilized a proteomics-bioinformatics approach to identify SPN cell wall ligands that mediate adherence to BMECs revealed 5 putative candidates: adhesion lipoprotein, pneumococcal histidine triad protein A (PhtA), endo-β-N-acetylglucosaminidase, and two hypothetical proteins: Spr0777 and Spr1730 (Jimenez-Munguia et al., 2018). Their respective interacting partners on the endothelium, however, remains to be investigated.
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FIGURE 1. Major interactions facilitating SPN adhesion to BMECs. Major interactions between SPN ligands and host cell receptors that enable adhesion of blood-borne SPN to BMECs are depicted. These involve but are not limited to phosphoryl choline–platelet activating factor receptor, PspC (CbpA)–laminin receptor, PspC–human polymeric immunoglobulin receptor, RrgA (component of pneumococcal pili)–human polymeric immunoglobulin receptor, RrgA–platelet endothelial cell adhesion molecule 1, and enolase–plasminogen interactions.


Following adherence, SPN internalize into (invade) endothelial cells via the endocytic pathway. Endocytosis is a eukaryotic cellular process designed for uptake of nutrients from the extracellular milieu but is exploited by microbes to gain entry into host cells (Cossart and Helenius, 2014). SPN have been shown to enter the BMECs via multiple endocytic routes, specifically clathrin- and caveolae-mediated pathways (Gradstedt et al., 2013). The former is characterized by the formation of clathrin coats on the vesicles budding off from the plasma membrane, and the latter is distinguished by the presence of caveolin and formation of flask-shaped invagination at cholesterol-rich domains of the plasma membrane (lipid rafts). Both of these are classified under dynamin-dependent pathways, which utilize the GTPase dynamin for the scission of vesicles from the plasma membrane. Recent findings from our lab additionally demonstrate a role of dynamin-independent pathways in facilitating SPN entry into BMECs (Surve et al., 2020).

One of the earliest identified SPN–host cell interactions is the binding of phosphoryl choline (PCho) present on SPN cell walls to the platelet-activating factor receptor (PAFR) on epithelial and endothelial cells (Cundell et al., 1995). This molecular mimicry of platelet-activating factor by PCho for binding to PAFR is also demonstrated by other respiratory/meningeal pathogens, such as Neisseria meningitidis and Hemophilus influenzae (Swords et al., 2001; Jen et al., 2013). PCho-PAFR interaction not only fosters SPN adherence to host cells, but also internalization via the clathrin-dependent endocytosis involving the adapter molecule β-arrestin 1 (Radin et al., 2005). Inflammatory activation of BMECs upon treatment with tumor necrosis factor (TNF-α) is demonstrated to remarkably improve SPN invasion via upregulation of PAFR expression (Cundell et al., 1995). Additionally, the transparent phase variants of SPN that harbor more PCho on the surface invades BMECs significantly better than the opaque phase variants (Ring et al., 1998). Neuraminidase A (NanA) is a surface-attached exoglycosidase that removes terminal sialic acid from glycoconjugates, in turn, serving diverse purposes, such as nutrient acquisition, unmasking host receptors for attachment, disabling host components involved in bacterial clearance, etc. (King et al., 2006). Additionally, NanA has been demonstrated to induce inflammatory activation of BMECs in a sialidase-independent, laminin G–like lectin binding domain-dependent manner, enabling improved invasion of BMECs (Banerjee et al., 2010). Although ligand-receptor interaction facilitating SPN uptake into BMECs via a caveolae-dependent pathway has not been identified, the PspC-hpIgR interaction is shown to mediate SPN internalization via both clathrin- and caveolae-dependent endocytosis in epithelial cells (Asmat et al., 2014).

The polysaccharide capsule of SPN is an antiphagocytic factor that provides an advantage during bloodstream invasion by enabling it to escape complement-mediated opsonophagocytosis (Hyams et al., 2010). Presence of the capsule, however, poses a problem during SPN interaction with non-phagocytic cells and is shown to impede invasion of BMECs (Ring et al., 1998). To overcome this, SPN downregulate expression of the capsule during interaction with epithelial cells both in vitro and in vivo, enabled by the controlled activity of cell wall amidase LytA (Hammerschmidt et al., 2005; Kietzman et al., 2016). However, preliminary studies that compare the association of SPN with BBB endothelium using antipneumococcal serum and an antibody against the polysaccharide capsule reveal no difference, suggesting that the capsule is likely maintained during pneumococcal interaction with BMECs (Iovino et al., 2013).

Candidate combox site 4 (ccs4) is a competence-induced protein that has been implicated in facilitating SPN association and invasion of BMECs although the details of this interaction remain to be investigated (Hirose et al., 2018). With a plethora of SPN factors working in concert to aid SPN invasion of the CNS, a member of the family of paralogous zinc metalloproteases, ZmpC, has been demonstrated to impede BMEC invasion (Yamaguchi et al., 2017). This counterintuitive function of ZmpC is thought to be an evolutionary adaptation in SPN, aimed at attenuating virulence in order to minimize host mortality, in turn, enabling prolonged infection and replication within the host (Yamaguchi et al., 2017).



Intracellular Fate

Transmission electron microscopy analysis of infected BMECs reveals that SPN resides within intracellular vacuoles (Ring et al., 1998). The endocytic vacuole formed following fission of the plasma membrane undergoes a maturation process (from early to late endosome), acquiring different protein (Rab GTPases and effectors) and lipid markers (phosphoinositides) and eventually fuses with lysosomes resulting in the degradation of the cargo that they carry (Huotari and Helenius, 2011). Endosomal maturation is also accompanied by progressive acidification of the vacuolar lumen, which is critical for the optimum activity of lysosomal hydrolases. A major fraction of SPN internalized into BMECs following PCho-PAFR interaction associated initially with Rab5 or EEA1 (markers of the early endosome) and later with Rab7 or LAMP-1 (markers of late endosome or lysosome), suggesting that they proceed toward lysosomal degradation (Radin et al., 2005). Indeed, treatment of BMECs with ammonium chloride (NH4Cl) or chloroquine, which inhibit lysosome acidification, results in improved intracellular survival of SPN (Gradstedt et al., 2013). Inhibition of lysosomes also correlates with improved ability of SPN to transcytose across the BMECs in an in vitro transcytosis assay (Gradstedt et al., 2013). On the other hand, overexpression of β-arrestin 1, the protein involved in PAFR-mediated uptake of SPN, is found to reduce colocalization of SPN containing vacuoles with Rab7, suggesting its role in shunting of the vacuoles away from lysosomal degradation (Radin et al., 2005). The recently identified dynamin-independent pathway of pneumococcal internalization is also found to prevent targeting of SPN containing vacuoles to lysosomes (Surve et al., 2020).

Apart from the endocytic pathway, few other cellular homeostasis pathways also function as defense machineries against intracellular microbes; examples of these include autophagy and ubiquitin-proteasome machineries, which normally function to degrade aged organelles and damaged/misfolded proteins. A recent study reveals that SPN interacts with these pathways inside BMECs in a manner dependent on the expression of its pore-forming toxin pneumolysin (Surve et al., 2018). Pneumolysin (Ply) belongs to the family of cholesterol-dependent cytolysins (CDCs) and forms pores on eukaryotic membranes by a 3-step process consisting of (a) monomer binding to membrane cholesterol, (b) oligomerization to form a pre-pore structure, and (c) pre-pore to pore transition (Tilley et al., 2005). Surve et al. (2018) demonstrate that Ply expressed by SPN within BMEC vacuoles creates pores and ruptures the vacuolar membrane. This damage is sensed by the host cytosolic “eat me” signal galectin-8 (Gal8), which then binds to exposed glycans on the luminal side of ruptured vacuoles and interacts with the adapter molecule NDP52 to trigger antibacterial autophagy (xenophagy). Induction of autophagy results in enveloping of damaged SPN containing vacuoles in double membrane bound structures (autophagosomes) decorated with LC3B for fusion with lysosomes. Treatment with 3-methyl adenine, an autophagy inhibitor, improved the intracellular survival of SPN confirming the role of autophagy in SPN killing within BMECs (Surve et al., 2018). Interestingly, a subset of SPN is observed to reside within non-acidified autophagosomes for a prolonged period of time; however, the factors governing this phenotype remain elusive (Surve et al., 2018). In this context, CbpC (a choline-binding protein) released by SPN is shown to interact with and direct Atg14 (an autophagy-related protein) toward autophagic degradation in epithelial cells and fibroblasts, thus utilizing Atg14 depletion as a strategy to subvert xenophagic killing of intracellular SPN (Shizukuishi et al., 2020). Furthermore, excessive damage to the vacuolar membrane by Ply pores allows exit of SPN from the vacuole into the cytosol. Although cytosolic escape is advantageous for certain pathogens, such as Listeria monocytogenes, and facilitates cell-to-cell spread (Schnupf and Portnoy, 2007), cytosolic SPN is found to be recognized and tagged by host ubiquitin (Ubq) machinery for degradation either via autophagy or an autophagy-independent, proteasome-dependent pathway (Surve et al., 2018). Recent studies exploring the molecular details of SPN ubiquitination inside epithelial cells reveals that cytosolic SPN and vacuolar membrane remnants are tagged with the K48-type Ubq chains for autophagic degradation while SPN-containing autophagosomes harbor the K63-type Ubq chains, formed by the action of Nedd4-1 E3 ligase (Ogawa et al., 2018). Additionally, SPN is also shown to associate with the proteasome inside BMECs in vivo (Iovino et al., 2014), and proteasome inhibition by treatment with MG132 improves SPN intracellular survival (Iovino et al., 2014; Surve et al., 2018).

Studies by Surve et al. (2018) further illustrate the simultaneous existence of 6 different subsets of SPN within BMECs, each characterized by their association with a different combination of degradative pathway markers (Gal8, Ubq, and LC3). These intracellular subsets are found to arise as a consequence of heterogeneous expression of Ply among the individual cells of an isogenic SPN population (Surve et al., 2018). SPN expressing a low amount of Ply (SPN:Ply-low) are found to be predominantly confined to the vacuole while those expressing a high amount of Ply (SPN:Ply-high) are mostly cytosolic with the former demonstrating improved intracellular survival compared to the latter (Surve et al., 2018). SPN:Ply-high, owing to extensive damage to vacuolar membrane became cytosol exposed where they were detected by host ubiquitin machinery and subjected to clearance (Surve et al., 2018). SPN:Ply-low also occupied a unique vacuole, devoid of Gal8 and Ubq but positive for LC3. These Gal8−Ubq−LC3+ vacuoles are speculated to originate as a result of formation of small ion-channel-sized pores on the vacuolar membrane (by action of low amount of Ply), causing osmotic imbalance and, in turn, recruiting LC3 independent of conventional autophagy markers (a form of non-canonical autophagy) (Florey et al., 2015; Surve et al., 2018). A similar, Ply-dependent formation of non-canonical, LC3-associated phagosome (LAP)-like vacuoles harboring SPN has also been observed in epithelial cells and were found to serve as a precursor to the formation of canonical SPN containing autophagosomes (Ogawa et al., 2020). The improved ability of SPN:Ply-low to survive inside BMECs are also reflected in their ability to transcytose across the BBB and invade the brain in a mouse model of meningitis (Surve et al., 2018). Consistent with these findings, clinical meningitis isolates TIGR4 (serotype 4) and Tupelo (serotype 14) were found to consist of low numbers of Ply producers in comparison to a sepsis strain D39 (serotype 2) or a colonizer strain A60 (serotype 19F) (Surve et al., 2018).



Recycling and Transcytosis

Although a major fraction of SPN get killed by the machineries inside the host cell, a subset successfully evade the intracellular defenses and transcytose across the endothelium for invasion of the brain, resulting in uncontrolled bacterial replication and development of meningitis. Another fraction was found to recycle out of apical side of the endothelium in vacuoles decorated with Rab11 (marker of recycling endosome) (Radin et al., 2005). This population, which recycles back into the bloodstream, is thought to serve as a reservoir for infection, temporarily hidden from the host intracellular defenses (Ring et al., 1998).

The opaque and transparent phase variants demonstrate a clear distinction in their intracellular fates. The opaque variants are mostly killed within the BMECs while the transparent variants undergo transcytosis (Ring et al., 1998). A fraction of transparent variants also recycle back to the apical surface (Ring et al., 1998). PAFR-mediated invasion and association of β-arrestin 1 with SPN containing vacuoles is suggested to play a role in this by reducing its association with Rab7 and skewing SPN fate toward transcytosis away from lysosomal killing or recycling (Ring et al., 1998; Radin et al., 2005). There exists another school of thought according to which transcytosis across endothelial cells is mediated by caveolae-dependent endocytosis (Simionescu et al., 2009). Whether the PspC-hpIgR interaction leads to caveolae-dependent invasion in endothelial cells and whether this pathway supports SPN transcytosis is yet to be explored.

The low Ply expressing SPN subset demonstrates improved transcytosis ability both in vitro and in vivo (Surve et al., 2018). Pore-forming toxin mediates release of Ca2+ from bacteria-containing vacuoles into the host cytosol has been speculated to facilitate exocytosis-like exit of Serratia marcescens from the host cell (Di Venanzio et al., 2017); a similar mechanism might explain the improved transcytosis of SPN:Ply-low. Apart from these, the chain size also plays a role in dictating the fate in internalized SPN. Work by Iovino et al. (2016) demonstrates that, off the SPN, which exists mostly as chains in the bloodstream, a small fraction (<5%) of piliated, RrgA-expressing single-cocci are the ones that successfully cross the BBB. Although the identity and role of pneumococcal factors that enable evasion of BMEC intracellular defenses are becoming clearer, transit of the lysosome-evaded SPN-containing vacuole to the basal side of the polarized endothelium would require additional steps, probably involving manipulation of host cytoskeleton and motor molecules; this might be an interesting avenue for future research.




CONCLUSION

Pneumococcal encounter with the BBB endothelium is a critical event in meningitis involving an interplay of several pneumococcal and host factors. Initial events of adhesion and invasion are driven by SPN surface proteins and involve usurping of diverse endothelial cell receptors for gaining entry into the cell (Figure 1). In spite of being an extracellular pathogen, SPN own impressive strategies to invade and evade the degradative machineries of the BBB endothelium for successful transcytosis (Figure 2). This involves utilizing specialized endocytic pathways that confer a survival advantage, maintenance of phenotypic variants in virulence factors, such as capsule and pneumolysin, which influences its intracellular fate, etc. Transcytosis across the capillary endothelium into the brain presents a niche for unrestricted pneumococcal replication, in turn, eliciting an overwhelming host inflammatory response, which significantly contributes to the tissue injury associated with meningitis. Current treatment for pneumococcal meningitis includes antibiotics and adjunctive therapy with corticosteroids, such as dexamethasone to manage the inflammation (Hoffman and Weber, 2009). Immunization with pneumococcal vaccines is an effective prevention strategy to reduce incidences of invasive pneumococcal diseases, including meningitis, but is complicated due to emergence and rise of non-vaccine serotypes (Hsu et al., 2009). Detailed understanding of the events involved in pneumococcal interaction with the BBB endothelium is hoped to enable better management of pneumococcal meningitis.
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FIGURE 2. Major stages in the intracellular stint of SPN within BMECs. Following PCho-PAFR interaction, SPN is internalized into BMECs via clathrin-dependent endocytosis, in vacuoles decorated with β-arrestin 1. A major fraction of these vacuoles undergoes maturation and fusion with lysosomes; overexpression of β-arrestin 1 shunts these vacuoles away from lysosomal killing for improved transcytosis. A minor subset of these vacuoles recycles back to the apical side. Ply-mediated damage to SPN containing vacuoles trigger recruitment of cytosolic “eat me” signals, such as galectin-8 and ubiquitin, which target these vacuoles toward autophagic (xenophagic) degradation. Excessive damage to the vacuolar membrane enable SPN to escape into the cytosol, where it is tagged by ubiquitin for degradation by autophagy or proteasome-mediated pathway. Expression of low amounts of Ply also give rise to a unique Gal8−Ubq−LC3+ non-canonical autophagic vacuoles, which has been speculated to have improved transcytosis ability. The transparent phase variants of SPN, owing to higher amounts of surface-exposed PCho, demonstrate improved invasive, and transcytosis capability. On the other hand, a majority of the opaque phase variants are degraded within lysosomes.
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