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Editorial on the Research Topic 


Host-Pathogen Interaction in the Central Nervous System


Meningitis is an inflammation of the meninges that cover and protect the brain and the spinal cord. This inflammation occurs upon an infection of the Central Nervous System (CNS), and etiological causes of infection can be bacteria, viruses, and in rare cases parasites. Pathogens in the brain encounter different types of cells, such as microglia, the resident macrophages of the brain, neurons, the fundamental cellular units responsible for electrical and chemical signaling, astrocytes, cells in close contact with the blood-brain barrier that participate in immune responses, and other infiltrating immune cells. The scope of this Research Topic was to shed light on all various types of interaction that the different etiological agents of meningitis (bacteria, viruses, parasites) take with the different cell types of the brain during the pathogenesis process.


Parasitic Meningitis

Meningitis caused by parasites does not always obtain enough attention from the scientific community. Parasites like Toxoplasma gondii can be resilient and have the capacity to cause lifelong chronic infections requiring continuous immune responses by the host. Bergersen et al. have provided a comprehensive study of how targeted transcriptomic analysis using mouse models of chronic T. gondii infection can reveal differences in the host and parasite gene expression, giving tremendous insights into how further understanding the neuropathology aspects of chronic T. gondii-CNS infection (Bergersen et al., 2021).

Angiostrongylus cantonensis is another parasite that can cause meningitis, in particular the so-called eosinophilic meningitis. Yet, the pathogenesis of meningitis caused by A. cantonensis remains poorly understood. Zhang et al. have shown that upregulation of C-X3-C Motif Chemokine Ligand 1 (CX3CL1) in the brain tissue leads to the recruitment of natural killer (NK) cells into the CNS which of course should help the host in fighting the infection; however, this infiltration into the brain causes a worsening of the host CNS conditions (Zhang et al., 2021). Interestingly, Zhang et al. have observed that by neutralizing CX3CL1 and depleting NK cells, brain injury was alleviated, therefore proposing a new therapeutic intervention to protect the CNS against A. cantonensis infections (Zhang et al., 2021).



Viral Meningitis

Meningitis can also be caused by certain viruses. Dengue virus (DENV) is transmitted by Aedes mosquitoes to humans and is a serious threat worldwide. The main clinical problem is that, up to today, there is not an effective drug against dengue infections. Shen et al. have observed that metoclopramide (MCP), an antagonist of the dopamine 2 receptor (D2R) promotes an impairment of DENV-double-stranded RNA replication and provided promising results regarding the use of MCP as therapy to reduce DENV-induced neuronal damage (Shen et al., 2021).

The Japanese encephalitis virus (JEV) can cause meningitis with permanent neurological sequelae and yet, the mechanism employed by JEV for brain invasion from the systemic circulation remained unknown. Zou et al. finally elucidated the mechanism of entering the brain by blood-borne JAV (Zou et al., 2021). The virus uses monocytes to spread in the brain tissue and expand the infection in the CNS (Zou et al., 2021). Furthermore, the extracellular High mobility group box protein 1 (HMGB1) facilitates the immune cell migration across the vascular endothelium of the BBB, which further accelerates the onset of JEV-induced meningitis (Zou et al., 2021).

Viral meningitis represents a significant burden in tropical countries of South America, and Arboviruses, such as Chikungunya, Mayaro, Oropouche, and Zika viruses, are major etiological agents of this disease. Arbovirus-caused meningitis is also frequently associated with severe neurological outcomes. The comprehensive genome-wide transcriptome analysis of human primary astrocytes infected with Chikungunya, Mayaro, Oropouche, and Zika viruses described by Viana Geddes et al, has revealed a common pattern in downregulation of the host innate immune response, antiviral response, and expression levels of inflammatory cytokines associated with interferon stimulation for all the arboviruses tested (Viana Geddes et al., 2021). These findings point towards a co-evolution that all these arboviruses have engaged in developing mechanisms to escape the antiviral response induced by interferon (IFN) (Viana Geddes et al., 2021). Altogether, this expands the knowledge on how the antiviral-IFN pathway can be experimentally modified in order to be effective against Arbovirus-caused meningitis, opening avenues for novel clinical approaches (Viana Geddes et al., 2021).



Bacterial Meningitis

Streptococcus pneumoniae (the pneumococcus) is the leading etiological cause of bacterial meningitis globally (Iovino et al., 2016). Despite access to antibiotics and the introduction of pneumococcal conjugate vaccine programs, mortality from pneumococcal meningitis exceeds 50% in sub-Saharan African countries with high HIV prevalence, and the causes of such high mortality are poorly understood. Wall et al. have interestingly reported that excessive S. pneumoniae elongation factor thermal unstable (EF-Tu) protein in the cerebrospinal fluid (CSF) was frequently associated with impaired survival in meningitis in a high HIV prevalence population (Wall et al., 2020). Moreover, EF-Tu can inhibit neutrophil-mediated killing of S. pneumoniae in the CSF (Wall et al., 2020). The findings by Wall et al. provide novel important knowledge on how pneumococci avoid essential host innate responses during meningitis pathogenesis (Wall et al., 2020).

Microglia, the resident macrophages of the brain, initiate and drive the inflammatory process during pneumococcal meningitis pathogenesis. Pan et al. have reported that JWH-133, an agonist of G-protein cannabinoid receptor type 2 (CB2) impairs microglial activation and downregulates pro-inflammatory signaling (Pan et al., 2020). Therefore, this important finding suggests that inhibition of microglial activation using CB2 agonists may represent a novel therapy for neuroinflammation modulation (Pan et al., 2020).

Another major etiological agent of bacterial meningitis is Listeria monocytogenes. L. monocytogenes meningoencephalitis has a mortality rate of up to 50%, and severe neurofunctional sequelae are prevalent. Zbinden et al. have identified that L. monocytogenes expressing multiple sequence recognition (hsdS) A causes less damage than when other hsdS genes (B, C or D) are present (Zbinden et al., 2020). On the other hand, the expression of hsdSC and D worsened the disease onset in L. monocytogenes meningitis (Zbinden et al., 2020). This observation shows important phenotypical switching that has crucial role in regulating the virulence of CNS infections by L. monocytogenes (Zbinden et al., 2020). Nevertheless, further studies are necessary to investigate how this therapy can also be effective in reducing brain injury.

Streptococcus suis (S. suis) is an important opportunistic pathogen, which can cause septicemia and meningitis in pigs, but also in humans. In the study by Lauer et al, using Gene Set Enrichment Analysis (GSEA), 18, 28, and 21 enriched hallmark gene sets (GSs) were identified for infected human choroid plexus (CP) epithelial papilloma (HIBCPP) cells, primary porcine CP epithelial cells (PCPEC), and in the CP of pigs affected by S. suis ST2 meningitis, respectively of which 8 GSs overlapped among the three different sample sets (Lauer et al., 2021). Most of these GSs were reported to be involved in cellular signaling, host immune and inflammatory response (Lauer et al., 2021). This finding clearly suggests that S. suis-infected human and porcine CP epithelial cells share similar cellular processes in the context of host inflammatory response (Lauer et al., 2021).

The pathogens covered in the study subject “Host-pathogen interaction in the Central Nervous System” are summarized in Figure 1.




Figure 1 | The host-pathogen interaction in the Central Nervous System.





Concluding Remarks

The Research Topic “Host-pathogen interaction in the Central Nervous System” also contains important review articles focused on i) the trans-endothelial trafficking of S. pneumoniae across the BBB endothelium (Anil and Banerjee, 2020), ii) the molecular details of a broad array of CNS responses to the bacterial cell envelope and novel approaches to improve clinical outcome (Maccain and Tuomanen, 2020), iii) the benefits and harms of the use of adjunctive steroid therapy to reduce neuroinflammation in meningitis patients (Gundamraj and Hasbun, 2020), iv) the beneficial or detrimental role of DNA sensors in viral CNS infections (Jeffries and Marriott, 2020).
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Viral central nervous system (CNS) infections can lead to life threatening encephalitis and long-term neurological deficits in survivors. Resident CNS cell types, such as astrocytes and microglia, are known to produce key inflammatory and antiviral mediators following infection with neurotropic DNA viruses. However, the mechanisms by which glia mediate such responses remain poorly understood. Recently, a class of intracellular pattern recognition receptors (PRRs), collectively known as DNA sensors, have been identified in both leukocytic and non-leukocytic cell types. The ability of such DNA sensors to initiate immune mediator production and contribute to infection resolution in the periphery is increasingly recognized, but our understanding of their role in the CNS remains limited at best. In this review, we describe the evidence for the expression and functionality of DNA sensors in resident brain cells, with a focus on their role in neurotropic virus infections. The available data indicate that glia and neurons can constitutively express, and/or can be induced to express, various disparate DNA sensing molecules previously described in peripheral cell types. Furthermore, multiple lines of investigation suggest that these sensors are functional in resident CNS cells and are required for innate immune responses to viral infections. However, it is less clear whether DNA sensormediated glial responses are beneficial or detrimental, and the answer to this question appears to dependent on the context of the infection with regard to the identity of the pathogen, host cell type, and host species. Defining such parameters will be essential if we are to successfully target these molecules to limit damaging inflammation while allowing beneficial host responses to improve patient outcomes.

Keywords: DNA sensors, astrocytes, microglia, neuroinflammation, viral encephalitis


INTRODUCTION

Infection of the central nervous system (CNS) can result in encephalitis, a condition that is characterized by severe neuroinflammation resulting in fever, headaches, altered consciousness, seizures, and even death (Roos, 1999). Between 2000 and 2010 there were 7.3 encephalitis cases per 100,000, with most identified etiologies (48.2%) being attributable to viral infections (George et al., 2014). Since the mechanisms that lead to CNS inflammation following infection are poorly understood, current treatment strategies include general immune suppression, and/or antiviral therapy (Chaudhuri and Kennedy, 2002; George et al., 2014; Venkatesan and Geocadin, 2014). Traditionally, it was thought that infiltrating peripheral monocytes and leukocytes were the major contributors of pro-inflammatory mediator production in encephalitis as most resident CNS cells were assumed to lack immune functions. However, it is now appreciated that glial cells, most notably microglia and astrocytes, play a critical role in immune surveillance in the CNS and are important contributors to both protective and detrimental host responses to infectious agents (Aloisi, 2000, 2001; Bsibsi et al., 2002, 2006; Bowman et al., 2003; Furr et al., 2008, 2011; Chauhan et al., 2009; Liu et al., 2010; Serramía et al., 2015).

Glial cells can produce an array of proinflammatory and antiviral mediators following infection (Chauhan et al., 2009; Furr and Marriott, 2012) and it is now known that they accomplish this via members of multiple families of pattern recognition receptors (PRRs). These PRRs recognize numerous pathogen-associated molecular patterns (PAMPs) and/or damage associated molecular patterns (DAMPs) and trigger transcription factor activation that, in turn, elicits proinflammatory and antiviral mediator production. Of these, the most widely and best studied glial PRRs are the cell surface and endosomal Toll-like receptors (TLRs) and the cytosolic nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs) (Sterka et al., 2006; Chauhan et al., 2009; Rebsamen et al., 2009; Liu et al., 2010; Dai et al., 2014; Reinert et al., 2016; Su and Zheng, 2017). More recently, multiple classes of cytosolic nucleic acid sensors have been discovered that are likely have an important function during active viral infections due to their intracellular location. These include RNA sensors, such as the retinoic acid-inducible gene-I (RIG-I)-like receptor (RLR) family, and the possible roles and importance of these molecules in glial immune responses have been discussed in depth elsewhere (Furr et al., 2008; Furr and Marriott, 2012; Carty et al., 2014; Nair and Diamond, 2015; Zohaib et al., 2016). However, the importance of DNA sensors, including cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS), in viral CNS infections and the initiation of glial immune functions remains more controversial, despite evidence for their antiviral function in peripheral lymphoid and myeloid cells (Unterholzner, 2013; Cai et al., 2014; Dhanwani et al., 2018; Lugrin and Martinon, 2018). In this review article, we will discuss the evidence for the expression and function of DNA sensors in resident CNS cells, their role during viral infections, and their potential as targets for therapeutic intervention.



CGAS/STING

Perhaps the most well-known and best studied cytosolic DNA sensor is cGAS. This molecule directly binds to double stranded DNA and then catalyzes the production of the secondary messenger, 2′3′cyclic GMP-AMP (cGAMP) (Gao P. et al., 2013; Sun et al., 2013; Zhang X. et al., 2013). This secondary messenger subsequently binds to the downstream adaptor protein stimulator of interferon genes (STING), which initiates the phosphorylation of tank binding kinase 1 (TBK1), and interferon regulatory factor 3 (IRF3), and activates nuclear factor kappalight-chain-enhancer of activated B cells (NF-kB). Such transcription factor activation precipitates the expression of interferon-beta (IFN-β) and other antiviral and/or pro-inflammatory cytokines (Ishikawa et al., 2009; Li et al., 2013; Abe and Barber, 2014; Fang et al., 2017; Sun et al., 2017; Aarreberg et al., 2019). Since its discovery in 2013, cGAS has been demonstrated to play a critical role in recognizing and eliminating a diverse array of pathogens, either through direct recognition of microbial DNA or indirect recognition of retroviral DNA intermediates or damage associate molecular patterns (DAMPS), such as released mitochondrial DNA (Gao D. et al., 2013; Abe and Barber, 2014; Dai et al., 2014; Herzner et al., 2015; Paijo et al., 2016; Fang et al., 2017; Sun et al., 2017; Cheng et al., 2018; Wong et al., 2019). As discussed elsewhere (Cai et al., 2014; Chen et al., 2016; Dhanwani et al., 2018; Ablasser and Chen, 2019), numerous studies have demonstrated the expression and function of cGAS in peripheral leukocytic and non-leukocytic cell types, such as human plasmacytoid dendritic cells, macrophages, monocytes, helper T-lymphocytes, and endothelial cells (as summarized in Table 1). However, less attention has been given to the role of this sensor in the CNS and the immune responses of glial cells (Lahaye et al., 2013; Li et al., 2013; Dai et al., 2014; Ma Z. et al., 2015; West et al., 2015; Bode et al., 2016; Paijo et al., 2016; Vermeire et al., 2016; Luecke et al., 2017; Su and Zheng, 2017; Sun et al., 2017; Swanson et al., 2017).


Table 1. Expression and antiviral activity of intracellular DNA sensors in peripheral cell types.
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The first description of cGAS expression in resident CNS cell types came from Cox et al. (2015), who established the constitutive and inducible expression of mRNA encoding cGAS in murine microglia. Interestingly, while they observed neither constitutive nor IFN-β-inducible expression of cGAS in murine astrocytes, siRNA-mediated cGAS knockdown decreased IFN-β activity in both microglia and astrocytes following exposure to exogenous dsDNA (Cox et al., 2015). Further support for the presence of cGAS in glia has since been provided by our demonstration that primary human microglia and astrocytes both constitutively express cGAS protein and its downstream adaptor molecule STING (Jeffries and Marriott, 2017).

Circumstantial evidence for the functional importance of cGAS in the brain lays in the recognized ability of many important CNS pathogens to interfere with this sensor and/or it's signaling pathway (as summarized in Table 2). For example, herpes simplex virus 1 (HSV-1), the dsDNA virus that is the most common cause of fatal sporadic encephalitis, has multiple gene products that can interfere with the cGAS-STING signaling pathway (Bradshaw and Venkatesan, 2016). The HSV-1 encoded protein UL37 attenuates the enzymatic activity of cGAS and lowers cGAMP production in human monocytes and fibroblasts, thereby decreasing antiviral gene expression (Zhang et al., 2018). Mutations in UL37 that interfere with its deamidase activity prevent this protein from inhibiting cGAS and lead to lower HSV-1 titers in the brain following infection (Zhang et al., 2018). Interestingly, such an inhibitory activity appears to show species specificity as UL37 molecule does not appear to be important in infections in some non-human primate species (Zhang et al., 2018). Another HSV-1 product, UL41 (virion host shutoff protein), has been shown to decrease IFN-β production in a human epithelial cell line expression system by reducing cGAS protein expression (Su and Zheng, 2017), and its importance in disrupting cGAS-mediated antiviral responses has been illustrated by the ability of cGAS knockdown to increase viral production of a UL41 null mutant HSV-1 strain, but not a wild type strain (Su and Zheng, 2017). Furthermore, additional HSV-1 products have been demonstrated to target down-stream signaling molecules in the cGAS STING pathway. For instance, UL36 can prevent NF-κB activation by cleaving IκBa poly ubiquitin chains while UL46 and ICP27 interact with STING and TBK1 to prevent the activation of IRF3 and interferon stimulated gene (ISG) expression (Christensen et al., 2016; Deschamps and Kalamvoki, 2017; Ye et al., 2017; You et al., 2019). Since all members of the family Herpesviridae appear to target cGAS [Table 2 and as reviewed in Chan and Gack (2016) and Phelan et al. (2020)], and such viruses can cause latent infections, it is tempting to speculate that the inhibition of this sensor may play a critical role in establishing viral latency. Such a mechanism could be of particular importance for HSV encephalitis as the reactivation of a latent infection is thought to be a key contributor to the development of this condition (Menendez and Carr, 2017).


Table 2. Viral inhibitors of DNA sensing pathways.
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In addition to DNA viruses, other neurotropic viruses, such as positive stranded RNA viruses from the family Flaviviridae, can also hamper cGAS activity (Table 2). For instance, Dengue virus (DENV) that can cause encephalitis has been shown to target cGAS for degradation and prevent it from detecting released mitochondrial DNA in human monocyte-derived dendritic cells and monocytic and fibroblastic cell lines (Aguirre et al., 2017; Sun et al., 2017).

Specifically, the DENV protein NS2B3 has been shown to directly interact with cGAS and target it for lysosomal degradation (Aguirre et al., 2017). In addition, this viral product can also cleave the downstream signaling molecule STING, further disrupting cGAS-mediated antiviral signaling. Interestingly, this viral product also shows species specificity similar to the HSV-1 product UL37 as NS2B3 targets human STING but does not cleave this molecule in mouse or non-human primate cells (Stabell et al., 2018). Similarly, Zika virus (ZIKV), which came to prominence for its role in CNS and peripheral nerve pathologies including microcephaly and Guillain-Barré syndrome, can cleave STING via its NS2B3 protein and this effect, again, is restricted to human rather than murine cells (Ding et al., 2018). ZIKV can further disrupt cGASSTING signaling by stabilizing caspase-1 protein. This results in cGAS cleavage and reduced expression of type I IFNs and ISGs, and the promotion of inflammasome activation and ZIKV production (Zheng et al., 2018). Importantly, Zheng et al. (2018) demonstrated that cGAS deficiency or caspase-1 inhibition leads to increased cellular levels of ZIKV genetic material. Such findings therefore support the therapeutic potential of augmenting cGAS-STING mediated responses to combat debilitating neurotropic RNA virus infections.

More direct evidence of the importance of cGAS-STING signaling during viral CNS infections comes from the study of HSV-1 infection in STING deficient animals. Parker et al. (2015) demonstrated that STING deficient animals show increased susceptibility to intracerebral HSV-1 infection, with all succumbing within 3–5 days of infection and little mortality in age-matched wildtype animals. Interestingly, it appears that this increased susceptibility is dependent on the route of infection, as STING deficient animals show survival rates comparable to wildtype mice following administration via the cornea, despite the presence of high viral titers in the cornea and trigeminal ganglion (Parker et al., 2015). This phenomenon was subsequently confirmed (Royer and Carr, 2016) and the apparent discrepancy in lethality is likely to be due to difference in the distribution of HSV-1 within the CNS. High viral titers are limited to the trigeminal ganglion following corneal HSV-1 infection, while intracerebral infection results in widely disseminated HSV-1 infection throughout the CNS (Parker et al., 2015). In addition, it should be noted that susceptibility to HSV-1 appears to be strain dependent as STING deficient animals succumb to neuroinvasive strains of HSV-1 following corneal infection more rapidly than wild type animals (Parker et al., 2015). Regardless, it is clear that STING plays a role in HSV-1 neuroinvasion and is critical for protective host responses once the virus has disseminated throughout the CNS (Parker et al., 2015; Royer and Carr, 2016). The increased susceptibility of STING deficient animals to HSV-1 neuroinvasion may be due, at least in part, to a decreased expression of the ISG tetherin [also known as bone marrow stromal antigen 2 (BST2)], as these animals exhibit decreased expression of this ISG (amongst others) during infection (Royer and Carr, 2016), and tetherin depletion has been shown to increase HSV1 titers in the trigeminal ganglion (Royer and Carr, 2016).

Consistent with these studies employing STING deficient animals, treatment with the STING agonist dimethlxanthenone-4-acetic acid (DMXAA) has been demonstrated to increase IFN-β expression by HSV-1 infected mouse fibroblasts and to lower the production of viral particles by these cells (Cerón et al., 2019). Importantly, in vivo DMXAA treatment can lower viral titers in the cornea, trigeminal ganglion, and brainstem, of mice infected with the neuroinvasive McKrae strain of HSV-1, and this is reflected by increased survival and improved neurological outcomes in these animals (Cerón et al., 2019). As such, these studies provide a tantalizing glimpse of the potential of targeting the cGAS-STING pathway to treat CNS infections.

While these studies illustrate the importance of cGAS-STING signaling in HSV-1 infections of the CNS, the specific role of this sensor system in glia was established by Reinert et al. (2016) in a mouse model of HSV-1 encephalitis. They demonstrated that cGAS deficiency resulted in a phenotype that matched that observed in STING deficient mice following ocular HSV-1 infection (Reinert et al., 2016). Furthermore, they established that microglia were the primary producers of IFN-β after HSV-1 challenge and showed that only this glial cell type produced higher viral titers in vitro following the loss of STING (Reinert et al., 2016). In vivo, however, neurons and astrocytes showed greater numbers of HSV-1 viral particles in STING deficient mice (Reinert et al., 2016). This discrepancy was explained by the observation that astrocytes and neurons initiate antiviral programs in vivo in response to IFN-β produced by microglia in a TLR3-dependent manner (Reinert et al., 2016). This suggests that microglia represent the first responders to HSV-1 infection in the CNS.

Consistent with these findings in mice, we have shown that cytosolic administration of a dsDNA ligand can phosphorylate IRF3 and induce IFN-β mRNA expression in primary human microglia and astrocytes (Jeffries and Marriott, 2017), and we have demonstrated that such responses are largely dependent on cGAS expression (Jeffries and Marriott, 2017; Jeffries et al., 2020). Furthermore, we showed that ISG expression is lower in cGAS deficient human microglia both at rest and following infection with HSV-1 (Jeffries et al., 2020). However, while cGAS can contribute to antiviral gene expression, the absence of cGAS had no effect on HSV-1 production in infected human microglia (Jeffries et al., 2020). Given the recognized ability of HSV-1 products to abrogate cGAS-STING signaling in peripheral human but not murine cell types, we assessed cGAS protein levels in human glial cells following HSV-1 challenge. We found that the expression of this sensor was markedly reduced in human microglial and astrocytic cells following infection (Jeffries et al., 2020), highlighting the ability of viruses such as HSV-1 to circumvent PRR-mediated immune responses. As such, improving the stability and/or expression of cGAS/STING signaling components might be a viable approach to combat viral infections of the CNS and/or periphery.



IFI16

Interferon gamma inducible protein 16 (IFI16) is a member of the Pyrin and HIN domain (PHYIN) family of proteins that can serve as an intracellular DNA sensing molecule. PHYIN proteins are characterized by the presence of an N-terminal pyrin domain and one or two Cterminal HIN domains (Unterholzner et al., 2010). The HIN domains bind DNA while the pyrin domain is required for protein-protein interactions (Unterholzner et al., 2010). IFI16, and its mouse ortholog p204, was the first PHYIN family members demonstrated to induce IFN-β in response to transfected DNA (Unterholzner et al., 2010). Additionally, IFI16 has been shown to interact with STING and knockdown of either of these proteins leads to reduced IFN-β production by the human and mouse monocytic cell lines THP-1 and RAW 264.7, respectively (Cridland et al., 2012). Interestingly, similar findings were described in murine astrocytes and microglia where p204 knockdown was shown to reduce IFN-β expression following DNA transfection (Cox et al., 2015), and our own studies indicate that human microglial and astrocytic cells constitutively express robust levels of IFI16 protein (Jeffries et al., 2020).

However, IFI16 does not appear to contribute to IFN-β expression by human foreskin fibroblasts (HFF) stimulated with exogenous DNA (Orzalli et al., 2015). While this finding might be indicative of cell type-specific differences, our studies showing that IFI16 knockdown has no effect on IFN-β protein production by a human microglia cell line following BDNA transfection also indicate that this putative DNA sensor is not required for such responses (Jeffries et al., 2020). Furthermore, Gray et al. (2016) used a mouse model lacking all 13 PHYIN family members to demonstrate that these receptors were dispensable for IFN responses to DNA transfection in bone marrow derived macrophages and mouse embryonic fibroblasts. But despite an apparent lack of involvement in IFN production, this study did identify a requirement for PHYIN family members in inflammasome activation, as characterized by the maturation of the potent pro-inflammatory cytokines IL-1β and IL-18 (Gray et al., 2016). Such a role for IFI16 in linking DNA sensing and inflammasome activation is supported by multiple studies (Ansari et al., 2013, 2015; Johnson et al., 2013; Dutta et al., 2015; Iqbal et al., 2016; Orzalli et al., 2016) and is discussed in depth elsewhere (Dell'Oste et al., 2015), but it is currently unknown whether IFI16-mediated inflammasome activation occurs in CNS cell types.

While there is conflicting evidence for the role of IFI16 in IFN-β responses to foreign DNA challenge, multiple lines of investigation indicate that this DNA sensor contributes to IFN-β and ISG expression following viral infection (Orzalli et al., 2012; Jakobsen et al., 2013; Ansari et al., 2015; Diner et al., 2015; Ma F. et al., 2015; Li et al., 2016; Zhang D. et al., 2016; Jønsson et al., 2017; Lum et al., 2019; Yang et al., 2020). For example, nuclear IRF3 translocation and subsequent IFN production in HSV-1 infected corneal epithelial cells has been shown to be dependent, at least in part, on p204 expression (Conrady et al., 2012), while TBK-1 phosphorylation and subsequent IFN-β expression by HSV-1 infected HFFs was found to require IFI16 and STING (Orzalli et al., 2012).

Interestingly, Orzalli et al. (2012) used attenuated HSV-1 strains to determine that expression of the immediate early viral protein ICP0 leads to IFI16 degradation and reduced nuclear IRF3 translocation, and this degradation was subsequently shown to be dependent on proteasome activity. In addition, another group has shown that HSV-1 can also lead to IFI16 degradation in an ICP0 independent manner, albeit in the U2OS cell line that lacks a functional STING signaling pathway (Cuchet-Lourenco et al., 2013). Moreover, HSV-1 infection markedly lowers IFI16 protein expression in primary human glia and immortalized cells lines, and this observation may explain why knockdown of this DNA sensor fails to alter viral production or IFN-β release by these cells (Jeffries et al., 2020). Such findings are supported in HFFs where IFI16 knockdown does not affect HSV-1 levels in cells infected with wild type HSV-1 but significantly increases viral titers following infection with an ICP0 null mutant virus (Diner et al., 2016). Similarly, IFI16 has been reported to be dispensable for IFN production in mice following HCMV infection (Gray et al., 2016) and this apparent independence may also stem from the reported ability of HCMV to interfere with IFI16 signaling (Dell'Oste et al., 2014). However, it should be noted that the ability of these viruses to reduce IFI16 protein abundance and/or signaling may show cell type specificity as HSV-1 does not elicit such effects in either HeLa cells or U2OS cells, again perhaps due to a lack of a functional STING signaling pathway in the latter (Orzalli et al., 2016; Deschamps and Kalamvoki, 2017).

Since the available evidence indicates that IFI16 has a role in virally-induced IFN signaling and that this is accomplished through via a STING-dependent pathway, it is possible that this molecule could work in concert with cGAS to stimulate antiviral responses. Evidence for this notion comes from the observation that knockdown of either STING, IFI16, or cGAS, in human fibroblasts leads to reduced HSV-1 infection-induced IFN-β expression (Orzalli et al., 2015). Interestingly, in the same study it was noted that cGAS knockdown reduces constitutive IFI16 protein expression and that this effect was dependent on proteasome activity (Orzalli et al., 2015). This suggests that cGAS may stabilize IFI16 protein levels to promote antiviral activity. However, we found no observable difference in IFI16 protein expression in cGAS deficient microglia created with CRISPR/Cas9 approaches (Jeffries et al., 2020) and so it is possible that, like viral ICP0-mediated effects (Orzalli et al., 2016), cGAS-mediated IFI16 stabilization may show cell type specificity.

Additional support for cooperation between IFI16 and cGAS comes from the work of Jønsson et al. (2017) who demonstrated that IFI16 knockdown reduces cGAMP production by THP-1 cells following foreign DNA challenge. Furthermore, they showed that HEK 293T cells stably expressing IFI16 produce higher amounts of cGAMP following intracellular administration of a cGAS expression plasmid than IFI16 deficient cells (Jønsson et al., 2017). Similarly, another study showed that the co-transfection of increasing amounts of an IFI16 expression plasmid with constant levels of STING and cGAS increased IFN-β activity as assessed by IFN promoter driven luciferase activity, and demonstrated the ability of IFI16 and cGAS to interact directly (Almine et al., 2017). It should be noted that these investigators failed to detect significant changes in cGAMP levels in the absence or presence of IFI16 (Almine et al., 2017). Rather, they determined that IFI16 was required for cGAMP to fully activate STING as assessed by CCL5 expression, STING dimerization, and IRF3 nuclear translocation, in response to cGAMP transfection (Almine et al., 2017).

In contrast to such studies that suggest IFI16 acts in concert with cGAS to promote IFN responses, we demonstrated that cGAS knockdown decreased IFN-β production by a human microglial cell line following DNA transfection but IFI16 knockdown did not (Jeffries et al., 2020). Furthermore, we showed that IFI16 knockdown failed to exacerbate the reduction in IFN-β production by DNA stimulated cGAS deficient microglia, and combined cGAS and IFI16 deficiency failed to significantly alter microglial susceptibility to HSV-1 infection over cGAS deficiency alone (Jeffries et al., 2020). However, an explanation for these results may again stem from the ability of HSV-1 to downregulation IFI16 and cGAS expression and/or inhibit their signaling pathways in human microglia following infection (Jeffries et al., 2020). As such, the development of therapeutics that stabilize the expression of either of these sensor proteins could prove to be an attractive approach to combat the devastating consequences of conditions such as HSV-1 encephalitis.

While cGAS and IFI16 might play redundant roles in STING activation, some evidence suggests that they promote similar responses through different mechanisms. For instance, it was found that IFI16 is not required for cGAS/STING/TBK-1 signaling in HFFs following HSV-1 or HCMV infection, but was for the transcription of IFN-β, ISG54, ISG56, and RANTES (Diner et al., 2016). Interestingly, the same investigators found that IFI16 also reduced the transcription of the HSV-1 genes icp27, icp8, and ul30 (Diner et al., 2016). This suggests that the antiviral functions previously attributed to IFI16 may occur through transcriptional regulation, rather than by direct activation of cGAS-STING signaling. However, our own investigations of the role of IFI16 in HSV-1 transcription in infected human microglial cells showed no discernable effect on icp8 expression (Jeffries et al., 2020). This apparent discrepancy is likely due to differences in the HSV-1 strain employed, as the earlier study used an ICP0 mutant strain that prevents IFI16 degradation, while our studies were performed with the neuroinvasive MacIntyre strain (Diner et al., 2016; Jeffries et al., 2020).

The ability of IFI16 to negatively regulate viral transcription has been reported for other herpesviruses, human papillomavirus (HPV), and hepatitis B virus (HBV) (Gariano et al., 2012; Lo Cigno et al., 2015; Roy et al., 2016, 2019; Pisano et al., 2017; Yang et al., 2020), and the modification of heterochromatin and euchromatin appears to be the primary mechanism by which this is accomplished. For example, U2OS cells or an immortalized human keratinocyte cell line (NIKS) overexpressing IFI16 exhibit elevations in heterochromatin markers, such as H3K9m2, and decreases in euchromatin markers, such as H3K4me2, in early and late HPV promoters as determined by chromatin immunoprecipitation (ChiP) analysis (Lo Cigno et al., 2015). In addition, IFI16 has been demonstrated to directly interact with the histone H3-K9 methyltransferases, SUV39h1 and G9a-like protein (GLP), and knockdown of these proteins in a B cell lymphoma latently infected with KSHV (BCBL1 cells) led to increased viral transcription (Roy et al., 2019). Furthermore, in the same study, IFI16 knockdown reduced the recruitment of both methyltransferases to the KSHV genome (Roy et al., 2019).

In a HBV covalently closed circular DNA (cccDNA) model of infection, overexpression of IFI16 has been shown to increase IFN-β and ISG expression along with decreased euchromatin and increased heterochromatin markers on cccDNA (Yang et al., 2020). Interestingly, knockdown of IFI16 in BCBL1 cells increased the transcription of immediate early, early, and late lytic KSHV genes, indicating reactivation of the lytic cycle, while the reintroduction of IFI16 reduced KSHV genome copy numbers (Roy et al., 2016). This was also found to be true for Akata and MUTU1 cell lines latently infected with Epstein-Barr virus (Pisano et al., 2017). As such, it will be important to determine whether IFI16 similarly contributes to HSV-1 latency in CNS cell types, since reactivation of latent infections is a key event in the onset of HSV-1 encephalitis (Menendez and Carr, 2017). If so, IFI16 could be a promising new therapeutic target, either as an intervention during CNS infection or to prevent reactivation of HSV-1 in at-risk populations.



ZBP1

Z-DNA binding protein 1 [ZBP1; also known as DNA-dependent activator of interferon regulatory factors (DAI) and DLM-1] was the first identified cytosolic DNA sensor, and was shown to directly bind dsDNA in murine L929 fibroblast-like cells (Takaoka et al., 2007). Importantly, this study demonstrated ZBP1 can interact with TBK1 and IRF3 and contribute to IFN-β mRNA expression following DNA transfection or infection with HSV-1 (Takaoka et al., 2007). However, it seems that this cytosolic DNA sensor may function in a cell type and ligand specific manner, as ZBP1 knockdown in mouse embryonic fibroblasts (MEFs) has little or no effect on exogenous DNA-induced IFN-β expression (Wang et al., 2008). Similarly, ZBP1 knockdown was found to significantly reduce IFN-β expression in L929 cells in response to BDNA transfection but had no effect in a similarly challenged human lung epithelial cell line (Lippmann et al., 2008).

In addition to the expression of antiviral cytokines, ZBP1 has also been shown to mediate the expression of the pro-inflammatory cytokine IL-6 (Takaoka et al., 2007; Kaiser et al., 2008) subsequently demonstrated the activation of a NF-kB-driven luciferase promoter in HEK 293T cells overexpressing ZBP1. This group identified three RIP homotypic interaction motif (RHIM)-like repeats and hypothesized that such NF-κB activation occurs via a RHIM-dependent interaction with receptor interacting protein 1 (RIP1) in a similar manner to that seen with TLR3 (Kaiser et al., 2008). This hypothesis was confirmed by the demonstration that ZBP1 can interact with both RIP1 and receptor interacting protein 3 (RIP3) through its first RHIM domain, and by the ability of RIP1 knockdown or mutations in the RHIM domain in RIP1 or ZBP1 to decrease NF-kB promoter activation. The ability of ZBP1 to interact with RIP1 and RIP3, and to activate NF-kB-mediated gene transcription was subsequently confirmed in a similar HEK 293 cell expression system (Rebsamen et al., 2009). In is interesting to note, however, that co-expression of ZBP1 and RIP3 was also reported to elicit NF-kB activation in these studies, an observation that is in contrast to TLR3 signaling where RIP3 blocks RIP1-mediated NF-kB activation (Kaiser et al., 2008).

In agreement with these studies in non-CNS cell types, we have determined that murine microglia and astrocytes express ZBP1 in an inducible manner, and found that this sensor contributes to pro-inflammatory cytokine production by glia following HSV-1 infection (Furr et al., 2011). Furthermore, these studies also showed that HSV-1 infection induces the production of soluble neurotoxic mediators by astrocytes and microglia in a ZBP1-dependent manner (Furr et al., 2011). Surprisingly, combined knockdown of ZBP1 and retinoic acid inducible gene 1 (RIG-I) leads to greater reductions in TNF-a and IL-6 production by HSV-1 infected glia than either alone, suggesting that these dissimilar sensors can act in synergy (Crill et al., 2015). Together, these studies suggest a role for ZBP1 in inflammation and/or antiviral immunity both in the periphery and the CNS.

While the available evidence supports a role for ZBP1 as a DNA sensor capable of inducing cytokine production, some studies suggest that ZBP1 plays a broader role in antiviral immunity. For example, ZBP1 has been reported to work in concert with RIP3 in murine fibroblasts and epithelial cells to induce necroptosis following infection with a mutant murine cytomegalovirus (MCMV) strain (Upton et al., 2012) that lacks the expression of m45, a viral product that limits ZBP1/RIP3 interactions due the presence of a RHIM domain (Table 1) (Rebsamen et al., 2009; Upton et al., 2012). Interestingly, a similar immune evasion mechanism has been observed for HSV-1 (Table 1), where the viral protein ICP6 also contains a RHIM domain that is capable of inhibiting necroptosis in peripheral human cells (Guo et al., 2015). Necroptotic cell death initiated by simultaneous treatment with TNF-a and the caspase inhibitor zVAD-FMK was blocked following infection with wild type HSV-1, while an ICP6 deficient HSV-1 strain failed to prevent cell death (Guo et al., 2015; Sawai, 2016). This finding is in sharp contrast to studies in mouse cells, where infection with wild type HSV-1 elicits cell death in a RIP3-dependent manner (Wang et al., 2014; Huang et al., 2015). Surprisingly, expression of ICP6 in MEFs was found to be enough to induce RIP3-dependent cell death, while the presence of ICP6 containing mutations in the RHIM domain did not (Wang et al., 2014; Huang et al., 2015), suggesting that ICP6 may be able to directly induce necroptosis in this cell type (Wang et al., 2014). The reason for these apparently contradictory findings was discovered in more recent studies that show ICP6 has species-dependent effects, inducing necroptosis in cells from mice while inhibiting it in human cells, HSV's primary natural host (Huang et al., 2015; Guo et al., 2018).

Importantly, ZBP1 has been found to be a major contributor to necroptosis in both human and mouse fibroblasts following infection with both an ICP6-deficient and an ICP6 RHIM mutant HSV-1 strain (Guo et al., 2018) and our own observations suggest that this cytosolic DNA sensor functions as a mediator of cell death during HSV-1 infection in glia. Our studies indicate that ZBP1 plays a crucial role in triggering necroptosis in murine glia following infection with a strain of HSV-1 that contains mutations in the ICP6 RHIM domain (unpublished observations). The potential importance of this pathway in antiviral immunity within the CNS is underscored by the decreased survival and increased viral burden in the brain of RIP3 deficient mice following HSV-1 infection (Wang et al., 2014; Huang et al., 2015). However, since necroptosis promotes inflammation, it will be important to determine whether this ZBP-mediated response also contributes to CNS pathology during HSV-1 encephalitis, especially in the human host (Dhuriya and Sharma, 2018).

While it is increasingly clear that ZBP1 is a PRR that is capable of initiating cell death pathways, it is less certain what ligands specifically initiate such as response. ZBP1 was initially shown to directly bind BDNA and it has recently been shown to recognize plasmid DNA (Wang et al., 2008; Semenova et al., 2019). However, other studies have shown that ZBP1 is critical for the induction of necroptosis, pyroptosis, and apoptosis, in cells challenged with influenza virus, a segmented negative strand RNA virus (Kuriakose et al., 2016; Thapa et al., 2016), and this role is discussed in depth elsewhere (Dhuriya and Sharma, 2018). By pharmacologically inhibiting various stages of the MCMV life cycle, Sridharan et al. (2017) were able to determine that active transcription was required for ZBP1-mediated cell death, suggesting that RNA serves as the activating ligand in this response. This notion was subsequently supported by two studies describing the ability of ZBP1 to bind endogenous RNA (Maelfait et al., 2017; Jiao et al., 2020).

An ability to sense both RNA and DNA accounts for the protective role of ZBP1 in influenza virus infection and following exposure to other RNA viruses including West Nile virus (WNV) and ZIKV (Daniels et al., 2019; Rothan et al., 2019). Interestingly, however, ZBP1-mediated protection against these neurotropic flaviviruses appears to be independent of cell death in neurons (Daniels et al., 2019; Rothan et al., 2019). Mice genetically deficient in ZBP1 show worse clinical scores, higher viral burdens in the brain, and increased mortality, following WNV infection than wild type mice (Rothan et al., 2019). Similarly, higher viral burdens and mortality have been observed in WNV challenged RIP3 deficient animals, and this effect was independent of cell death pathways (Daniels et al., 2017). Surprisingly, ZBP1 deficient animals demonstrate higher levels of antiviral and inflammatory cytokines/chemokines following WNV infection (Rothan et al., 2019), and this finding is in contrast to similarly infected RIP3 deficient mice, which demonstrate decreased inflammatory cytokine production (Daniels et al., 2017). As such, it is possible these two molecules have independent roles during neuronal infection, especially since peripheral cells undergo cell death in both a ZBP1 and a RIP3-dependent manner (Daniels et al., 2017; Rothan et al., 2019).

A potential mechanism for the antiviral effects of ZBP1 and RIPK3 during neurotropic RNA virus infections comes from the studies of Daniels et al. (2019) that indicate a neuron-specific function for ZBP1. They found that ZBP1-induced antiviral gene expression in neurons following ZIKV infection occurs in a RIP1 and RIP3-dependent manner, and that loss of any of these signaling molecules results in increased viral burden and mortality (Daniels et al., 2019). Surprisingly, RIP3 deficiency in primary microglial cultures did not result in increased ZIKV replication in these studies suggesting that such protection is intrinsic to neurons. Consistent with this notion, upregulation of the antiviral gene IRG1 was required for protection against both ZIKV and WNV infection in neurons, but this gene was not upregulated in microglia (Daniels et al., 2019), indicating a cell type specific function for ZBP1. Since we have identified a role for this sensor in glia following HSV-1 infection, it will be interesting to see what role, if any, ZBP1 plays in glial responses to neurotropic RNA viruses (Furr et al., 2011; Crill et al., 2015). Regardless, it is apparent that ZBP1 is an important mediator of CNS innate immune responses to both RNA and DNA viruses.



AIM2

Absent in melanoma 2 (AIM2) is another member of the PHYIN family of interferon inducible proteins that has been found to act as a DNA sensor (Bürckstümmer et al., 2009; Fernandes-Alnemri et al., 2009; Hornung et al., 2009; Adamczak et al., 2014). However, unlike IFI16, recognition of dsDNA by AIM2 has been shown to lead exclusively to inflammasome activation and the induction of pyroptosis, an inflammatory form of cell death (Adamczak et al., 2014). Upon binding to dsDNA, AIM2 associates with the downstream signaling molecule apoptosisassociated speck-like protein containing a CARD domain (ASC), which recruits, and activates caspase-1 (Bürckstümmer et al., 2009; Fernandes-Alnemri et al., 2009; Hornung et al., 2009). Caspase-1 then acts as the effector protein to cleave the immature form of IL-1β and IL-18, leading to the maturation and secretion of these potent inflammatory cytokines (Miao et al., 2011). Additionally, caspase-1 can cleave gasdermin D to initiate pyroptotic cell death, characterized by the formation of pores in the plasma membrane and the release of cellular contents into the extracellular environment (Kayagaki et al., 2015; Shi et al., 2015). The AIM2 inflammasome has been shown to form following infection with either DNA or RNA viruses in peripheral myeloid and lymphoid immune cell-types, such as bone marrow derived dendritic cells (BMDCs), bone marrow derived macrophages (BMDM), monocytes, and fibroblasts (Rathinam et al., 2010; Ekchariyawat et al., 2015; Schattgen et al., 2016; Huang et al., 2017; Zhang et al., 2017), and the role of this and other inflammasomes during viral infection is discussed extensively elsewhere (Chen and Ichinohe, 2015; Lupfer et al., 2015; Man et al., 2016; Shrivastava et al., 2016; Lugrin and Martinon, 2018; Zhu et al., 2019).

While the AIM2 inflammasome is recognized to have an antiviral function in peripheral cell types, relatively little is known about its role in CNS infections despite having been shown to be expressed in neurons and glia (Adamczak et al., 2014; Cox et al., 2015). Furthermore, AIM2 has been shown to function as a DNA sensor in neurons as the cytosolic administration of exogenous DNA induces the association of AIM2 with ASC and leads pyroptosis in these cells (Adamczak et al., 2014). Since neuronal cell death is typically detrimental to the host, it appears likely that the proinflammatory nature of the AIM2 inflammasome can be damaging in the context of viral CNS infections. Circumstantial evidence supporting this notion comes from the effect of deleting ataxia-telangiectasia mutated (ATM), a protein known for its role in activating DNA damage responses, in primary murine microglia (Song et al., 2019). Such a deletion results in cytoplasmic DNA accumulation and cellular activation as demonstrated by the retraction of processes (Song et al., 2019). Moreover, co-culture of microglia and neurons with an ATM inhibitor leads to neuronal cell damage, which is reversed with an IL-1 receptor antagonist consistent with a major role for the inflammasome in this effect (Song et al., 2019). Importantly, this study utilized co-immunoprecipitation approaches to demonstrate that inflammasome activation as a result of ASC association with AIM2 rather than other initiator molecules such as NLR family pyrin domain containing 3 (NLRP3) (Song et al., 2019). A detrimental role for AIM2 in CNS pathologies is further supported by the observation that AIM2 deficient mice show less brain atrophy and cognitive defects following stroke than their wild type counterparts (Kim et al., 2020). Furthermore, caspase-1 inhibition resulted in a similar phenotype in these studies indicating that the improved outcome was due to reduced AIM2 inflammasome activation (Kim et al., 2020).

Despite such evidence, some studies suggest that AIM2 can play a protective role in some infections. For example, the neurotropic RNA viruses, WNV and Chikungunya virus (CHIKV), have been shown to activate the AIM2 inflammasome in peripheral dermal fibroblasts and AIM2 knockdown led to increased CHIKV genome copies in these cells (Ekchariyawat et al., 2015). Furthermore, the higher levels of AIM2, caspase 1, IL-1β, and IL-18, found in brain tissue from still births following ZIKV infection provides circumstantial evidence for a role for this sensor (de Sousa et al., 2018). However, it should be noted that the expression of two other inflammasome activators, NLRP3, and NLRP1, were also elevated in this tissue, and it is not clear whether the upregulation of inflammasome components reflect a protective host response or contribute to disease pathology. Similarly, AIM2 expression is upregulated in neurons following infection with enterovirus A71, the causative agent of hand foot and mouth disease and AIM2 knockdown in a neuronal cell line led to decreased IL-1β cleavage and increased viral copy numbers (Yogarajah et al., 2017). Yet, no mechanism has yet been defined for AIM2mediated sensing of RNA viruses.

With regard to neurotropic DNA viruses, AIM2 was initially demonstrated to be dispensable for inflammasome activation following HSV-1 infection in peritoneal macrophages, but was for necessary for such responses to MCMV challenge (Rathinam et al., 2010). Conversely, another study indicated that IFI16 and NLRP3 were the initiators of inflammasome activation in HFFs following HSV-1 infection (Johnson et al., 2013). This apparent discrepancy may be due to the ability of the HSV-1 product VP22 to block AIM2-mediated inflammasome activation by preventing oligomerization (Table 2) (Maruzuru et al., 2018). Intracranial administration of an HSV-1 strain lacking VP22 leads to decreased viral burdens in wildtype mice but not those lacking AIM2, suggesting that this sensor can limit viral replication in the CNS (Maruzuru et al., 2018). Interestingly, the protective functions of AIM2 in the CNS may extend to bacterial pathogens as AIM2 has been shown to contribute to survival following CNS infection with Staphylococcus aureus (Hanamsagar et al., 2014).

It is clear from the available data that out current understanding of the role of AIM2 in the CNS is rudimentary. While some evidence suggests that AIM2 contributes to CNS disease pathology, some indicate protective functions. As such, it may be that AIM2 plays a context-dependent role where this molecule exacerbates sterile inflammation in neurodegenerative diseases when activation tends to be chronic, while acute activation assists in viral or bacterial clearance. Since our understanding of AIM2 in the CNS is based mostly on circumstantial evidence, further study is clearly required to determine the role of this molecule relative to other inflammasome activators, and to determine whether this pathway can be targeted for therapeutic intervention.



DDX41, KU70/DNA-PK, AND, RNA POLYMERASE III

Several other putative DNA sensors have been identified in peripheral cell types but their role as PRRs in the CNS remains more controversial. DEAD-Box Helicase 41 (DDX41) was first identified as a cytosolic DNA sensor in a murine dendritic cell-like line with the demonstration that this molecule can directly bind dsDNA and interact with the common DNA sensing and antiviral signaling components STING and TBK1 (Zhang Z. et al., 2011). Importantly, DDX41 knockdown was shown to decrease IFN-α production in these cells in response to dsDNA transfection or infection with either HSV-1 or adenovirus (Zhang Z. et al., 2011). Interestingly, DDX41 has also been shown to directly bind cyclic dinucleotides such as cyclic dimeric guanosine monophosphate (c-di-GMP) and cyclic dimeric adenosine monophosphate (c-diAMP), and knockdown of DDX41 prevents STING association with TBK1 or IRF3 and reduces antiviral signaling in response to these molecules (Parvatiyar et al., 2012). As such, it is possible that DDX41 bolsters cGAS-STING signaling by promoting cGAMP- STING interactions. Evidence for such a suggestion comes from the demonstration that DDX41 knockdown further reduces murine leukemia virus (MLV)-induced IFN expression by cGAS deficient macrophages and dendritic cells (Stavrou et al., 2015). Furthermore, IFN-β expression could be rescued in macrophage-like cells following cGAS knockdown with the administration of exogenous cGAMP prior to MLV infection, but this procedure failed to rescue such responses in cells following DDX41 knockdown (Stavrou et al., 2018). Together, these studies suggest that DDX41 can act in a cooperative manner with cGAS to induce STING activation following viral challenge.

To date, it is not known whether DDX41 is expressed in the mammalian CNS. However, the drosophila DDX41 homolog, Abstrakt, has been shown to be involved in visual and CNS system development (Irion and Leptin, 1999; Schmucker et al., 2000). Furthermore, DDX41 is highly expressed in the zebrafish brain and this gene product performs similar antiviral functions to mammalian DDX41 when expressed in a HEK 293 expression system (Ma et al., 2018). Finally, circumstantial evidence of a role for DDX41 in the human CNS lays in the observation that HSV-1 has evolved an evasion mechanism targeting DDX41 (Table 2), suggesting that this molecule can act as a restriction factor for this neurotropic virus (Duan et al., 2019).

DNA protein kinase (DNA-PK) is a protein complex made up of a DNA protein kinase catalytic subunit (DNA-PKcs), ku70, and ku80, and is best known for its role in DNA double stranded break repair. However, several studies have shown that it can bind to transfected DNA and elicit the expression of IFN-β and other ISGs, independent of kinase activity (Ferguson et al., 2012; Harnor et al., 2017; Burleigh et al., 2020). In addition, the Ku70 subunit has also been identified as a possible DNA sensor in studies where plasmid transfected HEK 293 cells produce the type three IFN, IFN-λ1, that can limit HIV replication (Zhang X. et al., 2011). In this work, Ku70 and Ku80 were both found to bind transfected DNA, but only the loss of Ku70 decreased IFN-λ1 expression in these cells (Zhang X. et al., 2011). This finding was confirmed in splenocytes derived from ku70 deficient mice (Zhang X. et al., 2011), and it was later determined that Ku70mediated IFN-λ1 expression requires the expression of STING (Sui et al., 2017). However, it should be noted that these results are in contrast to a more recent report in which signaling through DNA-PK was found to be independent of the presence of STING (Burleigh et al., 2020). While it is presently unclear whether Ku70 functions alone or in concert with Ku80 and the DNA-PKcs to elicit antiviral activity, Ku70/DNA PK has been demonstrated to induce cytokine responses following infection of hepatocyte carcinoma and monocytic cell lines with HBV and human T-cell leukemia virus type 1, respectively (Li et al., 2016; Wang et al., 2017).

Furthermore, vaccinia virus and adenovirus have both been shown to antagonize Ku70/DNA-PK signaling (Peters et al., 2013; Scutts et al., 2018; Burleigh et al., 2020). Together, these studies suggest that ku70/DNA-PK acts as a viral PRR in addition to its DNA repair functions.

Despite evidence for antiviral functions of ku70/DNA-PK in peripheral cell types such as monocytes and fibroblasts, little exists for such a role in the CNS (Li et al., 2016; Burleigh et al., 2020). Expression of DNA-PK in the CNS and its role in DNA repair has been established from the study of mutations in severe combined immunodeficiency (SCID) mice that result in a truncated kinase domain in DNA-PK (Chechlacz et al., 2001; Vemuri et al., 2001). This has been shown to cause increased neuronal cell death in vitro and in vivo, presumably as a consequence of accumulated dsDNA breaks (Chechlacz et al., 2001; Vemuri et al., 2001). Since the DNA repair functions of DNA-PK are found in CNS cell types, the DNA sensing abilities of this molecule seen in peripheral cells may also be retained in the brain and this possibility requires further investigation.

Finally, RNA polymerase III was simultaneously identified as a DNA sensor by two groups as they investigated the mechanisms responsible for RIG-I mediated DNA sensing (Ablasser et al., 2009; Chiu et al., 2009). They demonstrated that poly (dA:dT) was reverse transcribed to RNA that then served as a ligand to activate RIG-I and induce IFN-β production in monocytes, fibroblasts, and dendritic cells (Ablasser et al., 2009; Chiu et al., 2009). Our own work subsequently showed that RNA polymerase III is functionally expressed in murine glia and a human microglial cell line (Crill et al., 2015; Johnson et al., 2020), and that its inhibition reduces HSV-1-induced IRF3 activation and TNF-a production in murine microglia cells and astrocytes (Crill et al., 2015). In addition to HSV-1, evidence suggests that RNA polymerase III also has a role in recognizing varicella-zoster virus (VZV) (Carter-Timofte et al., 2018, 2019). A RNA polymerase III mutation was identified in twins suffering from recurrent VZV CNS vasculitis and PBMCs isolated from them showed reduced antiviral and/or inflammatory cytokine responses to poly(dA:dT) and VZV challenge (Carter-Timofte et al., 2018). Furthermore, additional RNA polymerase III mutations were identified in adult VZV encephalitis patients and PBMCs from these patients similarly showed reduced IFN-β and CXCL10 expression in response to poly(dA:dT). Interestingly, while PBMC cytokine response were unchanged following VZV challenge, patients with these RNA polymerase III mutations showed higher viral gene expression (Carter-Timofte et al., 2019). Together, these studies support a role for RNA polymerase III in combating viral CNS infections.



CONCLUDING REMARKS

It is now appreciated that resident CNS cells are important contributors to innate immunity and, due to their location, are likely the first responders to viral CNS infections. Resident CNS cells, especially astrocytes and microglia, are known to express an array of PRRs including TLRs, RLRs, NLRs, and now intracellular DNA sensors. In addition to their expression, multiple studies have demonstrated the functional nature of these sensors in various CNS cell types (as summarized in Figure 1 and Table 3). For example, we have shown that cGAS is required, at least in part, for microglial IFN responses to foreign DNA (Jeffries et al., 2020). However, our understanding of the role of DNA sensors in viral infections is limited and, in some cases, contradictory. It is currently unclear whether DNA sensors are beneficial or detrimental to the host during CNS infections, and it appears likely that outcomes following activation are pathogen, host cell-type, and even species, specific. This is exemplified by the finding that the HSV-1 product ICP6 blocks ZBP1-mediated responses in human cells but activates ZBP1 in murine cells (Guo et al., 2018). Because of this, future research on the role and therapeutic potential of DNA sensors must be cognizant of such variables.


Table 3. Expression and antiviral activity of intracellular DNA sensors in CNS cell types.
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FIGURE 1. Intracellular DNA sensors in resident CNS cell types. Intracellular nucleic acid sensing by DNA sensors in microglia, astrocytes, and neurons. AIM2 sensing of dsDNA leads to the recruitment of apoptosis-associated speck-like protein containing a CARD (ASC) that then cleaves pro-caspase 1. Active caspase 1 then cleaves the precursor forms of IL18 and IL-1β, causing their maturation and release from the cell. ZBP1 sensing of either dsDNA or RNA causes it to associate with RIPK3, activate the transcription factor NF-κB, and phosphorylate mixed lineage kinase domain-like protein (MLKL) in microglia and astrocytes. This results in pro-inflammatory cytokine expression and execution of necroptosis. In neurons, ZBP1 sensing results in the activation of IRF1, expression of IRG1, production of itaconate, and a reduction in succinate dehydrogenase (SDH) activity. Sensing of dsDNA by cGAS leads to the production of cGAMP, which binds to and activates STING causing the phosphorylation and translocation of interferon regulatory factor 3 (IRF3) to the nucleus. This results in the expression of IFN and ISGs in microglia and astrocytes. RNA pol III senses dsDNA and converts it into dsRNA that can then be sensed by RIG-I in microglia and astrocytes. RIG-I sensing of dsRNA causes it to associate with mitochondrial antiviral-signaling protein (MAVS) leading to activation and translocation of IRF3 and NF-κB, resulting in the expression of IFN, ISGs, and pro-inflammatory cytokines. This figure was created with BioRender.com.


Lastly, it is important to note that DNA sensors may contribute to other CNS pathologies, such as neurodegenerative diseases, which may be initiated or exacerbated by viral infection. For instance, three prime repair exonuclease 1 (TREX1) deficiency can cause accumulation of mislocalized DNA and lead to Aicardi Goutieres syndrome. This condition is characterized by permanent and often severe neurological damage due to IFN overproduction, and the loss of cGAS has been shown to rescue TREX1 deficient mice from disease pathology (Gray et al., 2016). Similarly, neurodegenerative diseases are associated with chronic overproduction of proinflammatory mediators and neuroinflammation in diseases such as Alzheimer's disease could result from the chronic activation of DNA sensors by released DAMPS and/or viral infection. Regardless, it is clear that our understanding of these DNA sensors in the CNS remains rudimentary and further research is needed to define the cell type, species, and pathogen specificity of each. In doing so, it might be possible to target these molecules judiciously to limit damaging inflammation while allowing beneficial host responses to improve patient outcomes.
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During acute bacterial meningitis, recognition of the bacterial envelope by immune cells of the central nervous system (CNS) generates a robust response that is essential to clear bacteria. This response is further amplified during treatment when lytic antibiotics, required for cure, also generate a burst of highly inflammatory cell envelope debris. Different peptidoglycan (PG) subcomponents interact with neurons, glia, and the blood brain barrier resulting in the entire symptom complex of meningitis. Recently, this CNS-cell envelope signaling axis has been extended to non-inflammatory recognition of cell wall components circulating from endogenous bacteria to the brain resulting in both benefit and chronic damage. This review will describe the molecular details of a broad array of cell envelope-induced responses in the CNS and what current strategies can be implemented to improve clinical outcome.
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INTRODUCTION

The bacterial cell envelope is one of the most powerful pathogen associated molecular patterns (PAMP) recognized by pattern recognition receptors (PRR) of the human immune system. In the central nervous system (CNS), detection of the cell envelope is critical to the course of bacterial meningitis, one of the most dreaded infectious diseases. Streptococcus pneumoniae, Neisseria meningitidis, and Hemophilus influenzae are the three classical pathogens associated with bacterial meningitis (McGill et al., 2016). PG from the cell envelopes elicit signs and symptoms ranging from drowsiness, fever, headache and neck stiffness to severe intracranial pressure and widespread neuronal death with permanent sequelae and an overall fatality rate between 20 and 30% (van de Beek et al., 2002; Christie et al., 2011). Patients are treated with bacteriolytic antibiotics that are required for cure but also cause the rapid release of highly reactive bacterial debris (Tuomanen et al., 1985a). These PG fragments and cell envelope polymers persist and continue to elicit the influx of leukocytes, brain edema, inflammatory cytokines, and neuronal death, causing further neurological damage.

Interactions between cell wall-PAMPs and PRRs go beyond acute infection. Throughout life, PG fragments are released from the microbiome and circulate in serum (Clarke et al., 2010; Molinaro et al., 2019). Upon access to the CNS these fragments can influence neuronal development (Humann et al., 2016) or contribute to neurodegeneration (Laman et al., 2020). Here, we will describe the molecular interactions between a broad array of cell envelope fragments with specific receptors in the CNS that contribute to a spectrum of responses from CNS homeostasis to acute or chronic inflammation.



BACTERIAL ENVELOPE PAMPs

For both Gram positive and negative bacteria, the network of PG is most notable for protecting bacteria against osmotic forces (Silhavy et al., 2010) and maintaining cell shape (Young, 2006). The PG is a highly conserved repeating disaccharide of N-acetylglucosamine (GlcNac) and N-acetylmuramic acid (MurNac) that forms long chains interconnected by cross-linked peptides of varied length (Figure 1). In Gram-positive bacteria, the entirety of the cell wall is composed of a thick ≈20-80 nm layer of PG that is covalently linked to wall teichoic acids (TA) and interlaced with membrane-bound lipoteichoic acids (LTA) (Skov Sorensen et al., 1988; Tomasz, 2000). The cell envelope of Gram-negative bacteria is composed of a thin 5–10 nm layer of PG covalently linked to lipoproteins and commonly co-mingled with outer membrane-bound lipopolysaccharide (LPS) (Matias and Beveridge, 2007). The bioactivities of PG, LTA, and LPS are unique for each pathogen as they are affected by small molecular adducts to the glycan backbone, variations in TAs and LPS, and by the detailed variability of the cross-links between invariant stem peptides. For this review, we will focus on the PG, LTA, and LPS as the main sources of bacteria-associated inflammation, and going forward, refer to these three structures as components of the cell envelope. When we refer to the PG, TA, or muropeptides, we will use the term cell wall.


[image: Figure 1]
FIGURE 1. Schematic representation of cell envelope bioactivities during acute bacterial meningitis. The cell envelope is composed of a peptidoglycan (PG) backbone that is decorated and intertwined with wall teichoic acid (TA) or lipoteichoic acid (LTA) in Gram-positive (top panel) and PG and the lipid A components of lipopolysaccharide (LPS) in Gram-negative bacteria (bottom panel), respectively. PAMPs within PG, LTA, or LPS are ligands to PRRs (TLRs, NODs, PGLYRPs shown on cells in right panel) in the brain that elicit distinct major symptoms (right panel) during acute bacterial meningitis. Each component is linked to its cognate PRR by dotted lines. TLR, Toll-like Receptor; NOD, Nucleotide-binding Oligomerization Domain-like Receptor; PGLYRP, Peptidoglycan Recognition Proteins; IC, Intracranial.


Within the cell wall structure, LTA and LPS, the innate immune system recognizes PAMPs through PRRs that can signal downstream events to combat infection. The highly conserved PG presents PAMPs derived from fragments of muropeptides that are variations of GlcNac-MurNac- pentapeptides (Figure 1). PRRs distinguish between variations of the third residue of the pentapeptide: meso-diaminopmelic acid (m-DAP) for Gram-negatives and lysine for Gram-positives. The diversity of muropeptide structures is further generated by autolysins, such as peptidases, amidases, and glycosylases. There can be as many as 80 different muropeptides in a bacteria's PG network (Glauner, 1988; Burroughs et al., 1993b; Bui et al., 2012), each with variable ability to invoke a host immune response.

In addition to muropeptides, LPS, LTA and TA are recognized by PRRs (Figure 1). LPS has a tripartite structure: a lipid A anchor, core oligosaccharide, and O-antigen polysaccharide. Different bacteria produce structurally different LPSs that vary in immunostimulatory potency based on phosphorylation, length of oligosaccharides, and composition (Pridmore et al., 2003; Albiger et al., 2007). TAs are linked to the PG MurNac residue and are formed by repeats of ribitol phosphate or glycerol phosphate further decorated by D-alanine and/or sugar residues (Tomasz, 2000; Kang et al., 2016). Most Gram-positive organisms have starkly distinct LTA and TA. However, S. pneumoniae is unique because TA and LTA are not only identical, but also both are decorated with phosphorylcholine (ChoP) (Briles and Tomasz, 1973). The ChoP adduct, a decoration shared by the three common meningeal pathogens on their surfaces, mimics the chemokine platelet-activating factor (PAF) and thereby mediates binding of bacteria to the PAF receptor. This actively promotes trafficking of bacteria and cell surface fragments across epithelia and endothelia, including the blood brain barrier (BBB) (Cundell et al., 1995; Clark and Weiser, 2013). Localizing ChoP to TA makes the pneumococcal cell wall a unique PAF receptor ligand and adds to its distribution during infection and its bioactivities (Cundell et al., 1995).



PRRs FOR CELL ENVELOPE COMPONENTS

There is a wide range of PRR pathways that can be triggered by bacterial envelope components to induce a proinflammatory response within the CNS. The families of PRRs are broken down into Toll-Like receptors (TLRs), NOD-like receptors (NLRs), PG recognition proteins (PGLYRPs), and accessory co-receptors such as lipopolysaccharide-binding proteins (LBP, MD-2, and CD-14). While each PRR recognizes a subset of PAMPs, there is considerable plasticity in ligand recognition, which varies by body site and by the presence of various co-receptors (Li et al., 2013). Extracellular TLRs 1,2, 4, and 6 signal when ligands induce the formation of homo- or heterodimers. TLR2 generally recognizes Gram-positive components such as LTA, di- and tri-acylated lipoproteins and PG fragments. Discrimination of subtle differences in lipids of lipoproteins is conferred by dimerization with TLR1 or TLR6 and the transfer of ligands from the co-receptors CD14, CD36, or LBP (Yoshimura et al., 1999; Han et al., 2003; Hoebe et al., 2005; Akira et al., 2006; Jin et al., 2007). The crystal structures of TLR2/1 and 2/6 indicate direct binding to their preferred lipopeptide ligands (Jin et al., 2007). In contrast to TLR2, TLR4 is a homodimer that recognizes Gram-negative components such as LPS, usually in the presence of the co-receptors CD14, MD-2, and LBP (Medzhitov et al., 1997). This division between TLR2 and 4 is not absolute as Gram-negative muropeptides have been reported to bind TLR2 (Asong et al., 2009) and TLR4 co-receptors have been implicated in binding PG fragments and LTA, thereby expanding classical TLR2 ligands to TLR4 and vice versa (Dziarski et al., 1998; Weber et al., 2003a). The final result of TLR2 or 4 signaling is activation of NF-κB and production of inflammatory cytokines.

The cytoplasmic NOD receptors recognize muropeptides within the host cell. NOD1 recognizes the m-DAP portion of Gram-negative muropeptides (Girardin et al., 2003a), and NOD2 recognizes muropeptides with both m-DAP and lysine. The MurNac residue is dispensable for NOD1 activation, but is required for NOD2 activation and can be linked to either a dipeptide or tripeptide moiety (Girardin et al., 2003b). Unlike the TLRs, NLRs can trigger the expression of inflammatory and antimicrobial genes through the NF-κB and MAPK pathways (Mukherjee et al., 2019).

There are four PGLYRPs in human serum, and they each have a different high affinity for LPS, LTA, and PG muropeptides (Royet and Dziarski, 2007). Similar to the NODs, the PGLYRPs differentiate between muropeptides based on the third amino residue being m-DAP or lysine (Kumar et al., 2005). Interestingly, PGLYRP2 is the only PGLYRP with amidase activity that cleaves PG (Wang et al., 2003).



CELL ENVELOPE MODIFICATION TO AVOID PRR DETECTION

Pathogenic and commensal bacteria modify their PG to evade detection by the innate immune system. There are two strategies: modification of the glycan backbone (N-deacetylation, N-glycosylation, and acetylation) and modification to the stem peptides. For example, S. pneumoniae encodes Adr, O-acetyl transferase, and PgdA, acetylglucosamine deacetylase, that modify the C-6 position of the MurNac and the C-2 position of GlcNac, respectively (Vollmer and Tomasz, 2000; Crisostomo et al., 2006). These modifications prevent degradation by lysozyme and reduce recognition by NOD1 (Boneca et al., 2007). Certain bacteria contain L-ornithine instead of m-DAP in their stem peptides to avoid detection by the NLR family (Girardin et al., 2003b).

Modifications to the LPS, TA, and LTA contribute to immune dampening and avoidance. Meningococcus and H. influenzae shorten their O-antigens in LPS to dampen reactivity. To decrease susceptibility to antimicrobial peptides, ethanolamine, and aminoarabinose can be added to LPS (Guo et al., 1998) and D-alanyl can be added to TAs (Collins et al., 2002).



CELL ENVELOPE RELEASE: ANTIBIOTICS VS. NORMAL GROWTH

Cell envelope components are released into the cerebrospinal fluid (CSF) gradually during growth or rapidly during antibiotic-induced autolysis (Tuomanen et al., 1985a; Arditi et al., 1989; Woodhams et al., 2013; Gonzalez-Santana and Diaz Heijtz, 2020). All three meningeal pathogens are autolytic and therefore undergo rapid cell envelope release during stationary phase and during antibiotic therapy. β-lactam antibiotics, the first line of therapy for meningitis, inhibit PG synthetic enzymes and activate autolysins that destabilize the cell wall network. The result is the release of an array of constituent muropeptides, TA, LTA, and LPS, each with different inflammatory bioactivities (Tuomanen et al., 1985b; Arditi et al., 1989; Burroughs et al., 1993a; Eng et al., 1993; Schneider et al., 1999; Woodhams et al., 2013). It is well-recognized that higher concentrations of PG and LPS in the CSF correlate with poor clinical outcome during meningitis (Arditi et al., 1989; Brandtzaeg et al., 1992; Schneider et al., 1999; Grandgirard et al., 2010).

Given that bactericidal antibiotics are required for curing meningitis and these drugs necessarily release a burst of cell envelope during autolysis, efforts to decrease the resultant neurological damage has focused on dampening the rapid increase in inflammation during the initial doses of antibiotics. In animal models and clinical trials, dexamethasone or non-steroidals, co-administered with the first dose of antibiotics, decrease inflammation and improve outcome (Tuomanen et al., 1987; Odio et al., 1991). Specifically, these measures reduce hearing loss, neurological sequelae and significantly reduce overall mortality (Brouwer et al., 2015; Rayanakorn et al., 2020).



RELATIVE SPECIFIC ACTIVITIES OF CELL ENVELOPE COMPONENTS

The cardinal signs of meningitis in the CSF are a high neutrophil count, protein accumulation associated with BBB permeability, increased intracranial pressure due to brain edema within the closed space of the skull, and low glucose as cerebral metabolism is compromised. Except for low glucose, all of these clinical signs can be recapitulated by infusion of specific cell envelope components into the CSF in animal models indicating that the cell envelope can be considered a library of bioactive PAMPs that together add up to the constellation of pathophysiology of meningitis (Figure 1). The specific activity of key bacterial surface components for inciting CSF inflammatory changes can be calculated (Table 1). The onset of bacterial seeding of the CSF from blood occurs at ~10e5 bacteria/ml and rises to 10e7 bacteria/ml at symptomatic disease (Arditi et al., 1989). The cardinal signs of meningitis can be induced by intact Hemophilus or pneumococcus at ~10e5 bacteria which represents 1 ng of LPS/PG or 10 ng LTA/PG-TA: protein influx at 2 h, leukocytosis at 4 h, and brain edema at 6 h post intracisternal injection (Tuomanen et al., 1985b; Burroughs et al., 1993a). More complex components sustain equal or greater activity at 24 h. Yet, each surface component exhibits a different dose response relationship depending on the pathophysiological sign (Table 1). For Hemophilus, LPS strongly invokes leukocytosis (threshold 10 ng/ml) while PG powerfully induces brain edema (threshold 1 ng/ml). The activity of PG is not affected by the presence of proteins, increases 10 fold if solubilized (autolysis product), and can vary by 2 fold depending on the stem peptide composition (Burroughs et al., 1992, 1993a). In contrast, for pneumococcus, LTA and TA specifically invoke leukocytosis (threshold 500 ng/ml) while multimeric disaccharide stem peptides (autolysis product) powerfully induce both leukocytosis and brain edema (threshold 100 ng/ml) (Tuomanen et al., 1985b; Tomasz and Saukkonen, 1989; Weber et al., 2003b). The disaccharide tetrapeptide, the most common PG building block, is most active for brain edema rather than leukocytosis. The high specific activity of free stem peptides for brain edema (threshold 1 ng/ml) is not due to any one super peptide. Specific bioactivities of the 1,6-anhydromuramyl peptide found at the end of glycan chains includes induction of slow-wave sleep (Krueger et al., 1984) and mitochondrial toxicity in ciliated cells, such as in the choroid plexus (Cookson et al., 1989). In summary, many subcomponents of cell envelopes are bioactive in the range of 10e5–10e7 bacterial equivalents, values found routinely in CSF during meningitis.


Table 1. Threshold (ng/ml) for CNS bioactivity of bacterial components.
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PATHOPHYSIOLOGICAL HOST-CELL ENVELOPE MEDIATED INFLAMMATORY RESPONSES

PAMPs are detected and interpreted by PRRs on key CNS cells: cerebral capillary endothelial cells of the BBB, glia (microglia, astrocytes, and oligodendrocyte cells) as the resident equivalent of leukocytes, neurons, and incoming peripheral blood neutrophils. All of these cells express the full array of PRRs: TLRs, NODs, PGRPs, but the results of their activation are cell specific and ligand specific (Bsibsi et al., 2002).

Glia serve as sentinels and are essential in the early innate immune recognition of LPS, LTA, and muramyl-peptides via their cognate receptors: TLR4, TLR2, and NODs, respectively (Bsibsi et al., 2002; Olson and Miller, 2004; Liu et al., 2010). The TLR signaling pathways act through MyD88 to activate NF-κB resulting in production of proinflammatory cytokines such as TNF-α, IL-1, IL-6, and IL-8. IL-1 and TNF-α contribute to the production of vasoactive nitric oxide, which in turn increases intracranial pressure and reduces oxygen uptake (Suschek et al., 1993; Tureen, 1995). It is also important to recognize that TLRs are not always proinflammatory. In fact, cell wall induced TLR2-NOD2-RIPK2 signaling leads to the production of the anti-inflammatory cytokine IL-10, which serves to shut down inflammation as infection resolves (Moreira et al., 2008).

Cerebral endothelial cells form tight junctional complexes that seal the BBB as a barrier from blood. Some small PG fragments, such as dipeptide D-Glu-mDAP and muramyl-dipeptide, are internalized and activate NF-κB through the NLR pathway amplifying the production of proinflammatory cytokines, chemokines (CCL2/3, CXCL1/8, and MIP-2), and prostaglandins (PGE2). These signaling molecules lead to the disruption of the BBB in conjunction with the recruitment of peripheral white blood cells. In bacterial meningitis, neutrophils comprise >90% of infiltrating leukocytes, and cause vasculitis, hemorrhage, and edema (Polfliet et al., 2001; Koedel et al., 2009). Prolonged leukocytosis increases the release of matrix metalloproteinases that degrade collagen IV and fibronectin, which are crucial components of the subendothelial basal lamina furthering the breakdown of the BBB (Lukes et al., 1999). Endothelial-derived tissue type plasminogen activator (tPA) leaks into the CSF, triggering thrombosis and a decrease in blood flow (Winkler et al., 2002). The presence of thrombin activates endothelial cells to produce PAF causing edema (Zimmerman et al., 1985).

Human neurons express TLR1, TLR2, TLR4, and CD14 for the recognition of LTA and the Lipid A portion of LPS (Acosta and Davies, 2008; Dzamko et al., 2017). Neuronal death through caspase-3 dependent apoptosis is driven by PG, LTA and LPS through proinflammatory cytokines (Mitchell et al., 2004). Neurons in the hippocampus, prefrontal cortex, and cerebellum highly express PGLYRP2 and NOD1 for the recognition and distinction of muropeptides from both Gram-positive and Gram-negative bacteria (Arentsen et al., 2017). PGLYRP2 binds to the bacterial cell wall to cleave the stem peptide, and activation of NOD1 causes the production of proinflammatory cytokines (IL-1β, TNF-α, IL-6) (Acarin et al., 2000).



HOST-CELL ENVELOPE INTERACTIONS IN CNS DEVELOPMENT AND NEURODEGENERATION

Although cell envelope PAMPs classically stimulate an acute inflammatory response, there is increasing recognition of their roles in modulating an array of non-inflammatory outcomes in the CNS, ranging from embryonic development to neurodegeneration. Muropeptides from the gut microbiome normally circulate constantly in serum (Clarke et al., 2010). Thus, there is ample opportunity for muropeptide/PRR interactions to occur without frank infection of the CNS. Furthermore, the gut microbiota communicates directly with the brain through the vagus nerve (Fulling et al., 2019), modulating the formation of the BBB (Braniste et al., 2014), and maturation of microglia (Erny et al., 2015).

Evidence implicates interactions of PRRs and cell envelope components in chronic neuroinflammation associated with neurodegeneration and behavioral abnormalities (Laman et al., 2020). Chronic, tonic signals from the microbiome are sensed by neurons and may exacerbate neurodegeneration. LPS can be found at high concentrations in the hippocampus and superior temporal lobe neocortex during Alzheimer's disease (Zhao et al., 2017). Loss of nod1 and nod2 severely decreases serotonin levels in the hippocampus and brainstem, which is associated with cognitive impairment and depressive-like behaviors (Pusceddu et al., 2019). Thus, bioactivities encoded in cell envelope components may incite a greater array of pathological processes than just simply acute inflammation during infection.

PRRs are expressed early in fetal development and are found on virtually all CNS cell types throughout life (Okun et al., 2010). Some PG-TA components generated during treatment of maternal infection are capable of crossing the placenta and entering the fetal brain where they alter neurodevelopment (Humann et al., 2016). Early in fetal development, interactions of PG-TA with neuronal TLRs silently induce overproliferation of neuronal progenitors leading to an abnormal increase in cell number in the neocortex in murine models (Humann et al., 2016). This aberrant architecture is permanent and associated with behavioral abnormalities after birth. Absence of PGLYRP2 is associated with altered expression of the brain-derived neurotrophic factor altering formation and regulation of neural circuits (Park and Poo, 2013; Arentsen et al., 2017; Eagleson et al., 2017). Thus, both the presence of excess PG-TA during early windows of development or the absence of PG sensors can lead to abnormal CNS development.



CONCLUSION

The bacterial cell envelope is a highly bioactive library of molecules driving the course of acute and chronic inflammation and perhaps emerging as modifiers of normal development. Each pathogen presents its own array of PRR ligands and thus builds its own pattern of disease. The CNS has a complete and diverse array of innate sensors to engage cell envelope subcomponents and respond with induction of signaling. It appears that timing is key to damage or benefit to outcome. Bursts of PRR-induced signaling are generally damaging while the low level, constant signaling produced by microbiome components, may serve as an ever present source of communication from peripheral organs to the CNS.
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Background: L. monocytogenes meningoencephalitis has a mortality rate of up to 50% and neurofunctional sequelae are common. Type I restriction-modification systems (RMS) are capable of adding methyl groups to the host genome. Some contain multiple sequence recognition (hsdS) genes that recombine, resulting in distinct DNA methylation patterns and patterns of gene expression. These phenotypic switches have been linked to virulence and have recently been discovered in multiple clonal complexes of L. monocytogenes. In the present study, we investigated the significant of RMS on L. monocytogenes virulence during the acute phase of experimental meningitis.

Methods: L. monocytogenes strains containing RMS systems were identified, and purified clones enriched for single hsdS alleles were isolated. In vivo, 11-day old Wistar rats were infected with an inoculum containing (a) one of 4 single RMS allele variants (A, B, C, D) treated with amoxicillin (AMX 50 mg/kg/dosis, q8h), (b) a mixture of all 4 variants with or without AMX treatment, or (c) different mixtures of 2 RMS allele variants. At selected time points after infection, clinical and inflammatory parameters, bacterial titers and brain damage were determined. Changes in the relative frequency of the occurring RMS alleles in the inoculum and in CSF or cerebellum of infected animals were analyzed by capillary electrophoresis.

Results: We have identified a phase variable RMS locus within L. monocytogenes CC4 and generated stocks that stably expressed each of the possible hsdS genes within that loci. Generation of these allele variants (A, B, C, D) allowed us to determine the methylation pattern associated with each hsdS through SMRT sequencing. In vivo infections with these single allele variants revealed differences in disease severity in that C induced the worst clinical outcome and more pronounced hippocampal apoptosis; D showed the most pronounced weight loss and the highest bacterial titer in the cerebellum. A caused the least severe disease.

Conclusion: We identified that L. monocytogenes expressing hsdS (A) causes less damage than when other hsdS genes are expressed. While expression of hsdSC and D worsened the outcome in L. monocytogenes meningitis. We also demonstrate a competitive advantage of variants C and B over variant A in this model. Phenotypical switching may therefore represent a mechanism of virulence regulation during the acute phase of CNS infections with L. monocytogenes.
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INTRODUCTION

Listeria monocytogenes, a gram-positive facultative intracellular bacterium is a ubiquitous pathogen able to cause infections of the central nervous system (CNS), bacteremia involving the spleen and the liver, and localized gastrointestinal symptoms (Disson and Lecuit, 2012). Listeriosis primarily affects immunocompromised adults, the elderly and pregnant women via a foodborne infection route with high mortality rates of up to 50% (Yildiz et al., 2007; de Noordhout et al., 2014; Koopmans et al., 2017). In around 30% of the cases, listeriosis develops into bacterial meningitis and meningoencephalitis (Charlier et al., 2017). After Streptococcus pneumoniae and Neisseria meningitidis, Listeria monocytogenes is the third most common causative pathogen in meningitis/meningoencephalitis in around 5% of all cases (Koopmans et al., 2013).

Infections of the CNS by L. monocytogenes cause neurological sequela like epilepsy, hydrocephalus, strokes, severe intellectual disability and motor impairment (Kasanmoentalib et al., 2010; de Noordhout et al., 2014). In up to 18% of the patients, sequelae are still present 3 months after infection (Pelegrin et al., 2014). In neonates with a CNS infection, 44% developed neurological sequelae (de Noordhout et al., 2014). Complications like hydrocephalus occur in 28% percent of the cases (Hsieh et al., 2009) and is a risk factor for higher mortality (Pelegrin et al., 2014). Children are especially affected by long term disabilities. After 5 years 44% of all cases of neonatal neurolisteriosis still showed sequelae (Bedford et al., 2001).

The overshooting immunoreaction of the central nervous system (CNS) is an important driver in the pathophysiology of bacterial meningitis/meningoencephalitis and leads to poor outcome (Agyeman et al., 2014). Adults show a severe meningeal inflammation with a monocytic and granulocytic infiltration. Ventriculitis is frequently encountered and, often the periventricular tissue is being invaded. Commonly, L. monocytogenes meningitis leads to micro-abscesses. Those occur in proximity of the ventricles or perivascular spaces. Further the infection with L. monocytogenes leads to subendothelial inflammation of the meningeal arteries. Small vessel in the parenchyma show thrombosis and parenchymal bleedings (Engelen-Lee et al., 2018). The hippocampal formation of patients dying in association with bacterial meningitis show neuronal apoptosis of the granular layer in the dentate gyrus (Nau et al., 1999). This is also true in experimental models (Leib et al., 1996; Bifrare et al., 2003; Grandgirard et al., 2007b). The hippocampus is important for spatial and verbal learning and memory and damage within it leads to learning and memory impairment consecutive to bacterial meningitis (Nau et al., 1999; Wellmer et al., 2000; Loeffler et al., 2001; Leib et al., 2003).

The current therapy for listeria meningitis consists of amoxicillin, ampicillin or penicillin G. A duration of 21 days or longer is recommended, however there is no empiric data on an optimal treatment duration (Tunkel et al., 2004; van de Beek et al., 2016; Pagliano et al., 2017).

Phase-variation (PV), a rapid and reversible process, allows bacteria to diversify within populations and quickly adapt to changing environmental conditions. This is a mechanism with the potential to explain the ability of certain species, lineages or clones of pathogenic bacteria to be more successful in causing disease (Srikhanta et al., 2005; De Ste Croix et al., 2017, 2020a). PV DNA methylation systems have been proposed as one mechanism which could allow global gene expression changes through alternate methylation of the genome (Srikhanta et al., 2005; Manso et al., 2014). PV type I restriction modification systems (RMS) have been implicated in species such as S. pneumoniae (Manso et al., 2014; Li et al., 2016; Kwun et al., 2018; De Ste Croix et al., 2019, 2020b), Streptococcus suis (Atack et al., 2018), Mycoplasma pulmonis (Sitaraman et al., 2002) and L. monocytogenes (Fagerlund et al., 2016) as potential epigenetic regulators of bacterial virulence. In L. monocytogenes, as in many other bacterial species, RMS tend to be specific to the accessory genome of single phylogenetic units such as sequence type or clonal complex (Chen et al., 2017; De Ste Croix et al., 2017; Lee et al., 2019; Zamudio et al., 2020). Previously a PV type I RMS was described in L. monocytogenes lineage II sequence type 8 (ST8) isolates of food and human origin (Fagerlund et al., 2016). We identified a related phase variable type I RMS in L. monocytogenes lineage I ST4.

The aim of this work was to isolate strains stably expressing each of the PV hsdS genes of this type I RMS and characterize the associated methylome changes and their potential effects on disease associated phenotypes in an established infant rat model of experimental meningitis/neurolisteriosis.



MATERIALS AND METHODS


Bacterial Strains, Growth Conditions, and Growth Curves

L. monocytogenes isolates of sequence type 4 (ST4) were clinical isolates from the Institute of Infectious Diseases in Bern and blood culture isolates collected by the National Reference Laboratory for Enteropathogenic Bacteria and Listeria (NENT) in Zürich (Table 1). Bacterial strains were grown at 37°C on brain heat infusion (BHI) agar plates or in BHI broth (Thermo Fisher Scientific, UK). Wildtype (wt) clones of L. monocytogenes N12-320 stably expressing a single RMS hsdS allele were generated. These clones were generated through the passaging of single colony isolates on BHI agar at 37°C, followed by PCR analysis of the hsdS locus using primers WRT3 and WRT4 as described below. For each hsdS allele 3 clones were independently generated and named A1-3, B1-3, C1-3, and D1-3. Each of these clones is a wt isolate capable of recombination within the RM system locus, however it is significantly enriched (>90%) for a single hsdS allele. Stable hsdS expressing clones were also generated in the CC4 strains 2250248 and N12-0794.


Table 1. L. monocytogenes strains used in this study.
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Clones enriched for a single hsdS allele, from strain N12-0320, were used to confirm that all strains showed a similar growth rate in vitro. Strains were plated on BHI agar (Oxoid, UK) and incubated overnight at 37°C. For each strain a sweep of colonies was resuspended in BHI broth to an OD600 of ~0.4. An additional 25% mix containing A1, B1, C1, and D1 was generated by pooling strains in equal proportions by OD. Each sweep was then diluted 1:100 in fresh BHI broth. 200 ul per strain per replicate was aliquoted into a sterile, flat-bottomed, 96 well-plate (Thermo Fisher Scientific, UK) and sealed with a Breathe-Easy membrane (SigmaAldrich, UK). Growth was measured for 24 h in an Eon Biotek plate reader (Biotek, UK) at 37°C. Growth curve data was plotted using ggplot2 in R/4.0.2. Data from independent strains (e.g. A1, A2, A3) were used to generate error bars.



Molecular Analysis
 
SMRT Sequencing

We determined the complete genome of L. monocytogenes N12-0794 hsdSA and N12-0794 hsdSC using single-molecule, real-time (SMRT) sequencing. In short DNA was prepared from exponential phase (OD0.4) cultures using the Zymo Clean & Concentrator DNA kit (Cambio, UK) and the manufacturers protocol. Sequencing libraries were prepared according to the manufacturer's instructions and sequenced on the PacBio Sequel II instrument. Genomes were assembled de novo and reads were analyzed for methylation patterns using SMRT analysis software (available from Pacific Biosciences). Analysis was conducted on CLIMB (Cloud Infrastructure for Microbial Bioinformatics) (Connor et al., 2016).



GeneScan of hsdS Alleles in Recovered Samples

Bacterial colonies obtained from intra-cisternal infections of Wistar Rat pups were analyzed for hsdS expression and compared to the initial inoculating dose. To ensure only live bacteria were analyzed all samples were plated on BHI agar and incubated at 37°C overnight. All bacterial growth was collected and used for PCR amplification of the phase variable region of interest with a FAM labeled primer (WRT4 5′-[6FAM]CCAGTAATCCGGTTTAAAGGC) and primer WRT3 (5′-CCAAGCGAATCTGTAGCCC) (Sigma, UK). Following successful PCR amplification of the phase variable region of interest, samples were digested using EcoRV (NEB, UK), giving a unique fragment size for each variant when in the active hsdS position (allele A 780, B 727, C 705, and D 756 bp). Fragment size analysis of FAM labeled, digested PCR products was done on an ABI Prism DNA sequencer using the LIZ1200 size standard (Thermo Fischer Scientific, UK). Size analysis of each labeled fragment was run in Peak Scanner v1.0 (Thermo Fisher, UK). For homogenized organs 20 ul was plated and for CSF samples (due to the small sample volume) 10 ul was plated. A minimum of 10 colonies were required for analysis to ensure samples were representative, samples with <10 colonies were not analyzed further. The initial inoculum for each experiment was also analyzed by plating and PCR of the recovered colonies. If two attempts to PCR amplify the locus of interest failed the sample was excluded from further study.



Phylogenetic Analysis

As we previously described, the core-genome phylogenetic tree for our Swiss isolates was build based on 1,596 core genes, which represent 93.8% of the well-defined cgMLST scheme (Zamudio et al., 2020). Gene markers for phase variable Modification Restriction systems (pv-MRS) were identified in our 160 Swiss isolates by using BLASTn with 100% coverage and 98% identity. The gene presence/absence matrix was mapped into the phylogenetic tree using the ggtree R package v1.15 (Yu et al., 2017).




Bacteria Preparation for in vivo Infections

Clones enriched for a single hsdS allele, isolated from the strain N12-0320, were used in all in vivo experiments. The bacteria stored at −80°C on ceramic beads were stroked on Columbia sheep blood agar and incubated overnight at 30°C. Single colonies were picked up and grown at 30°C in prewarmed brain heart infusion broth (BHI) for 18 h, under static conditions. After that, bacteria were pelleted at 1,560 rcf (Heraeus Biofuge Fresco, Thermo Fischer Scientific, Waltham, Massachusetts, US) for 10 min at 4°C. The pellet was resuspended in sterile NaCl 0.85%. This procedure was repeated twice. The resuspended bacterial preparation was diluted in sterile NaCl 0.85% and adjusted to the desired concentration by measuring the optical density at 570 nm. Inoculum size accuracy was checked by quantitative culture on blood agar plates. For in vivo experiments, 10 μl of the suspension were injected intracisternally.



Experimental Model of Neurolisteriosis

All animal studies were approved by the Animal Care and Experimentation Committee of the Canton of Bern, Switzerland (license no. BE 1/18). The model used in the present study was previously established in our group (Michelet et al., 1999; Remer et al., 2001). Per experiment 14 eleven-day old rat pups of mixed sex and one dam were purchased from Charles Rivers (Sulzfeld, Germany). The dams were provided with tap water and pellet diet ad libitum. Litters were kept in rooms at a controlled temperature of 22 ± 2°C. The average weight of the animals upon start of the experiments was 22.0 ± 2.7 g. Our experimental model with 11-day old rats, corresponds to term infants or very young children <1 year old in term of brain development (Semple et al., 2013). This model is therefore well-suited to investigate both the acute phase of the disease and later neurofunctional deficits.

Via a 30-gauge needle (Becton Dickinson Microlance™, Allschwil, Switzerland) 10 μl of the bacteria suspension was injected into the cisterna magna of infant rats. The animals were weighted, clinically scored according to this scheme (1 = coma, 2 = does not turn upright, 3 = turns upright in >5 s, 4 = turns upright in <5 s, 5 = normal) and CSF was gained by puncturing the cisterna magna at different times points (18, 24, and 42 h post infection, hpi). These time points correspond to (a) a time preceding the symptoms appearance, when we begin to monitor the animals (18 hpi), (b) initiation of antibiotic therapy, with a significant worsening of clinical symptoms (24 hpi), and (c) to the time of sacrifice, when we investigate the development of acute brain damage by histology. Depending on the experiment (see next paragraph), animals were treated with either Amoxicillin (AMX 50 mg/kg/dosis, q8h) or saline, starting at 24 hpi. Animals were checked regularly to evaluate their health status by determining their clinical score. When reaching a clinical score <2, animals were euthanized for ethical reasons. At 42 h after infection, surviving animals were sacrificed with an overdose of the anesthetic pentobarbital (Esconarkon, Streuli Pharma AG, Uznach, Switzerland 200 mg/kg body weight, i.p.,). Animals were perfused through the left ventricle with ice-cold phosphate buffered saline (PBS). Brains were removed for later histological processing. The cerebellar samples were frozen on dry ice and stored at −80°C for later homogenization.



Experimental Design
 
Infections With Single RMS Allele Variants

Animals (n = 36) received an inoculum prepared from a clone enriched for a single hsdS allele as described above. Inoculum sizes were 2.03 ± 0.55 × 107 cfu/ml for variant A (n = 3), 1.70 ± 0.60 × 107 cfu/ml for B (n = 3), 2.19 ± 1.52 × 107 cfu/ml for C (n = 3), and 2.46 ± 1.65 × 107 cfu/ml for D (n = 3). The assignment of the animals for infection with one of the variants was randomized with 9 animals infected per variants. All animals were treated starting at 24 hpi with Amoxicillin (AMX 50 mg/kg/dosis, q8h). Two animals had to be sacrificed early, due to traumatic puncture injuries (B: n = 1; D: n = 1) and two animals died spontaneously from infection (A: n = 1 and C: n = 1). Thirty-two animals reached the endpoint of the experiment at 42 hpi (A: n = 8, B: n = 8, C: n = 8, D: n = 8).



Infections With a Mixture of the 4 RMS Allele Variants (A:B:C:D)

Animals (n = 28) received an inoculum prepared from a mix of 4 clones enriched for the different hsdS alleles. The inoculum size was 1.80 ± 0.35 × 107 cfu/ml (n = 3). The animals were randomly assigned to a treatment with AMX (50 mg/kg/dosis, q8h) or saline starting at 24 hpi. The assignment to the treatment group was randomized (AMX n = 14, saline n = 14). Three animals spontaneously died in the control group and one animal of the AMX group had to be sacrificed early due to a traumatic puncture injury, so that a total of 24 animals reached the endpoint of the experiment at 42 hpi and were further included in the analysis data (AMX = 13, control = 11). Apart from clinical, histological and inflammatory parameters, the hsdS expression (A:B:C:D) within the bacterial colonies recovered from the CSF and cerebellum was compared to the original inoculum by analysis of PCR fragments (GeneScan).



Infections With a Mixture of 2 RMS Allele Variants (A:B, A:C, B:C)

Animals received an inoculum prepared from a mix of 2 clones enriched for hsdS alleles A and B (A:B, n = 36), alleles A and C (A:C, n = 24) or alleles B and C (B:C, n = 24). The inoculum size was 1.46 ± 0.32 × 107 cfu/ml for A:B (n = 3), 1.03 ± 0.11 × 107 cfu/ml for A:C (n = 4) and 1.16 ± 0.37 × 107 cfu/ml for B:C (n = 4). No treatment was applied for these experiments. Twenty-five animals reached the endpoint of the experiment at 42 hpi for A:B, 16 for A:C and 15 for B:C. The hsdS expression of the different alleles (A, B, C, and D) within the bacterial colonies recovered from the CSF and cerebellum was compared to the original inoculum by analysis of PCR fragments (GeneScan).




Quantitative cfu Determination

CSF samples were serially diluted in sterile NaCl 0.85% and plated on CSBA plates. To prepare cerebellar homogenates, 1 ml of NaCl 0.85% was added per gram of tissue and mechanically processed in a glass homogenizer. The homogenate was serially diluted and plated on CSBA plates. All plates were cultured at 37°C overnight. Results were expressed as cfu/ml for CSF samples, respectively, cfu/g for homogenized tissue.



Analysis of Cytokine Expression in Cerebellar Homogenates

Cytokines known to be upregulated during L. monocytogenes meningitis (IL-1β, IL-6, IL-10, IL-18, TNF-α, and VEGF) (Koopmans et al., 2014, 2018) were assessed using magnetic multiplex assay (Rat Magnetic Luminex® Assay, Rat Premixed Multi-Analyte Kit, R&D Systems, Bio-Techne) on a Bio-Plex 200 station (Bio-Rad Laboratories) as described previously (Perny et al., 2016; Muri et al., 2018). Cerebellum homogenates were centrifuged (16,000 × g, 10 min, 4°C) and protein concentration determined using Pierce™ BCA Protein Assay kit (ThermoFischer Scientific). 100–150 μg proteins were diluted to a final volume of 50 μl. For each sample, a minimum of 50 beads was measured. If the concentration of the sample was below the detection limit, a value corresponding to the lower limit of detection provided by the manufacturer was used. The detection limits for undiluted samples were 2.93 pg/ml for IL-1β, 23.2 pg/ml for IL-6, 8.95 pg/ml for IL-10, 3.32 pg/ml for IL-18,11.5 pg/ml for TNF-α, and 15.6 pg/ml for VEGF.



Histopathology

Brain harvested at sacrifice were fixed for 4 h in 4% PFA and cryo-preserved in a 18% sucrose in PBS at 4°C for 24 h. After freezing the brains in methyl-butane at −80°, forty-five μm slices were cut and every 15th cut was mounted on a gelatin coated glass slide. The slides were stained with cresyl violet (Merck, Zug, Switzerland) for Nissl bodies and mounted with DPX mounting medium for Histology (Sigma-Aldrich, Buchs, Switzerland). The sections were analyzed for hippocampal apoptosis as described previously (Grandgirard et al., 2007a). Hydrocephalus was assessed by determining the volume of the lateral and third ventricles normalized to the respective total cortical volume. All volumes were determined using the Cavalieri principle (Grandgirard et al., 2007a) using Image J for the analysis (V. 1.45, National Institutes of Health, Bethesda, Maryland, US). In our hand, a 15th cutting frequency allows enough resolution to determine volumes using histology, with negligible variation compared to water displacement method. Histologic assessment was performed and evaluated by investigators blinded to treatment modalities of the individual animals. Digital pictures of the dentate gyrus were taken using an AxioImager M1 microscope equipped with an AxioCam MRc CDD camera (Carl Zeiss Microscopy, Göttingen, Germany) at a magnification of 40x. Entire histological slices were scanned using a Path Enabler IV scanner (Meyer Instruments Inc., Houston, TX, US) at a resolution of 3,600 dpi.



Statistical Analyses

Statistical analyses were performed using GraphPad Prism (Prism 8; GraphPad Software Inc., San Diego, USA). Results are presented as mean values ± standard deviation if not stated otherwise. Survival was calculated using a log rank (Mantel-Cox) test. To compare differences between two groups, an unpaired Student t-test or a non-parametric Mann-Whitney test were used. When comparing multiple groups, we performed either one-way ANOVA with Tukey multiple comparison or a Kruskal-Wallis with Dunn's multiple comparison test depending on the normal distribution of the groups. For data available for different time points we performed a mixed-effects model of a 2-way ANOVA with repeated measures (because of missing values for animals that died spontaneously) and Tukey multiple comparison. The active hsdS allele composition of each sample was compared to the initial inoculum using a Kruskal-Wallis test. Normal distribution was tested using the D'Agostino & Pearson test. A p < 0.05 was considered statistically significant with p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).




RESULTS


Genetic, Genomic, and Phenotypic Analysis of the Phase Variable Type I RMS

For the genetic and genomic analysis of the phase variable type I RMS Lmo0320I in L. monocytogenes lineage I ST4 (sequence type 4, clonal complex 4 CC4) isolate N13-0320, we aligned the RMS system loci of four ST4 genomes (Figure 1A). The 8,446 bp phase variable RMS locus was found to be inserted into a hairpin in the intergenic between lmo020 and lmo0521 in the reference strain EGD-e (between GeneID 985284 and 985300) creating a deletion of 32 bp. The structure of the locus was maintained between all CC4 isolates with an hsdR gene coding for the restriction subunit, an hsdM gene encoding for the methyltransferase, and one active and one inactive hsdS gene encoding for the specificity subunit, interspaced by the gene for a site-specific recombinase with a 99% nucleotide identity spanning the whole locus. As already shown for other phase variable type I RMS loci (Manso et al., 2014; Fagerlund et al., 2016), shuffling of the single target recognition domains (TRD) of the hsdS genes is readily evident from the aligned genome sequences (Figure 1A). Testing our collection of 160 Swiss L. monocytogenes isolates of food and clinical origin (Althaus et al., 2014) shows presence of the phase variable RMS Lmo0320I in all eight CC4 isolates and the related isolates of ST54 and ST1286 (Figure 1B). Further interrogation of our set of genomes with the sequences of the Lmo0320I hsdR genes detected orthologous systems in CC5 and CC8 with sequence identity, respectively, of 3063/3063 (100%) (Lineage I CC5 isolate N13-0402, accession RDSW00000000) and 3015/3063 (98%) (Lineage II CC8 isolate N11-2036 accession QYHX00000000) (Figure 1B). The hsdM genes shared a similar level of sequence identity. Three of the Lmo0320I target recognition domains were present in CC5, namely TRD 1.2, 2.1, and 2.2 (nucleotide identity 99–100%). In the more distantly related lineage II CC8 RMS (Fagerlund et al., 2016), only one of the four TRDs was partially conserved (TRD1.1, identity 642/695 92%).


[image: Figure 1]
FIGURE 1. The phase variable Lmo0320I RMS in L. monocytogenes CC4. The locus of the Lmo0772I RMS is composed of an operon containing the co-transcribed hsdR (restriction subunit), hsdM (methylation subunit) and hsdS (specificity subunit) genes, a site-specific recombinase (gray), and a further inactive hsdS gene without a proper start codon and no promoter. The alignment of the locus for the phase variable RMS from four Swiss ST4 CC4 isolates indicates how recombination on the inverted repeats within the hsdS genes (black bars) is able to shuffle the target recognition domains TRD1.1 (blue), 1.2 (green), 2.1 (orange), and 2.2 (pink) (A). To investigate the phylogenetic context all L. monocytogenes phase variable RMSs were mapped on a core-genome phylogenetic tree of 160 Swiss L. monocytogenes isolates (Zamudio et al., 2020). The color of the squares in the heat map are linked to the source (human in red, food in yellow and environment in purple), serotype (presence in black and absence in gray) and phase variable RMS (pv-RMS-CC4 in blue, pv-RMS-CC5 in orange and pv-RMS-CC8 in green. The active variant (A, B, C, or D) of each pv-RMS is indicated by a different shading. (B) Rearrangements within the locus generate the four possible hsdS alleles, A–D by creating different combinations of TRDs 1.1 (blue), 1.2 (green), 2.1 (orange) and 2.2 (pink). Each TRD combination results in an alternative methylation pattern of the genome. These methylation patterns were determined by SMRT sequencing and are shown to the left of each hsdS allele (C).


Analysis of hsdS allele prevalence in single colonies of N12-0320, N12-0794, and 2250248 showed that it was possible to isolate colonies, and stocks derived thereof, which expressed prevalently different hsdS alleles. Allele quantification showed that over 95% of cells in overnight grown colonies (16 generations) had the same active hsdS allele (data not shown), indicating that in this condition recombination in the locus was a rare event. These enriched stocks were used for SMRT sequencing. Methylome analysis identified four different methylation targets for the four different hsdS alleles (Figure 1C). In strain N12-0320, there are a total of 620 hsdSA, 531 hsdSB, 597 hsdSC, and 484 hsdSD methylation sites, representing a huge range of genes potentially regulated by a single type I RMS.

The growth rates of the N12-030 strains expressing different alleles, used for all in vivo work in this study, were analyzed in vitro. All strains showed a similar growth rate (Supplementary Figure 1A).



Infections With Single RMS Allele Variants

All results presented in this paragraph are also summarized in Supplementary Table 1.


Clinical Parameters

All animals developed meningoencephalitis, as demonstrated by a worsening of clinical score and weight loss over time and growth of bacteria in the cerebellum (Figures 2A–C).
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FIGURE 2. Clinical parameters in infection with single RMS allele variant. Clinical score (A), weight change (B) and bacterial titers in cerebellum at 42 hpi (C) and CSF at 24 hpi (D) in animals infected with the 4 different hsdS allele variants (A: n = 8, B: n = 8, C: n = 8, D: n = 8). The vertical dotted lines represent separation between the different time points and the initiation of the amoxicillin treatment is indicated by an arrow under the x-axis. The variants show altered virulence measured by the clinical score, weight change and cerebellum titer. The detailed statistical analyses are provided in Supplementary Tables 1, 2. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.


Animals infected with the different variants didn't significantly differ in mortality (Supplementary Figure 1B). Significant differences in clinical scores were observed between animals infected with the different strains at 18, 24 h, and 42 hpi, with those infected with variant A having consistently better clinical outcome scores at all time points and C significantly worse (Figure 2A and Supplementary Table 2 for detailed statistical analysis). After the application of AMX, there was an improvement of clinical signs for all variants.

Animals infected with all variants showed pronounced weight loss over time. In contrast to its effect on clinical score, AMX treatment didn't attenuate weight loss over time. By comparing the different strains, infection with variant A and B caused the smallest weight change at all time points whereas variant D caused the most pronounced weight loss over the duration of the experiment (Figure 2B and Supplementary Table 3 for detailed statistical analysis).

Cerebellum homogenates at 42 hpi showed significantly higher bacterial titers for animals infected with variants B, C, and D compared to variant A, and variant D showed the highest titer overall (p value for the comparison allele A vs. B, pAvsB = 0.0263, pAvsC = 0.0018, pAvsD < 0.0001, Tukey multiple comparison test) (Figure 2C).

No differences (p = 0.2886, one-way ANOVA) in bacterial titers could be observed in the CSF harvested at 24 hpi, before initiation of antibiotic therapy. However, CSF could be harvested only in a subset of the animals (Figure 2D) (variant A 1.555 ± 0.0707 × 105 cfu/ml n = 2, B 4.896 ± 5.287 × 105 cfu/ml n = 3, C 2.335 ± 3.062 × 105 cfu/ml n = 6, D 3.582 ± 1.265 × 105 cfu/ml n = 5).



Inflammatory Parameters

The levels of different cytokines were investigated in cerebellar homogenates at 42 hpi (Figures 3A–C). A significant lower level of IL-1β concentration was observed in animals infected with variant A compared to those infected with D (p = 0.0488, Tukey's multiple comparison test). No further difference between the groups could be reported. No difference in IL-18 concentration was observed in animals treated with the different variants. Animals infected with variant C and D resulted in lower VEGF expression than A or B (pAvsC = 0.0319, pBvsC < 0.0001; pBvsD < 0.0001, Tukey's multiple comparison test). Further infection with variant B resulted in higher VEGF level than variant A (pAvsB = 0.0028). The level of matrix-metalloproteinase 9 (MMP9) was not different in animals infected with the different strains (Supplementary Figure 2).
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FIGURE 3. Inflammatory and histological parameters in infection with single RMS allele variant. Cytokine levels of IL-1β (A), IL-18 (B), and VEGF (C) measured in cerebellum homogenate at 42 hpi in infant rats infected with the 4 different hsdS allele variants (A: n = 8, B: n = 8, C: n = 8, D: n = 8). The horizontal dotted line represents the lower limit of detection, data points under the line are extrapolated measurements. The variants show different concentrations for IL-1β and VEGF. Variant D leads to higher IL-1β level, whereas variant B shows elevated VEGF levels. No significance was found for IL-18 levels. Significant difference in the level of apoptosis (D) was only found for the comparison between infection with variants A and C, while hydrocephalus (E) was not different between infection with the 4 variants. *p < 0.05; **p < 0.01; ****p < 0.0001.




Histology

Animals infected with variant A show less apoptotic cells in the hippocampus compared to animals infected with variant C. A trend for less severe apoptotic damage was also found for variant A compared to variant D (pAvsC = 0.0500, pAvsD = 0.0792, Dunn's multiple comparison test, Figure 3D and Supplementary Figure 3).

All animals showed enlarged ventricles. However, we did not find any significant difference in hydrocephalus for animals infected with the different variants (p = 0.6670, one- way ANOVA, Figure 3E and Supplementary Figure 3).




Infections With a Mixture of the 4 RMS Allele Variants (A:B:C:D)

All results presented in this paragraph are also summarized in Supplementary Table 1.


Clinical Parameters

Although 3 animals died prematurely in the saline-treated group, the treatment did not alter survival over 42 hpi (p = 0.0826, Mantel-Cox, Figure 4A). The infection induced an initial worsening of the clinical score up to 24 h post infection (hpi) and of weight loss up to 42 hpi. The treatment with AMX administered after 24 hpi significantly improved clinical score compared to saline at 42 hpi (p = 0.0317, unpaired t-test), but did not significantly attenuate weight loss (Figures 4B,C).


[image: Figure 4]
FIGURE 4. Clinical parameters in infection with a mixture of the 4 RMS allele variants. Comparison between AMX-treated and saline-treated animals didn't reveal changes in survival (A) (AMX = 14, control = 14). In contrast, clinical score (B), weight change (C), and bacterial titer in the cerebellum (D) were significantly improved by AMX treatment with amoxicillin improves outcome (AMX = 13, control = 11). Statistical significance was reached for clinical score and cerebellum titers. The vertical dotted line represents the initiation of the amoxicillin treatment. *p < 0.05; ****p < 0.0001; ns: not significant.


Bacterial titers investigated in cerebellum homogenates at 42 hpi showed a significantly lower bacterial titers for animals treated with AMX (p < 0.0001, unpaired t-test, Figure 4D).

Analysis of the colonies recovered from the CSF and brains of rat pups infected with the inoculum containing all four hsdS clones in relatively equal proportions allowed us to determine if any had a phenotypic advantage within a host meningitis model. To account for the variations in inoculum composition between the independent experiments, we calculated the change in proportion for each allele between the inoculum and the different in vivo samples, as determined by PCR. All CSF samples were collected prior to antibiotic treatment with amoxicillin, and brain samples were analyzed by separating the treatment groups. In this experimental paradigm, we did not observe any difference between the alleles, either in homogenized brain tissue or in the CSF (Figure 5).


[image: Figure 5]
FIGURE 5. Change in frequency of the expressed RMS allele between the inoculum and different in vivo samples in infection with a mixture of the 4 RMS allele variants. The relative proportions of hsdS variants A (red), B (blue), C (gray) and D (white) between the inoculum and the bacteria harvested in the different in vivo samples, including the brains of untreated animals (n = 10) or AMX-treated animals (n = 9) and CSF samples (n = 22), were not significantly different between the alleles. A Kruskal-Wallis test found no significant differences between variant proportions in the inoculums and in vivo samples.




Inflammatory Parameters

Except for VEGF, cytokines levels in cerebellum homogenates were significantly more elevated in saline treated animals compared to AMX treatment (IL-1β, p < 0.0001; IL-6, p = 0.0065; IL-10, p = 0.0095; TNF-α, p = 0.0033) (Supplementary Figure 4).



Histology

Animals who received AMX treatment suffered less hippocampal damage compared to animals who were treated with saline (p = 0.0107, Mann Whitney test, Figures 6A,C,D). Unexpectedly, animals treated with AMX had significantly more severe hydrocephalus than animals treated with saline (p = 0.0163, unpaired t-test) (Figures 6B,E,F).


[image: Figure 6]
FIGURE 6. Histological parameters in infection with a mixture of the 4 RMS allele variants. Treatment of infected animals with AMX (n = 13) attenuated hippocampal apoptosis in comparison to saline-treated animals (n = 11) (A) but was associated with enlarged ventricle size (B). Representative pictures of cresy violet-stained sections of the apex of the dentate gyrus (C,D, bar size 50 μm), with examples of apoptotic cells indicated with white arrowheads, or from entire sections with enlarged lateral ventricles (E,F, bar size 2 mm). *p < 0.05.





Infections With a Mixture of 2 RMS Allele Variants (A:B, A:C, and B:C)

The competition assay was repeated, but by reducing the mix to only two variants, A:B, A:C, or B:C. The animals were left untreated. All animals developed meningoencephalitis, proven by growth of bacteria in the cerebellum at 42 hpi and a worsening of clinical symptoms (not shown).

Similar to the experiment with the mix of 4 variants, we determined the changes in the proportion of different alleles between the inoculum and the different in vivo samples. Analysis of the recovered colonies, when compared to the inoculum, revealed that in both the brain tissue and in the CSF, variant A was significantly less represented when compared to the inoculum (Figure 7). This decrease was not observed with the other variants. Due to the nature of analysis a decrease in one variant is accompanied by an increase in an alternative variant. In both the brain and CSF, the observed reduction in variant A is accompanied by an increase in variant C (p < 0.0001 and p = 0.0166, respectively). In addition, the grouped comparison reveals that within the cerebellum the increase in the variant C is also at the expense of the variant B (p = 0.0226) while B appears to outcompete A (p = 0.008) (Figure 7). While no specific assay was conducted with the variant D, inoculums contained up to 10% D due to the wildtype nature of the strains. The results obtained are in line with those of the single variant infection experiments, showing significantly lower cerebellar titer for variant A in comparison to B and C (Figure 2C).


[image: Figure 7]
FIGURE 7. Change in the proportion of PV RMS alleles between the 2 variants inoculums and in vivo samples. Results were pooled from seven independent experiments and each variant is independently calculated as a percentage change from the initial inoculum for that experiment. The relative proportions of hsdS variants A (red), B (blue), C (gray) and D (white) between the inoculum and the bacteria harvested in In vivo CSF and cerebellum samples. A Kruskal-Wallis test showed that the proportion of the A variant is repeatedly reduced in comparison to the starting inoculum, while the C (CSF and brain) and B (brain) variants increase. p < 0.05 (*), p < 0.01 (**), and p < 0.0001 (****).





DISCUSSION

In the present study, we identified a phase-variable RMS system in a collection of clinical isolates of Listeria monocytogenes strains. While not as ubiquitous as some PV RMS (Manso et al., 2014), there appears to be a clear, clonal complex specific, distribution of PV RMS in L. monocytogenes. Analysis of the 160 genomes recently published by Zamudio et al. (2020) showed that all CC4 strains contain different orientations of the same loci (Figure 1B). Isolation of clones expressing a single hsdS variant in strains N12-0320, N12-0794, and 225078 allowed us to confirm that changes in hsdS expression are on-going and relatively stable at 37°C. Long read sequencing of N12-0320 allowed us to identify different methylation patterns associated with each hsdS (Figure 1C).

We tested clones enriched in one of the four allelic variants derived from a CC4 serotype 4b clinical isolate that displays this phase variable RMS in a neonatal rat model. Such phase variation mechanisms have been described in S. pneumoniae and are shown to be important in virulence in pneumococcal invasive diseases (Manso et al., 2014). While in Hemophilus influenzae a PV type III RMS has been linked to virulence phenotypes such as antibiotic resistance, biofilm formation and evasion of the immune system (Atack et al., 2015). Here we show that phase variation in type I RMS in L. monocytogenes leads to an altered outcome in our animal model of listeria meningitis.

When comparing animals infected with the single RMS allele variants, infection with variant A show the mildest clinical disease phenotype on different parameters, including clinical score, weight loss, bacterial titer in the cerebellum, cytokines in cerebellum homogenate and hippocampal apoptosis. Mortality was however not significantly different between all groups up to 42 h after infection. Further cerebellar titers were lower in comparison to other strains.

For variant B, the phenotype mostly resembled that of variant A with defined differences, including more elevated cerebellar bacterial titers. Elevated VEGF levels were found in animals infected with this allele. Vascular endothelial growth factor VEGF is secreted in the process of efferocytosis (Golpon et al., 2004; Vandivier et al., 2006). Elevated VEGF levels in the cerebrospinal fluid in cases of listeria meningitis is shown to be associated with poor outcome (Koopmans et al., 2014). However, this was not observed in our experimental model, neither on mortality rates nor in the level of brain damage.

Variant C presented with the worst clinical disease phenotype at 24 hpi and the most pronounced hippocampal damage assessed by quantification of apoptotic cells in the dentate gyrus of the hippocampus. Further variant C had significantly higher cerebellum titers compared to variant A. For variant D, we describe the most pronounced weight loss of all the variants and the highest bacterial titer in the cerebellum.

These observed differences when animals were infected with single variants demonstrate that changes in diseases severity are caused by the phase variable epigenetic modifications. These findings are in accordance to those observed by Manso et al. (2014) where RMS mutants showed differences in virulence in an intravenous mouse model of infection with S. pneumoniae. To permit a more detailed investigation into the interaction of bacteria expressing different hsdS alleles, we conducted competition experiments where either two or four hsdS variants were combined to create an inoculum.

Lees et al. (2017) were unable to detect observable selective advantages of hsdS variants in clinical blood and CSF samples, however analysis of these samples was complicated by the lack of known infecting strain. In contrast, a model infection as presented here, and in De Ste Croix et al. (2020b), with a starting inoculum of defined bacterial composition, allows for results to be analyzed in comparison to the inoculating dose and can therefore account for differences in the input population.

In PV RM systems there is likely to be continuous, stochastic variation at the loci. This results in a continuous re-generation of diversity within the bacterial population (De Ste Croix et al., 2020a). When a bacterial species enters a host there is a high probability of bottlenecking i.e., a significant reduction within the population is observed. Non-selective bottlenecks will frequently lead to high levels of divergence within the bacterial population of biological replicates, while an in vivo fitness advantage is indicated by a population continuously driven in a single direction (Aidley et al., 2017). The small but subtle differences we have observed in hsdS profiles when animals are infected with mixed inoculums suggests a potential competitive advantage. It should also be considered that strains which induce a greater level of damage may be selected against, and as a result be underrepresented within animals which survive until the end point of the experiment.

As there is little recombination of the RMS loci at higher temperatures (>30°C), we conducted mixed competition studies of different allelic combinations to look for selective advantages. When animals were infected with a mixture of 4 allelic variants, we did not identify any variant as having a selective advantage in either the CSF or the brain. To further explore the competition between populations expressing alternate hsdS alleles we infected animals with inoculums containing only two variants. This approach allows us to have a larger starting proportion to analyze against. Across multiple experiments we have observed a reduction in the proportion of the variant A when compared to the starting inoculum, in agreement with the clinical observations in our single variant experiments where animals infected with the variant A showed significantly better clinical scores at all time points. The loss of the variant A is accompanied by an increase in the variant C, further confirming the clinical score data of the single variant infections.

In the case of the infections with the inoculum composed of the 4 alleles, we designed 2 experimental groups that received antibiotic treatment or only saline, to determine whether antibiotic treatment could reveal a further selective advantage of one of the alleles. Such an advantage was not detected. However, we observed several differences between the two treatment groups. AMX treatment improve clinical parameters and decreased bacterial titers in the cerebellum. Survival was lower in saline-treated animals, without reaching statistical significance. In both groups, the observed mortality was in the range (0–25%) from what has been reported for neonates affected with neurolisteriosis (Mclauchlin, 1990; Mylonakis et al., 2002; Koopmans et al., 2017). Hippocampal apoptosis was also reduced. In contrast, treatment with amoxicillin worsens the size of the hydrocephalus. In a clinical setting, hydrocephali occur in 28% percent of neonatal cases (Hsieh et al., 2009). Bacterial lysis under antibiotic treatment could lead to an elevated release of bacterial components and therefore aggravated inflammation, as it is proposed for pneumococcal meningitis (Agyeman et al., 2014). However, in the present model, AMX treatment lead to a diminished expression of all analyzed pro-inflammatory and anti-inflammatory cytokines, so that inflammation couldn't account for the observed finding of increased hydrocephalus in AMX-treated animals.

Our model has certain limitations and displays differences when compared to human disease. For example, we did not find any pathognomic abscesses (Engelen-Lee et al., 2018) in the histological analysis, however, hydrocephalus occurred in all animals. Further, we use Wistar rats which express a wild type murine E-Cadherin which has been shown not to interact with the cell invasion factor internalin InlA (Lecuit et al., 1999, 2001). Our model does bypass the different physiological barriers the bacteria must cross in a natural food-borne infection by injecting the pathogen into the cisterna magna. In doing so, we have consistent CNS infection, but we remove the initial step of bacterial invasion. In this model, we therefore couldn't investigate on the role of this phase variable loci early in the disease process, but only when CNS invasion has been established.

This study allowed us to gain a better insight on bacterial determinants that influence virulence in neonates affected by listeria meningitis, in particular the development of brain damage. This will be important to understand how the damage translates into neurofunctional deficits, in order to develop specific therapeutic strategies.

Work is on-going to fully understand the phenotypic attributes of this PV RMS of Listeria monocytogenes CC4 serotype 4b, however we observe differences in virulence in an acute meningitis/meningoencephalitis model. We now shall investigate long-term outcomes and further look into the biochemical mechanics of this altered virulence.
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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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Background

Microglia initiates and sustains the inflammatory reaction that drives the pathogenesis of pneumococcal meningitis. The expression of the G-protein cannabinoid receptor type 2 (CB2) in the brain is low, but is upregulated in glial cells during infection. Its activation down-regulates pro-inflammatory processes, driving microglia towards an anti-inflammatory phenotype. CB2 agonists are therefore therapeutic candidates in inflammatory conditions like pneumococcal meningitis. We evaluated the effects of JWH-133, a specific CB2 agonist on microglial cells, inflammation, and damage driven by S. pneumoniae in vitro and in experimental pneumococcal meningitis.



Materials/methods

Primary mixed glial cultures were stimulated with live or heat-inactivated S. pneumoniae, or lipopolysaccharide and treated with JWH-133 or vehicle. Nitric oxide and cytokines levels were measured in the supernatant. In vivo, pneumococcal meningitis was induced by intracisternal injection of live S. pneumoniae in 11 days old Wistar rats. Animals were treated with antibiotics (Ceftriaxone, 100 mg/kg, s.c. bid) and JWH-133 (1 mg/kg, i.p. daily) or vehicle (10% Ethanol in saline, 100 µl/25g body weight) at 18 h after infection. Brains were harvested at 24 and 42 h post infection (hpi) for histological assessment of hippocampal apoptosis and cortical damage and determination of cyto/chemokines in tissue homogenates. Microglia were characterized using Iba-1 immunostaining. Inflammation in brain homogenates was determined using membrane-based antibody arrays.



Results

In vitro, nitric oxide and cytokines levels were significantly lowered by JWH-133 treatment. In vivo, clinical parameters were not affected by the treatment. JWH-133 significantly lowered microglia activation assessed by quantification of cell process length and endpoints per microglia. Animals treated with JWH-133 demonstrated significantly lower parenchymal levels of chemokines (CINC-1, CINC-2α/β, and MIP-3α), TIMP-1, and IL-6 at 24 hpi, and CINC-1, MIP-1α, and IL-1α at 42 hpi. Quantitative analysis of brain damage did not reveal an effect of JWH-133.



Conclusions

JWH-133 attenuates microglial activation and downregulates the concentrations of pro-inflammatory mediators in pneumococcal infection in vitro and in vivo. However, we didn’t observe a reduction in cortical or hippocampal injury. This data provides evidence that inhibition of microglia by adjuvant CB2 agonists therapy effectively downmodulates neuroinflammation but does not reduce brain damage in experimental pneumococcal meningitis
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Introduction

In bacterial meningitis an overshooting inflammatory reaction in the central nervous system contributes to the pathophysiology of the disease including the development of brain damage. Specifically, pneumococcal meningitis is characterized by a high rate of mortality and morbidity, even when patients are treated with efficient antibiotic therapy. Survivors, in particular children, are left with several long-lasting disabilities, the most frequent being hearing loss, but also cognitive impairments, including learning and memory deficits, as well as focal neurological deficits (Edmond et al., 2010; Agyeman et al., 2014; Lucas et al., 2016; Muri et al., 2019a). The causes of these different sequelae have been deduced from the histological analyses of tissues of deceased patients or from experimental models. Hearing loss has been related to damage in the inner ear, including loss of hair cells or spiral ganglion neurons and from cochlear ossification (Klein et al., 2003; Perny et al., 2016). Focal neurological deficits are mostly caused by cerebrovascular events or intracerebral bleeding and characterized by the occurrence of cerebral infarcts due to localized hypoxia/ischemia or hemorrhages, respectively (Ment et al., 1986; Auer et al., 2000; Vergouwen et al., 2010). Finally, the development of cognitive impairments was linked to the detection of hippocampal damage, including apoptosis in the dentate gyrus (Nau et al., 1999; Wellmer et al., 2000; Loeffler et al., 2001; Leib et al., 2003; Grandgirard et al., 2007a).

On the pathophysiological level, these damages are the consequence of an intensive inflammatory reaction initiated by the recognition of bacterial compounds by endothelial cells, microglia and perivascular macrophages. The further recruitment of neutrophils in the cerebrospinal fluid contributes to the over-production of pro-inflammatory mediators, including cytokines, chemokines, matrix-metalloproteinases, and nitric oxide. Together with the release of bacterial toxins, they contribute directly or indirectly to the development of the different forms of damage described above (Mook-Kanamori et al., 2011; Agyeman et al., 2014).

Limiting this detrimental inflammatory reaction has therefore been extensively investigated (Van Der Flier et al., 2003; Grandgirard and Leib, 2006; Bewersdorf et al., 2018), but to date, adjuvant corticosteroids is the only recommended therapeutic option (Van De Beek et al., 2016). It has been proven beneficial, in specific patient populations, especially in high income countries, for the prevention of hearing loss (Brouwer et al., 2015). However, detrimental effects of dexamethasone therapy has been observed in a number of experimental models (Leib et al., 2003; Spreer et al., 2006; Bally et al., 2016) and dexamethasone may predispose patients to delayed cerebral thrombosis (Lucas et al., 2013).

Thus, alternative anti-inflammatory approaches for the adjuvant therapy of BM are being evaluated. Recently, the endocannabinoid system has received considerable attention for its potential to modulate inflammation and pain disorders. Immune cells, regardless of their lineage, express cannabinoid receptors (CB). These receptors are divided into multiple subtypes, the most common being central cannabinoid receptor type 1 (CB1) and peripheral cannabinoid receptor type 2 (CB2) (Facci et al., 1995; Mccoy, 2016). CB1 is primarily expressed in the CNS and various peripheral tissues. On the other hand, CB2 is prevalent within all lineage of the immune system. In the healthy brain, CB2 expression is limited (Svizenska et al., 2008; Turcotte et al., 2016). However, during neurological diseases, glial cells express high levels of CB2 (Ashton and Glass, 2007; Stella, 2010). In vitro experiments demonstrated that activation of CB2 by its endogenous ligands, the endocannabinoids, led to contrasting results. While activation with 2-arachidonoyl-glycerol (2-AG) mostly up-regulated functions related to leukocytes recruitment, N-Arachidonoyl-ethanolamide (AEA) down-regulated leukocyte functions, such as pro-inflammatory cytokine release and nitric oxide production (Turcotte et al., 2016). In contrast to endocannabinoids, exogenous CB2 receptor agonists exert exclusively anti-inflammatory activity. It has been for example demonstrated that JWH-015 repressed LPS-induced TNF-α production and migration in microglial cells (Romero-Sandoval et al., 2009). It also suppressed TNF-α and nitric oxide production induced by IFN-γ or Aβ peptide (Ehrhart et al., 2005). Furthermore, in vivo studies demonstrated that CB2 knockout mice were characterized by the development of an exacerbated inflammatory response, including increased leukocyte recruitment and pro-inflammatory cytokine production, which often caused tissue damage. In particular, CB2 -/- mice with traumatic brain injury displayed an increased gene expression of TNF-α, iNOS and ICAM, accompanied by an elevated blood brain barrier permeability (Amenta et al., 2014).

JWH-133 is a potent and selective CB2 agonist, with no activity on CB1 receptor, in both human and mouse. It has therefore been recommended as one of the most suitable CB2 agonist for preclinical target validation (Soethoudt et al., 2017). It has already been shown to have beneficial effects, including downregulation of the inflammation and the improvement in neurofunctional outcome in different experimental models of brain injury, including okadaic-induced neurodegeneration (Cakir et al., 2019), subarachnoid hemorrhages (Fujii et al., 2014a; Fujii et al., 2014b), stroke (Zarruk et al., 2012; Li et al., 2015; Bravo-Ferrer et al., 2017), endotoxemia (Gamal et al., 2015), traumatic brain injury (Amenta et al., 2014) or Parkinson’s disease (Chung et al., 2016).

Since pneumococcal meningitis shares pathophysiological mechanisms with some of the brain diseases successfully targeted by JWH-133, we hypothesized that its application as adjuvant therapy may prevent the excessive neuroinflammation by reducing pro-inflammatory glial activity during the acute phase of the disease and attenuate brain damage.



Materials and Methods


Infecting Organism

A clinical isolate of Streptococcus pneumoniae (serotype 3) from a patient with bacterial meningitis was cultured overnight in Brain Heart Infusion (BHI) medium, diluted tenfold in pre-warmed BHI, and grown for 5 h to reach logarithmic growth phase. Bacteria were then centrifuged for 10 min at 3,100 × g and resuspended in 0.85% saline (NaCl). After a second wash in saline, bacteria were further diluted with saline to the desired optical density at 570 nm, so to obtain a mean concentration of approx. 1 × 107 CFU/ml. Inoculum concentration was determined using serial dilution and plating on Columbia sheep blood agar (CSBA) plates.



In Vitro Mixed Glia Stimulation

Mixed glial cultures consisting of microglial and astroglial cells were isolated from infant rat brains at postnatal day 3 (P3) as previously described (Muri et al., 2019b). Cortex was mechanically homogenized in PBS by pipetting up and down, and resuspended in DMEM (Sigma-Aldrich, Merk Switzerland) containing 5% FCS (Biochrom, Germany), 1% GlutaMAXTM (ThermoFisher, Switzerland) and antibiotic-antimycotic solution (100 units/ml penicillin and streptomycin, 0,25 µg/ml Amphotericin B, Thermofisher, Switzerland) and plated in a poly-L-ornithine-coated T75 flask. On day 11, cells were seeded at a density of 200,000 cells/well onto a poly-o-ornithine coated 24-well plate. Mixed glial cells were challenged with 1 μg/ml of lipopolysaccharide (Escherichia coli, L2654, Sigma-Aldrich), live S. pneumoniae serotype 3 (9.1 × 108 CFU/ml) in presence of Ceftriaxone (CRO, 12 mg/ml, Rocephine, Roche) or PBS as a control. Each group was treated with 1.0 μM of JWH-133 (Tocris Bioscience) compared to untreated cells. Three independent experiments were performed with all conditions in triplicates.



Quantification of Nitric Oxide Production From Mixed Glial Cell Stimulation

After 42 h challenge, 100 μl of cell culture supernatant was mixed with 100 μl of Griess reagent (Sigma-Aldrich) in a 96-well plate. NO2- concentration, serving as an indicator of NO release, was determined by measuring absorbance at 550 nm with a microplate reader (Molecular Devices, THERMO max). A serial dilution of NaNO2 from 100–1.625 μM was used to generate a standard curve. All measures were performed in triplicate and a mean value was calculated



Quantification of Cyto/Chemokines in the Supernatants of Stimulated Mixed Glial Cells

Cytokines known to be upregulated during PM (IL-1β, IL-6, TNF-α, IL-10, and IFN-γ) were assessed using magnetic multiplex assay (Rat Magnetic Luminex® Assay, Rat Premixed Multi-Analyte Kit, R&D Systems, Bio-Techne) on a Bio-Plex 200 station (Bio-Rad Laboratories) as described previously (Muri et al., 2019a). Fifty µl of cell culture medium was used undiluted. For each sample, a minimum of 50 beads was measured. If the concentration of the sample was below the detection limit, a value corresponding to the detection limit provided by the manufacturer was used, considering the dilution factor. The detection limits for undiluted samples were 2.93 pg/ml for IL-1β, 23.2 pg/ml for IL-6, 8.95 pg/ml for IL-10, 11.5 pg/ml for TNF-α, and 70.9 pg/ml for IFN-γ.



In Vivo Pneumococcal Meningitis Model

All animal experiments were approved by the Animal Care and Experimentation Committee of the Canton of Bern (BE 1/18). A well characterized in vivo model of pneumococcal meningitis was used (Leib et al., 2001; Perny et al., 2016). Eleven-day old mixed gender Wistar rats and their dams were purchased from Charles River (Sulzfeld, Germany), and housed at room temperature (22 ± 2°C) in natural light. The pups were infected intracisternally with 10 μl of live S. pneumoniae serotype 3 (1.14 x 107 ± 7.5 x 106 CFU/ml). Control animals were injected with 10 μl of 0.85% NaCl. Meningitis was confirmed through quantification of bacterial titers from cerebrospinal fluid (CSF) harvested from animals at 18 hpi. CSF was harvested through puncture of the cisterna magna with a 30-guage needle and diluted in saline for plating on CSBA plates. Disease symptoms were scored as following: (1) = minimal or no spontaneous motor activity, coma (2) = unable to turn upright (3) = turns upright within 30s (4) = signs of disease in terms of weight loss and/or appearance of fur, (5) = healthy, normal behavior. Spontaneous mortality was documented and animals with a score of 2 or lower were sacrificed.

A total of 84 infant rats were used for this study, representing 7 independent experiments of 12 animals. All animals were sacrificed during the acute phase of pneumococcal meningitis to assess neuroinflammation. Both infected and uninfected animals were randomized for treatment with JWH-133 (1mg/kg, i.p.) and/or CRO (100 mg/kg, i.p). JWH-133 was first dissolved in 100% ethanol and diluted 1:10 in 0.9% saline at a final concentration of 0.25 mg/ml). JWH-133 was administered once at 18 hpi, and CRO was administered at 18 hpi and 24 hpi. Animals not treated with JWH-133 received an equivalent volume (100 µl/25 g) of vehicle. Depending on the endpoints, animals were sacrificed at 24 hpi and 42 hpi with an overdose of pentobarbital (Eskonarkon, Streuli Pharma AG, Uznach, Switzerland, 150mg/kg b.w. i.p) and perfused via the left ventricle with either 4% paraformeldahype (PFA) in PBS or ice-cold PBS.



Histological Analysis of Cortical Damage and Hippocampus Apoptosis

Brains were harvested at 42 hpi after perfusion of animal with 4% PFA and fixed in 4% PFA for 4 h at 4°C. After 4 h, brains were transferred into 18% sucrose and kept at 4°C overnight. Brain cryosections (45 μM) were stained for Nissl substance with cresyl violet. Cortical damage was quantified using ImageJ software, and apoptosis was measured in the hippocampal dentate gyrus using x 400 magnification.



Iba1 Staining of Microglial Cells

Brains harvested at 42 hpi were sampled into 50 μm free-floating cryosections. Microglia immunostaining was performed with ImmPRESSTM HRP anti-rabbit IgG Peroxidase Polymer Detection Kit (Vector Laboratories, USA) in conjunction with rabbit anti Iba-1 (WAKO, Germany). Free-floating sections were incubated at room temperature for 72 h in 1 ml of primary Iba-1 antibody diluted 1:400. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide, followed by incubation for 20 min in 2.5% normal goat blocking serum. Sections were then incubated in the ImmPRESSTM anti-rabbit peroxidase polymer for 30 min. Microglia were visualized following a 2-minute incubation with Vector© 3,3’-diaminobenzidine (DAB) substrate (Vector Laboratories, USA).



Quantification and Categorical Analysis of Microglia Morphology

Quantification was performed in a subset of the animals, randomly chosen in each experimental group with Iba-1 staining of sufficient good quality. Our method of microglia quantification was adapted from a previously described methodology (Young and Morrison, 2018). Nine separate images of microglia in the cortex and hippocampus of 50 μm brain sections were randomly sampled under x 400 magnification from each animal (3 images per section, 3 sections per animal). Through ImageJ, microglia images were passed through an unsharp mask filter and converted into an 8-bit image, and then a binary image. Incomplete microglia structures around the periphery of the image were cleared. The binary image of microglia was then skeletonized with the AnalyzeSkeleton plugin, which allowed to measurement of cell branching and summed branch length. The summed endpoints and branch length were divided by the number of cell bodies in the visual field to determine the endpoints/cell and branch length/cell of the microglia visualized.

Using a previously described characterizations of microglia activations states (Davis et al., 1994; Davis et al., 2017), cells were classified into three categories: resting = round, oval body with thin, long and radially projecting processes; intermediate = enlarged and darkened cell bodies with thick processes and less branching; active = enlarged, darkened cell bodies with little to no processes observed.



Quantification of Cyto/Chemokines in the Brain Parenchmya

Quantification of neuroinflammation in the parenchyma was performed using a membrane-based immunoassay containing a panel detecting 29 inflammatory parameters (Proteome Profiler  Rat Cytokine Array Panel A, R&D Biosystems, Biotechne). Brains were harvested from animals perfused with ice cold PBS at 24 and 42 hpi. The brains were snap frozen on dry ice and stored at -80°C until further processing. For preparation of homogenates, brain samples were thawed on ice, and a portion of the frontal cortex was excised. Samples were homogenized in a 7-ml glass tissue grinder (Kontes Glass Co., USA) with a 7× volume to mass ratio in a buffer consisting of ice-cold PBS, 1% Triton-X-100, and protease inhibitors (cOmplete™, Mini, EDTA-Free, Sigma-Adrich, Merk, Switzerland). The homogenate was cleared by centrifugation at 16000 × g, for 10 min at 4°C. Protein concentration was determined using Pierce™ BCA Protein Assay kit (ThermoFischer Scientific). Each membrane was incubated with 900μg of protein extract and processed according to the manufacturer’s instructions. Enhanced chemiluminescent detection (ECL) was performed on a Fusion FX-6 imaging system (Vilber Lourmat, Marne-la-Vallée, France). Spot density was determined on digitalized images using Image J for the analysis (V. 1.45, National Institutes of Health, Bethesda, Maryland, US) and normalized using internal controls integrated on each membrane.



Statistical Analysis

All statistical analyses were performed with GraphPad Prism (Prism 8; GraphPad Software Inc., San Diego, USA). Results are presented as mean values ± standard deviation if not stated otherwise. Survival was calculated using a log rank (Mantel-Cox) test. To compare differences between two groups, an unpaired Student t test or a non-parametric Mann-Whitney test were used. To compared difference between multiple groups, we use one-way ANOVA with Tukey’s multiple comparison test. For combined in vitro experiments, we performed a repeated measure two-way ANOVA with Sidak multiple comparison for NO and multiple t test with Holm Sidak multiple comparison for cytokines. For clinical scores and weight changes, we used a repeated measure mixed effect model (because of missing values at later time points). A value of p < 0.05 was considered as significant.




Results


JWH-133 Reduces Inflammatory Cytokine Levels and Nitric Oxide Production In Vitro

Following stimulation of mixed glial cells with LPS, S. pneumoniae serotype 3, and heat inactivated S. pneumoniae, each stimulation condition was immediately treated with JWH-133. Both NO and cytokine concentrations showed that LPS and live bacteria induced inflammatory responses in the mixed glial cells (Figures 1A–E). In cells stimulated with LPS, JWH-133 significantly decreased NO concentration (p < 0.0001), as well as IL-1β concentration (p = 0.019). In cells stimulated with live S. pneumoniae serotype 3, JWH-133 significantly decreased concentrations of NO (p = 0.0071), IL-6 (p = 0.00034), IL-1β (p = 0.014), and TNF-α (p = 0.014). Challenge with LPS didn’t efficiently stimulated the production of IL-10, and stimulation with live bacteria wasn’t affected by JWH-133 treatment. In cells stimulated with PBS, NO levels were observed in very low concentrations and cytokines levels were under detection limit. No significant difference between treated and untreated cells were observed in cells stimulated with PBS only.




Figure 1 | In vitro, JWH-133 treatment attenuates LPS or S. pneumoniae-induced activation of glial cells. The expression of IL-1β (A), IL-6 (B), and TNF-α (C) was reduced by JWH-133 during challenge of astroglial cells by S. pneumoniae. JWH-11 also attenuated LPS-induced production of IL-β, but had not effect on IL-10 (D). Nitric oxide production (E) upon LPS- and S. pneumoniae activation was reduced by JWH-133. (For cytokines, n = 3 for each group; for NO: three independent experiments represented by black, gray, and white symbols; *p < 0.05; **p < 0.01, ***p < 0.001).





Clinical Parameters of Animals With Pneumococcal Meningitis Are Not Impacted by JWH-133 Administration

A total of 84 infant rats were used in this study, of which 70 were infected with S. pneumoniae. The development of productive bacterial meningitis was proven in all 70 animals, with CSF bacterial titers ≥ 106 CFU/ml and clinical scores inferior to 5, both determined at 18 hpi. Of these infected animals, 35 were concomitantly treated with JWH-133 and CRO, while the remaining were treated with CRO only.

Survival, relative weight change, and clinical scores were significantly different in animals infected with PM compared to uninfected animals. However, in infected animals, adjuvant JWH-133 treatment did not alter these clinical parameters when compared to animals treated with CRO only (Figures 2A–C).




Figure 2 | Survival and time-course of clinical parameters during experimental pneumococcal meningitis. No differences could be observed in survival (A), relative weight changes (B) or clinical score (C) between animals treated with ceftriaxone (CRO) or ceftriaxone combined to adjuvant JWH-133 (CRO/JWH133), neither in uninfected (PM-) nor infected (PM+) animals (PM- CRO and PM- CRO/JHW-133, n = 7; PM+ CRO and PM+ CRO/JWH133, n = 19–35, depending on the time points).





Microglia Morphology and Distribution Are Affected by JWH-133 Administration

A prominent characteristic of microglia is their different branching and cell body morphology linked to their activation states (Davis et al., 1994; Karperien et al., 2013; Gomez-Nicola and Perry, 2015). To assess how JWH-133 attenuates inflammation through microglia modulation, the morphology and activation of microglia cells were quantified on Iba-1 immuno-stained sections.


Quantitative Assessment of Branching and Cell Process Length

The microglia images were skeletonized on ImageJ software, as previously described in the methods (Figures 3A–D). These images were analyzed for the endpoints per cell body, as well as the total summed branch length per cell body. Infected animals treated with CRO exhibited significantly fewer endpoints per cell as well as branch length when compared with every other experimental groups. In particular, the difference between infected animals that received JWH-133 or not was highly significant for endpoints (p < 0.0001) and branch length (p < 0.001). In contrast, infected animals treated with JWH-133 didn’t exhibit differences in branch length and endpoints when compared to uninfected animals (Figures 3E, F).




Figure 3 | Quantitative phenotypic analysis of microglial activation state on Iba-1 immuno-stained sections. Brain sections of animals from each experimental group, were immuno-stained for microglia using Iba-1 (pictures on the left, A–D). The digital image was skeletonized (pictures on the right, (A–D) and endpoints/cell (E) or summed branch length (F) were determined. In infected animals with ceftriaxone treatment (PM+ CRO), both parameters were significantly reduced compared to the others groups. In contrast, no differences between infected animals treated with JWH-133 (PM+ CRO/JWH133) and uninfected animals (PM-) could be observed. (PM- CRO, n = 3; PM- CRO/JWH133, n = 5; PM+ CRO, n = 11; PM+ CRO/JWH133, n = 6; one-way ANOVA with Tukey’s multiple comparison test: ***p < 0.001; ****p < 0.0001).





Classification of Microglia in Three Categories Based On Morphology

In conjunction with quantitative assessments of microglia morphology, the Iba-1+ cells were also classified in three categories, based on their morphology. In uninfected animals, more microglial cells possessed thin processes with light staining of cell bodies (Figure 4B). These characteristics are indicative of “resting” microglia, which patrol the body under physiological conditions (Davis et al., 1994). Interestingly, JHW-133 increased the proportion of this microglial type not only in infected animals, but also in uninfected. In infected animals treated only with CRO, Iba-1 staining showed significantly more cells with little to no processes, with enlarged bodies and an amoeboid shape (Figure 4D) compared to animals treated with JHW-133. Between these two phenotypes, microglia can possess thicker processes and larger cell bodies (Davis et al., 1994; Davis et al., 2017). These microglial cells are believed to be an intermediate between ramified and reactive microglia, and have been referred to as “bushy”, “hypertrophied”, “rod-like” and “bipolar” (Davis et al., 2017). In our study, we characterized these cells as “hypertrophied” (Figure 4C). In contrast to the treatment with CRO alone, the brain of infected animals with adjuvant JWH-133 exhibited a majority of Iba-1+ cells possessing the phenotypic characteristics of hypertrophied microglia (Figure 4A).




Figure 4 | Classification of microglia based on their morphology on Iba-1 immuno-stained sections. Significance differences in the proportion of the microglia classified in the categories “resting” and “reactive” were found between the experimental groups (A). Examples of microglia classified into the three different categories: resting = round, oval body with thin, long, and radially projecting processes (B); hypertrophied = enlarged and darkened cell bodies with thick processes and less branching (C); reactive = enlarged, darkened cell bodies with little to no processes observed (D). PM- CRO, n = 3; PM- CRO/JWH133, n = 4; PM+ CRO, n = 8; PM+ CRO/JWH133, n = 4; one-way ANOVA with Tukey’s multiple comparison test: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.





Quantitative Assessment of Microglial Density

The total number of Iba-1+ cells was assessed to determine whether adjuvant JWH-133 influences the density of microglia. No statistically significant difference caused by JWH-133 treatment, neither in uninfected nor in infected animals was observed. Furthermore, when comparing infected and uninfected animals, no significant increase in microglial density was documented (Supplementary Figure 1).




JWH-133 Reduces the Expression of Inflammatory Cyto/Chemokines, But Not of MMP-9 in the Parenchyma of Animals With Pneumococcal Meningitis

In order to analyze the inflammation in the parenchyma over the course of acute meningitis, brain homogenates of animals sacrificed at 24 and 42 hpi were used to profile an array of inflammatory cytokines. With the exception of fractalkaline, sICAM-1, and thymus chemokine, inflammatory proteins were not detected in uninfected animals, while animals with PM demonstrated detectable levels of several inflammatory cytokines (Figures 5A, B). At 24 hpi, the animals treated with JWH-133 demonstrated significantly decreased levels of several neutrophil chemoattractants, including CINC-1 (p < 0.001), CINC-2α/β (p = 0.0037), and CINC-3 (p < 0.001). At 42 h, the only chemoattractant that was significantly reduced was CINC-1 (p < 0.001). Inflammatory interleukin levels were also reduced in the parenchyma after administration of JWH-133 (Figures 5A, B). At 24 h, IL-6 was significantly reduced (p < 0.001), and at 42 h, IL-1α was significantly reduced compared to animals treated with only CRO (p < 0.001). Macrophage inflammatory proteins were also significantly reduced following JWH-133 administration at both 24 and 42 hpi (Figures 5A, B). Levels of MIP-3α (CCL20) were significantly reduced at 24 hpi (p < 0.001), and levels of MIP-1α (CCL3) were reduced by JWH-133 at 42hpi (p < 0.001). While JWH-133 administration reduced levels of inflammatory cytokines, it also reduced the level of metalloproteinase inhibitor TIMP-1 at 24 hpi (p = 0.0019). In contrast, we couldn’t detect a reduction in MMP-9, neither at 24 hpi, nor 48 hpi (Supplementary Figure 2).




Figure 5 | Analysis of inflammatory parameters in the brain parenchyma of infected animals. At 24 hpi (A) and 42 hpi (B), the protein levels of several inflammatory parameters were significantly decreased in infected animals treated with CRO/JWH-13 (blue bars) compared to animals treated with CRO only (orange bars). Only few inflammatory parameters could be detected in uninfected animals (white bars). (PM+ CRO, n = 6; PM+ CRO/JWH133, n = 6; PM-, n = 4; Multiple t test with Holm-Sidak correction; **p < 0.01; ***p < 0.001; ****p < 0.0001).





Adjuvant JWH-133 Doesn’t Significantly Alter Cortical Damage or Hippocampus Apoptosis

To further assess the effects of JWH-133, cortical damage and hippocampal apoptosis were analyzed. No cortical damage was observed in uninfected animals with CRO or CRO/JWH133 administered. In animals infected with PM, administration of JWH-133 didn’t reduce the cortical damage nor hippocampal apoptosis (Figure 6).




Figure 6 | Levels of brain damage. No significant differences for cortical damage (A) nor for hippocampal apoptosis (B) could be detected between infected animals treated with CRO alone (orange dots) or CRO/JHW133 (blue dots). (PM + CRO, n = 19; PM+ CRO/JWH133, n = 16; Mann-Whitney test: cortical damage, p = 0.62; hippocampal apoptosis, p = 0.13).






Discussion

Pneumococcal meningitis induces inflammation in the CNS, that can be exacerbated by bacteriolytic antibiotics such as CRO, leading to long term neurological sequelae (Mook-Kanamori et al., 2011). While dexamethasone is currently used as an adjuvant therapeutic, its long-term neuroprotective properties on hearing loss and memory impairment are limited (Leib et al., 2003; Van De Beek, 2009) and concerns exist about corticosteroids being responsible of delayed cerebral thrombosis after initial good recovery (Schut et al., 2009; Gallegos et al., 2018). Thus, studying the efficacy of alternative therapeutic candidates for PM is important for the improvement of clinical outcome following infection and the identification of new treatment modalities.

In this study, we assessed the anti-inflammatory and neuroprotective effects of JWH-133 administration. Previous studies have shown the protective properties of administering specific endocannabinoid receptor type 2 agonists in various disease models. JWH-133 has a very high affinity and specificity for CB2 (Ki CB2 3.4 nM/Ki CB1 680 nM) (Huffman et al., 1999) when compared to other CB2 agonists, like JWH-015 (Ki CB2: 13.8 nM/Ki CB1: 383 nM) (Pertwee, 1999). Importantly, JWH-015 has been reported to have seven off-target receptors, while JWH-133 had none (Soethoudt et al., 2017). As a consequence, JWH-015 may act independently from CB receptors, for example through the glucocorticoid receptor (Fechtner et al., 2019).

So far, few studies have addressed the use of CB2 agonists in infectious diseases (Hernandez-Cervantes et al., 2017). These studies have mostly used non-selective agonists, including tetrahydrocannabinol (THC), cannabidiol (CBD) or marijuana extracts. For bacterial infection, a model of sepsis using cecal ligation and puncture (CLP) demonstrated that the selective CB2 agonist Gp1, given shortly after CLP induction, decreased neutrophil recruitment, while increasing neutrophil activation at the site of infection. Further, it decreased pulmonary damage (Tschop et al., 2009). Non-selective inhibitors have also been investigated in paradigms of viral infections. A beneficial effect was found in viral infections where inflammation participates in viral spread and is detrimental. For example, CB2 agonists have the potential to reduced HIV-associated neurocognitive disorders (Purohit et al., 2014). JWH-133 was shown to reduce lung inflammation and damage in experimental respiratory syncytial virus infection in mice (Tahamtan et al., 2018). Very recently, therapy using CB2 agonist has been proposed to control the cytokine storm observed during acute cases of SARS-CoV-2 infection (Rossi et al., 2020)

Since CB2 agonists are generally considered as immunosuppressive, the timing of application is critical. Inactivation of CB2 prior to infection or using knockout models may be detrimental. CB2 deficiency may prolong host exposure to pathogens, decrease viral clearance, and broke down immune cell crosstalk, such as neutrophil migration. This way, treatment with CB2 agonists may render individuals more susceptible to infections (Hussain et al., 2019). Evidence for a role of CB2 deficiency as a risk factor for bacterial infection of the CNS is lacking so far. A review paper by Gowin and colleagues (Gowin and Januszkiewicz-Lewandowska, 2018) inventoried SNPs involved in bacterial meningitis, but CB2-related SNPs were not reported.

Here, the efficacy of a very specific CB2 agonist is evaluated for its ability to reduce neuroinflammation during the acute phase of bacterial meningitis, with a special focus on microglia. Our results indicate that JWH-133 exerts anti-inflammatory effects on glial cells in vitro and that its administration as adjuvant therapy in vivo modulates microglia activity in the CNS, thus also exerting an anti-inflammatory effect.

Our in vitro data with mixed glial cell cultures demonstrate anti-inflammatory properties of JWH-133 in both LPS and live S. pneumoniae serotype 3-stimulated cells. JWH-133 reduced IL-6, IL-1, and TNF-α, all of which have been shown to play an important role in upregulating neuroinflammation in PM (Coutinho et al., 2013). Thus, attenuating the levels of these cytokines may have significant neuroprotective effects in PM, and improve outcomes. We have also shown that NO concentrations were significantly reduced in cultures treated with either LPS or living S. pneumoniae. NO is a signaling molecule released by macrophages and is involved in inflammatory processes, including vasodilation (Sharma et al., 2007). During infection, microglial cells are a major source of inflammatory cytokines (Hanisch, 2002), including IL-1β, IL-6-α, and TNF-α (Lee et al., 1993; Hanisch, 2002). Thus, the attenuated production of these cytokines and of NO by mixed glial cell cultures in vitro suggests that the agonist JWH-133 drives microglia toward an anti-inflammatory state.

In vivo, we administered a concentration of JWH-133 (1mg/kg) in line with different models of brain injuries (Murikinati et al., 2010; Gamal et al., 2015; Fujii et al., 2016; Cakir et al., 2019). As previously described, microglia serve as the primary immune cells of the brain, releasing various pro-inflammatory cytokines (Hanisch, 2002). We were able to determine differences in microglia morphology by measuring endpoints per cell and branch length per cell. These measurements are relevant because previous studies have shown that activation states of microglia cells are associated with branching (Davis et al., 1994; Karperien et al., 2013; Gomez-Nicola and Perry, 2015). Activated microglia possess a round amoeboid shape, with little to no branching. These characteristics are indicative of “active” microglia, which function as macrophages in response to injury, and secrete several pro-inflammatory cytokines like IL-1, IL-6, and TNF (Davis et al., 1994; Smith et al., 2012; Davis et al., 2017). Pro-inflammatory functions of active microglia have been shown to directly contribute to neuronal death and neurodegeneration (Vezzani et al., 1999; Takeuchi et al., 2006). Thus, upon infection, we expect microglia to have significantly fewer endpoints per cell and smaller branch lengths than in healthy animals. After infection with S. pneumoniae and treatment with CRO, Iba-1+ cells indeed possessed significantly fewer endpoints and smaller branch lengths than other experimental groups. Due to the bacteriolytic and pro-inflammatory nature of antibiotics like CRO (Grandgirard et al., 2007b; Muri et al., 2018), the increase in microglia activation could be the result of both bacterial infection and antibiotic treatment. Following adjuvant treatment with JWH-133, the Iba-1+ cells demonstrated significantly increased endpoints and branch lengths, suggesting modulation towards a resting and/or intermediate hypertrophied state. In contrast, JWH-133 was not able to influence overall microglial density in the parenchyma. Further, we did not observe differences between uninfected and infected animals. A significant difference upon infection was demonstrated by Dörr and colleagues in an experimental model of pneumococcal meningitis in mice (Dorr et al., 2015). However, their analysis focused on the hippocampal formation, which was not the case in our study. In conjunction with data from in vitro glial cells, our analysis suggests that JWH-133 is effective in modulating microglia phenotype away from a reactive state with phagocytotic activity, and through this pathway, reduces neuroinflammation in PM.

The acute phase of PM is characterized by significantly increased levels of inflammatory cytokines released by resident brain immune cells and infiltrating leukocytes (Mook-Kanamori et al., 2011). We measured cytokine levels in the brain parenchyma of infected animals to further understand how adjuvant JWH-133 treatment modulates neuro-inflammation. Our results showed that at 24 and 42 hpi, adjuvant JWH-133 therapy significantly reduced neutrophil chemoattractants CINC-1, CINC-2α/β, and CINC-3. Massive neutrophils infiltration to the CNS is observed in acute PM, forming neutrophil extracellular traps (NETs) in the CSF, which have been shown to trap pneumococcal bacteria and hinder bacterial clearance (Mohanty et al., 2019). Invading leukocytes act also as sources of pro-inflammatory mediators, such as reactive oxygen species and matrix-metalloproteinases (Meli et al., 2003). In these cells, CB2 activation also result in anti-inflammatory effects (Murikinati et al., 2010; Kapellos et al., 2019). The specific involvement of neutrophils was not the primary focus of the present study. The reduction in the production of chemoattractants in brain parenchyma by JWH-133 may attenuate the recruitment of neutrophils. This has been proposed as a mechanism for JWH-133-mediated attenuation of brain damage following ischemia in rats subjected to middle cerebral artery occlusion (MCAO) (Murikinati et al., 2010). This would merit further investigation in our experimental model. In addition, JWH-133 also down-regulates MIP-1a and MIP-3α in our model. Macrophage inflammatory proteins are secreted by brain-resident macrophages, and have been shown to be up-regulated in pneumococcal meningitis, where they are involved in the recruitment of leukocytes into the CNS (Driscoll, 1994; Coutinho et al., 2013). Pro-inflammatory interleukins such as IL-6 and IL-1α were also down-regulated by JWH-133 administration. Microglia function has been described as one of the primary mediators of immune response in the brain following infection (Barichello et al., 2016; Thorsdottir et al., 2019), and the attenuation of inflammatory responses in brain tissue following administration of JWH-133 further corroborates that JWH-133 may be a promising neuro-protective therapy targeting microglial cells.

Acute inflammation in the subarachnoid space and the ensuing vasculitis, as well as cerebral thrombosis, are believed to be the causes of cortical damage in PM (Leib et al., 1996; Nau and Bruck, 2002). Adjuvant JWH-133 therapy didn’t reduce brain damage in rats infected with PM. This is in contrast to the neuroprotective effect of JWH-133 observed in experimental models of okadaic acid-induced neuroinflammation and damage (Cakir et al., 2019) or MCAO-induced ischemia (Murikinati et al., 2010). However, in these models, JWH-133 was applied at the time or shortly before surgery. In our model, JWH-133 was given as adjuvant therapy to antibiotics, a paradigm more relevant to clinical application. This may explain the lack of effect observed on brain damage, although the anti-inflammatory effect on microglia is demonstrated. In previous studies from our group, decrease in inflammatory parameters by different adjunctive therapies was associated with improved neuroprotection and attenuation of cortical damage (Grandgirard et al., 2007b; Liechti et al., 2014; Muri et al., 2018). In particular, the attenuation of cortical damage was consistently associated with a reduction of MMP-9 activity (Liechti et al., 2015). In the present study, the expression of parenchymal MMP-9 was not reduced by JWH-133, in line with its inability to decrease cortical damage.

JWH-133 therapy was shown to improve outcome in term of neurofunctional behavior in different experimental models. In particular, it attenuated the impairment of Morris watermaze performance induced by okadaic acid treatment in rats (Cakir et al., 2019). In the present study, we only focused on the acute phase of the disease and didn’t investigate a possible effect of the chronic application of JWH-133 on later neurofunctional parameters. Such a study was performed on adult rats with pneumococcal meningitis using cannabidiol for treatment (Barichello et al., 2012). A reduction in the host immune response and a prevention of cognitive impairments were documented. However, therapy was initiated at the time of infection. Further, in contrast to JWH-133, the effects of CBD are very unspecific, which makes a direct comparison between the two treatments subject to caution. Specific endocannabinoid modulation of microglia drives their polarization toward a phenotype warranting therapeutic functionality, with not only anti-inflammatory and neuroprotective effect, but also tissue-remodeling or regenerative capacity. This is the fundament proposed for the treatment of different neuropathologies by endocannabinoids (Tanaka et al., 2020). Cannabinoids are potent regulators of neural stem cell (NSC) biology (Rodrigues et al., 2019). JWH-133 has been shown to increase NSC proliferation in the subventricular zone (Goncalves et al., 2008), and another CB2 agonist, AM1241, enhanced cell proliferation in the hippocampus of mice displaying deficits in neurogenesis (Avraham et al., 2014). Based on these observations, chronic application of JWH-133 during experimental pneumococcal may hold more potential to support regeneration and improve the neurofunctional outcome of infected animals than influencing the acute reaction, when used in a clinically relevant therapeutic modality.

Our study has several limitations: 1) by using a primary mixed glial culture, the effect of JWH-133 was not specifically investigated on microglia, but more on a general glial population consisting of astrocytes and microglia. Astrocytes are likely to also be regulated by CB2 agonists (Kozela et al., 2017). This could however better reflect the in vivo situation in the parenchyma. 2) Neutrophils participate in the hyperinflammatory state during pneumococcal meningitis. Unfortunately, the effect of JWH-133 treatment on the recruitment of these cells in the CSF couldn’t be determined, given the limited quantity of CSF that could be harvested from infant rats.

In conclusion, we could demonstrate both in vitro and in vivo the ability of JWH-133 to modulate microglial behavior to a non-inflammatory phenotype. When applied as adjuvant therapy, this was however not effective in improving clinical outcome and brain damage in the acute phase. Given the proven effect on microglia and its potential to support neuronal regeneration, JWH-133 may hold promise in a chronic application.
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Central nervous system (CNS) infections continue to be associated with significant neurological morbidity and mortality despite various existing therapies. Adjunctive steroid therapy has been employed clinically to reduce inflammation in the treatment of CNS infections across various causative pathogens. Steroid therapy can potentially improve clinical outcomes including reducing mortality rates, provide no significant benefit, or cause worsened outcomes, based on the causative agent of infection. The data on benefits or harms of adjunctive steroid therapy is not consistent in outcome or density through CNS infections, and varies based on the disease diagnosis and pathogen. We summarize the existing literature on the effects of adjunctive steroid therapy on outcome for a number of CNS infections, including bacterial meningitis, herpes simplex virus, West Nile virus, tuberculosis meningitis, cryptococcal meningitis, Angiostrongylus cantonensis, neurocysticercosis, autoimmune encephalitis, toxoplasmosis, and bacterial brain abscess. We describe that while steroid therapy is beneficial and supported in pathogens such as pneumococcal meningitis and tuberculosis, for other diseases, like Listeria monocytogenes and Cryptococcus neoformans they are associated with worse outcomes. We highlight areas of consistent and proven findings and those which need more evidence for supported beneficial clinical use of adjunctive steroid therapy.
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Introduction

Central nervous system (CNS) infections involve the brain, spine, and associated membranes, and are linked to significant neurological morbidity and mortality, with long term consequences in survivors that affect the quality of life and activity of daily living (ADLS) (Erdem et al., 2017; Sulaiman et al., 2017). CNS infection broadly can be categorized as encephalitis, meningitis, or intracranial suppurative complications (e.g., brain abscess), with a broad range of causal organisms and clinical presentations. CNS infections can either originate by hematogenous spread (e.g., bacteremia, viremia), by retrograde neuronal invasion (e.g., viral infection through axonal transport such as rabies, Naegleria fowleri) or by contiguous spread of microorganisms (e.g., post cranial trauma or surgery, implementation of medical hardware into the brain or spine, or by parameningeal spread from a focus such as sinusitis or mastoiditis) (Archibald and Quisling, 2013; Koyuncu et al., 2013). Various bacteria, fungi, viruses, and parasites can be the source of CNS infection, which often presents nonspecifically with headache, fever, altered mental status, and behavioral changes (Dorsett and Liang, 2016). Precision in diagnosis, however, is essential to treatment, which varies across CNS infection. Despite the use of antimicrobial therapies neurological morbidity and mortality remains high for certain pathogens such as Streptococcus pneumoniae (Steel et al., 2013). Of all the adjunctive therapies that have been evaluated to date only adjunctive steroids have shown benefit in some CNS infections. Adjunctive steroids can ameliorate the host’s inflammatory response to the infection that account for the neurological morbidity associated with the CNS infection. In contrast, in some CNS infections, the use of steroids has no clear beneficial effects or is detrimental with worse outcomes (Fitch and van de Beek, 2008). In this review, we will review the available data for the use of adjunctive steroids in the most common CNS infections and make clear recommendations for its use or not.



Pathophysiology for Use of Adjunctive Steroids in Meningitis

Meningitis is characterized by inflammation of the subarachnoid space (space between two membranes (i.e., meninges) that surrounds the brain and spinal cord). Meningitis can be caused by bacteria, viruses, fungus, amebic, parasites, mycobacteria or due to noninfectious causes. Patients typically have abnormalities in the cerebrospinal fluid (CSF) such as elevated white blood cells (WBC), elevated protein (due to alterations in the blood brain barrier), and low glucose in some cases. The presentation of meningitis can be classified as acute (symptoms for less than 5 days), subacute (symptoms 6-30 days), or chronic (symptoms for more than 30 days) (Sulaiman et al., 2017). Presentation clinically varies according to the age of the patient, the causative agents, and the presence of underlying conditions (Hasbun et al., 2018). Once bacteria invades the meninges and disrupts the blood-brain barrier, it rapidly replicates in the subarachnoid space (van de Beek et al., 2016a). In the physiological response to infection, blood vessels become leaky allowing fluid, leukocytes, and other larger particles involved in fighting infection to enter the meninges and the brain (Dando et al., 2014). This process causes severe inflammation, which has been shown to increase the adverse outcomes of the infection. Steroid therapy has been employed to reduce the inflammatory response commonly exhibited in meningitis, although its effects vary by the study population studied and by the pathogen (Hoffman and Weber, 2009). Corticosteroid therapy can reduce inflammation by suppressing multiple activated inflammatory genes (encoding pro-inflammatory cytokines. and chemokines, inflammation mediators, adhesion molecules, inflammatory enzymes, etc.) through primarily reversing histone acetylation, by decreasing cell activation and recruitment and stabilizing lysosomes, by temporarily alleviating the leaky blood brain barrier, and by interacting with DNA recognition sites to activate the transcription of anti-inflammatory genes in higher concentrations in humans (Coyle, 1999; Barnes, 2006). In animal models of bacterial meningitis, studies have shown outcomes to worsen based on the degree of inflammation (Scheld et al., 1980; Tauber et al., 1985; Brouwer et al., 2018). This inflammatory response can be reduced in the CSF by the administration of corticosteroid therapy, resulting in improved outcomes for meningitis in animal models (Scheld et al., 1980; Tauber et al., 1985). Thus, the use of corticosteroids has been investigated and employed in meningitis as adjuvant therapy over the past 30 years but must be further investigated in some infections.



Bacterial Meningitis by Pathogen

Bacterial meningitis is a severe infection and inflammation of the meninges, the membrane surrounding the brain and spine, due to bacterial invasion into the subarachnoid space (Hoffman and Weber, 2009). The condition is associated with high mortality and neurological morbidity rates, with the most common causal pathogens including S. pneumoniae (i.e., pneumococcal), Neisseria meningitides (i.e., meningococcal), Haemophilus influenzae, and Listeria monocytogenes (Hoffman and Weber, 2009). Due to the development and implementation of vaccines against H. influenzae type b, S. pneumoniae, and N. meningitidis the incidence of bacterial meningitis has been reduced to 1–2/100,000 in children (Hasbun et al., 2018). In infants from 4–6 weeks, the dominating etiologies are Streptococcus agalactiae, Escherichia coli, other Enterobacteriaceae, and L. monocytogenes. In children older than 6 weeks up to adults of age 50 years, S. pneumoniae, N. meningitidis, and H. influenzae are the dominating etiologies of infection. In both adults over the age of 50 years and immunocompromised individuals of all ages, S. pneumoniae, N. meningitidis, H. influenzae, and L. monocytogenes prevail (Hasbun et al., 2018).


S. pneumoniae

S pneumoniae is the leading cause of bacterial meningitis in the USA (Castelblanco et al., 2014). A review in 2018 of corticosteroid treatment effects in 25 trials across 2,511 children and 1,517 adults showed there was no significant change in mortality found overall with steroid therapy, although an effective mortality reduction was seen for S. pneumoniae meningitis from 36% to 29.9%. The reduction in mortality for S, pneumoniae meningitis in 16 high-income countries was attributed to the use of adjunctive steroid therapy as compared to patients who did not receive steroid therapy. Patient outcome was not significantly different with the use of adjunctive steroids in low-income countries, which made up 9 of the 25 analyzed studies. Dexamethasone was the specific corticosteroid administered as adjunctive therapy in 22 of the trials, while hydrocortisone and prednisone were administered in the remaining 3 studies (Brouwer et al., 2018). No significant adverse effects were reported in the clinical studies by the use of adjunctive steroid therapy. The lack of effect of corticosteroid use in low-income countries, contrasted with significant reductions in mortality with corticosteroid adjunctive treatment for S. pneumoniae in high-income countries, is most likely due to the delay in patient presentation and treatment in low-income countries after inflammation in the CNS has already begun and progressed (van de Beek et al., 2016b). A 2002 randomized control trial on the effects of dexamethasone treatment in adults with meningitis similarly found a reduction in mortality and adverse outcomes, seizure incidence, and cardiorespiratory failure in contrast with the placebo group in pneumococcal meningitis (de Gans and van de Beek, 2002) (see Table 1). Dexamethasone corticosteroid adjunctive therapy has been shown to reduce mortality in pneumococcal meningitis and is a recommended therapy by the Infectious Diseases Society of America (IDSA), European and United Kingdom guidelines (Tunkel et al., 2004; NICE UK, 2010; McGill et al., 2016; van de Beek et al., 2016b). The implementation of dexamethasone treatment in the Netherlands has shown a decrease of 10% in the mortality rate of pneumococcal meningitis (Brouwer et al., 2010). A study of 26,429 adults from 2011–2014 with a discharge diagnosis of meningitis or encephalitis showed that only patients with pneumococcal meningitis had a significantly reduced mortality with the use of adjunctive intravenous steroids. The study had 572 patients with pneumococcal meningitis and showed a decrease in hospital mortality rate with the use of steroids [(6.67% with and 12.5% without steroids, (P=0.0245)] (Hasbun et al., 2017) (see Table 1). Recently, delayed cerebral injury (DCI) in patients with bacterial meningitis has been described in up to 4% of patients and has a possible association with the administration of adjunctive steroid (Gallegos et al., 2018). Pathological studies suggest a cerebral vasculitis, thromboembolism of large arteries, and infectious intracranial aneurysms (Engelen-Lee et al., 2018). Components of the pneumococcal cell wall can be seen weeks after the initial presentation and may be a source of resurging inflammation after the initial immunosuppression by dexamethasone. The demonstrated benefits of adjunctive steroid therapy in reducing pneumococcal meningitis mortality in high-income countries outweigh the possible risks and should continue to be used (Gallegos et al., 2018).


Table 1 | Studies and Significant Findings on Adjunctive Steroid Therapy for Bacterial Meningitis Treatment by Pathogen.





H. influenzae

The incidence of infection due to H. influenzae was reduced significantly in children due to the introduction of the H. influenzae type B vaccine. A large 1997 cross-study meta-analysis found a significant reduction in severe hearing loss in H. influenzae with dexamethasone treatment in children (McIntyre et al., 1997) (see Table 1). More recent data from a meta analysis of corticosteroid use for the treatment of bacterial meningitis found no significant reductions in mortality across 25 studies in H. influenzae meningitis cases treated with adjunctive steroid therapy, but similarly did observe a significant reduction in the rate of hearing loss overall in children with H. influenzae meningitis from 12% to 4% after adjunctive corticosteroid therapy (Brouwer et al., 2018). Based on the available data, the IDSA guidelines recommend using steroids in children with documented H. influenzae meningitis (Tunkel et al., 2004).



N. meningitidis

Vaccination has been available since the 1970s against N. meningitidis and used on populations identified as high risk. The incidence of meningococcal meningitis in the US decreased from 1997 to 2010 from 0·721 to 0·123 per 100,000 people (RR 0·1386, 95% CI 0·048–0·4284), which has placed this pathogen close to H. influenzae (Castelblanco et al., 2014). Adjunctive dexamethasone does not improve clinical outcomes in meningococcal meningitis but it has been associated with a decrease in arthritis (Heckenberg et al., 2012) (see Table 1). In a study from the Swedish quality registry from 1995-2014, there was trend towards decrease mortality with the use of adjunctive steroids in meningococcal meningitis (Glimåker et al., 2016).



Listeria monocytogenes

L. monocytogenes most commonly occurs in neonates, adults above the age of 50 years and in patients with cellular immunodeficiency. In the Swedish study, adjunctive steroids showed a trend towards worse outcomes in patients with Listeria meningitis (48.5% vs. 40.0%) (Glimåker et al., 2016) (see Table 1). A large prospective study in France of 818 cases of Listeriosis documented a higher mortality in patients with neurolisteriosis when given adjunctive dexamethasone (OR 4·58 [1·50–13·98], p=0·008) (Charlier et al., 2017). Adjunctive dexamethasone should be discontinued if meningitis is found not to be caused by S. pneumoniae, especially if it is caused by L. monocytogenes (Hasbun, 2019).




Encephalitis

Encephalitis is caused by brain tissue inflammation that results in neurological dysfunction from varied etiologies. A nationwide study in the US from 2000–2010, reporting encephalitis hospitalizations, showed unknown etiology in 50% of patients and viral etiologies (48.2%), most commonly herpes simplex virus, toxoplasma gondii, and West Nile Virus, with co-morbid HIV present in 7.7% of hospitalizations. Autoimmune encephalitis among other specified causes was reported in 32.5% of cases with known etiology (George et al., 2014). The international consortium of encephalitis diagnostic criteria include 1 major criteria: altered mental status for more than 24 h without alternative diagnosis and several minor criteria: documented fever of >38°C (100.4 F) within 72 h of presentation, seizures not attributed to preexisting seizure disorders, the onset of focal neurological deficits, CSF WBC count >5/cubic mm, new or onset neuroimaging abnormalities consistent with encephalitis presentation, and abnormalities on electroencephalography not due to other causes and consistent with encephalitis presentation (Venkatesan et al., 2013). Possible encephalitis is defined as 1 major criteria with 2 minor criteria; probable encephalitis as 1 major and 3 minor criteria and confirmed if a positive etiology is identified (Encephalitis, Table 3, 2017).



Herpes Simplex Virus

Herpes simplex virus (HSV) is the most common cause of sporadic encephalitis and can manifest with temporal lobe abnormalities leading to personality changes, alterations in mental status, decreased consciousness, seizures, and focal neurological deficits (Hasbun et al., 2018). The peak incidence of herpes simplex encephalitis (HSE) occurs in very young children and adults over the age of 50 years with both sexes equally affected and have an incidence of 2–4/1,000,000 persons. HSE is primarily caused by HSV-1, which accounts for 90% of HSE in adults and children, while HSV meningitis is commonly caused by HSV-2 (Bradshaw and Venkatesan, 2016). In about one third of 113 confirmed HSV encephalitis cases, the infection was associated with primary infection of HSV-1. In the remaining cases, the virus was associated with the reactivation of latent virus, demonstrated through serologic assessments (Nahmias et al., 1982). High-dose intravenous acyclovir treatment is recommended for 14–21 days in immunocompetent and immunosuppressed patients, respectively. The benefit of acyclovir treatment has been shown through randomized controlled trials to significantly reduce mortality, establishing it as the standard of care for HSV encephalitis (Bradshaw and Venkatesan, 2016). Furthermore, a delay in starting acyclovir therapy has been associated with worse clinical outcomes (Erdem et al., 2015). The use of adjunctive corticosteroid therapy with acyclovir has shown to be beneficial in mouse and pre-clinical models, showing a reduction in the severity of infection, beneficial long-term effects, and no increase in viral burden (Meyding-Lamade et al., 2003). Despite this evidence, there is very limited clinical data evaluating the use of corticosteroid therapy. Furthermore, there is also the potential concern of potentially increasing viral replication. A small non-randomized retrospective study of 45 patients treated with adjunctive steroids and acyclovir in Japan showed a beneficial impact on clinical outcome and reduction in the extent of HSE infection, without inhibition of the antiviral action of acyclovir (Kamei et al., 2005) (see Table 2). The German trial of Acyclovir and Corticosteroids in Herpes-simplex-virus Encephalitis (GACHE) similarly studied the treatment of dexamethasone adjunctive steroid therapy with acyclovir treatment in 41 patients, with 21 patients receiving steroid treatment and 20 receiving a placebo. The small study was stopped prematurely due to slow recruitment and found no significant differences in primary or secondary outcomes between treatment and placebo groups. The primary measured outcome was the functional outcome after 6 months on a modified Rankin scale, and secondary outcomes were the mortality after 6 and 12 months, functional outcomes after 6 and 12 months on the Glasgow outcome scale (GOS), functional outcome after 12 months measured with mRS, quality of life measurements after 6 and 12 months, cranial magnetic resonance imaging findings after 6 months and seizure incidence. This study reinforces the unclear results of corticosteroid adjunctive therapy on HSE and the necessity for larger scale controlled trials (Meyding-Lamadé et al., 2019). Although corticosteroid adjunctive therapy must be studied further as a treatment for HSE, adjunctive corticosteroids are used in practice for patients with increased intracranial pressure and cerebral edema to reduce inflammation.


Table 2 | Studies on adjunctive steroid therapy for viral encephalitis.





West Nile Virus Encephalitis

West Nile virus (WNV) is an arthropod-borne infection that is most commonly transmitted by a mosquito bite. The mosquito injects saliva containing the virus into the host dermis with local viral replication in target cells. The virus then migrates to lymph tissue and then disseminates to the CNS via viremia (Colpitts et al., 2012; Hasbun et al., 2018). Incubation periods range from 2 days to 14 days, where 80% of cases remain asymptomatic, 20% have a febrile illness presentation, and 1% present with neuro-invasive disease, which may show aseptic meningitis, encephalitis, or acute flaccid paralysis/myelitis, disrupting the spinal cord (Hasbun et al., 2018). If the virus infiltrates the brain, it commonly infects the basal ganglia, thalamus, and brain stem. Neuronal death, necrosis, and inflammation occur on a microscopic level. Patients presenting with West Nile Encephalitis (WNE) also have chorioretinitis in 50% of cases (Hasbun et al., 2016). Other common symptoms include fever, altered mentation, fatigue, myalgia, headache, stiff neck, rash, vomiting, and diarrhea. Patients diagnosed with WNE have a mortality rate of 15%–18.6%. Currently, no FDA approved treatments vaccine or therapy is approved for WNV infections in humans (Hasbun et al., 2018). Although there are no specific treatments for WNV infections, corticosteroid adjunctive treatment has been used in treatment for and shown rapid improvement effects in a case report of high dose corticosteroid treatment resulting in improvement of a patient from stupor to wakefulness over the course of treatment. The patient was a 71-year-old woman with a WNV infection that rapidly progressed to weakness, encephalitis manifesting with dysphagia and dysarthria, persistent delirium, and stupor. After a 5-day course of steroid treatment she made a rapid improvement to wakefulness. This case study provides the observations of only one patient, so the effect may not be due to the anti-inflammatory steroid treatment (Leis and Sinclair, 2019). A study of 228 patients with WNV in Colorado, found no difference in patients with WNE, 17 patients received corticosteroids and 3 died (18%), whereas 9 of 48 patients who did not receive adjunctive corticosteroid treatment died (19%) (Bode et al., 2006) (see Table 2). Other case studies and reviews of small cohorts have shown no significant changes for patients treated with adjunctive steroids with WNV infection (Bakri and Kaiser, 2004). Due to paucity of data, the evidence for the use of corticosteroid therapy in the treatment of WNE is still unclear and must be further investigated in large cohorts.



Autoimmune Encephalitis

Autoimmune encephalitis is caused by inflammation from the body’s own immune system attacking healthy cells in the brain and spinal cord. Primary autoimmune encephalitis is characterized by immune response directed at cell surface proteins, while paraneoplastic autoimmune encephalitis is a subset associated with tumors and may be the by-product of immune responses to cancerous growth (Hasbun et al., 2017; Hasbun et al., 2018). Autoimmune encephalitis requires clinical criteria of rapid progression in less than 3 months, resulting in neurological debilitation and working memory deficits. Other neurological symptoms include altered level of consciousness, lethargy, personality changes, and other diagnostic findings specific to autoantibodies present in infection. The standard clinical evaluation of patients for autoimmune encephalitis includes clinical presentation, an MRI of the brain, CSF assessment, and EEG. Autoantibodies detected determine disease pathogenesis and classification within autoimmune encephalitis (Graus et al., 2016; Hasbun et al., 2018). The most frequent clinical syndromes are from anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis, characterized by behavioral and psychiatric differences, seizures, memory deficits, and limbic encephalitis, characterized by confusion, agitation, memory deficits, and seizures (Nosadini et al., 2015) (see Table 3). Treatment of acute autoimmune encephalitis includes immunotherapy, addressing underlying detected malignancies, and treatment of associated sequelae. Autoimmune encephalitis, characterized by antibodies attacking cell surface proteins, responds to antibody-directed therapy such as intravenous immunoglobulin and plasmapheresis. This treatment is accompanied by the administration of corticosteroids intravenously, such as methyl prednisone. Second-line therapy in the acute phase is rituximab and cyclophosphamide. In the maintenance phase mycophenolate, azathioprine, rituximab, cyclophosphamide, corticosteroids, and intravenous immunoglobulin are administered (Nosadini et al., 2015; Hasbun et al., 2018). Corticosteroids are incorporated into first and second-line immunotherapy for autoimmune encephalitis in conjunction with intravenous immunoglobulin administration. In a review of studies on the treatment of anti-LG1 autoantibody encephalitis, the addition of corticosteroids was shown to have a significant association with the cessation of faciobrachial dystonic seizures (FBDS) in 30% of patients by the first week, and 60% within 2 months. In second-line immune therapy, the most consistent reductions in seizure frequency and mRS score for neurologic disability improvement were associated with steroid treatment (Shin et al., 2013; Nosadini et al., 2015; Shin et al., 2018). The accepted first-line therapies include adjunctive corticosteroid treatment, intravenous immunoglobin, plasma exchange, and immune-adsorption, which have consistently shown positive results in treatment through case studies and systematic review. Corticosteroid therapy in autoimmune encephalitis is used to broadly inhibit the inflammatory response, but possesses little targeted therapy and is associated with systemic side effects, such as the aggravation of psychiatric symptoms like depression, insomnia, agitation, and psychosis, and neurotoxic effects through the potential to induce neuro-degeneration with chronic exposure, making other lines of treatment more effective in combination (Shin et al., 2018). More research must be conducted to determine the optimization of corticosteroid use in conjunction with alternative therapies to maximize clinical benefits and further research on steroid-sparing agents in second-line therapy and long- term maintenance of autoimmune encephalitis.


Table 3 | Studies on Adjunctive Steroid Therapy for Autoimmune Encephalitis.





Tuberculosis


Initial Therapy

Tuberculosis (TB) is caused by Mycobacterium tuberculosis and in 85% of cases it involves the lungs. One of the most common sites of extra pulmonary TB is the CNS (Hasbun et al., 2018). Tuberculosis meningitis is the most common form of CNS tuberculosis and is found in 10%–15% of children <2 years old after untreated TB infection and is often misdiagnosed as bacterial meningitis (Hasbun et al., 2018). Tuberculosis meningitis is postulated to occur in two stages. First, bacterial lesions form in the brain or meninges, from the dispersion of bacteria through the bloodstream in early infection, leading to the development of meningitis upon entry into the subarachnoid space. Second, proteins and chemicals from the organism leak into the CSF, eliciting an immune response and intense inflammation at the brain and meninges (Hasbun et al., 2018). Bacille Calmette-Guerin (BCG) vaccines can prevent up to 50%–80% of TB meningitis cases, but effectiveness varies with available strains of BCG. The vaccination rates do not meet optimal standards in many areas still (Hasbun et al., 2018). The adjunctive treatment of corticosteroids has been employed to reduce inflammation in tuberculosis meningitis. A randomized, double blind, controlled trial in Vietnam of 545 patients with TB meningitis over 14 years of age with and without human immunodeficiency virus (HIV) infection, studied the use of dexamethasone steroid treatments effects. Treatment with dexamethasone was associated with reduced risk of death and significantly fewer adverse events than in placebo groups, which was consistent across various grades of disease severity and HIV status, providing strong evidence for corticosteroid adjunctive therapy to improve survival in patients over age 14 years with TB meningitis (Thwaites et al., 2004) (see Table 4). In a meta analysis of published RCTs of corticosteroid treatment used in TB meningitis, six randomized controlled trials totaling 990 patients were identified, one of which included HIV infected patients. In all studies, the use of corticosteroid adjunctive treatment reduced mortality rates. These results were significant in four of the documented studies. Approximately 39%–73% of the patients across the six trials were severely ill with stage 2 disease (drowsy with focal neurologic deficits) and 23%–56% with stage 3 disease (coma). Faster defervescence, fewer complications of tuberculomas, and fewer clinical complications from anti-tuberculosis medications were documented as well (McGee and Hirschmann, 2008). A Cochrane study has also demonstrated over nine trials and 1,337 participants that use of adjunctive steroids in tuberculosis meningitis reduced deaths by almost one quarter after an 18 month follow up. While the former meta-analysis does not indicate outcome differences between stages of TB infection, the Cochrane study shows that the effect of corticosteroids is significantly consistent across all stages of the disease. Analysis also did not show differences in outcome based on HIV status, although the analysis was noted as underpowered (Prasad et al., 2016). CDC guidelines on the treatment of Tuberculosis based off of published treatment results, recommend the addition of corticosteroids in treatment for tuberculosis meningitis for all patients, although data is limited for patients with HIV (American Thoracic Society, CDC, & Infectious Disease Society of America, 2003; Lewinsohn et al., 2017). Overall, the research shows benefit in reduction of mortality and adverse effects in the use of corticosteroids as an adjunctive treatment in cases of initial therapy for confirmed tuberculosis meningitis.


Table 4 | Studies and Significant Findings on Adjunctive Steroid Therapy for Tuberculosis Meningitis Treatment.






Paradoxical Reaction

Paradoxical reaction (PR) in tuberculosis is the clinical or radiological worsening of pre-existing TB or the development of new TB lesions in patients who have received treatment against TB and improved in treatment initially. It affects up to 25% of patients and can cause significant morbidity especially in CNS tuberculosis (Bloch et al., 2009). The manifestation of PR in TB patients includes neuroimaging abnormalities, altered CSF pictures, and changes in CSF, including lymphatic pleocytosis, and an increase in CSF protein levels. Corticosteroid treatment has been demonstrated to have beneficial effects through case studies (Teoh et al., 1986; Garcia-Monco et al., 2005; Kim and Kim, 2009; Singh et al., 2016). TB related immune reconstitution inflammatory syndrome (IRIS) can also occur in HIV-positive patients after introducing antiretroviral therapy (ART) and can be life threatening. In a meta-analysis of 8 RCTs it was shown that there was a two-fold increase in TB-IRIS in patients treated with ART. In patients with a new diagnosis of TB and a CD4 count of less than 50/mm3, ART within 1–4 weeks of diagnosis improved outcomes. Earlier ART, however, may be associated with more frequent TB-IRIS, so ART therapy is recommended only after 4–6 weeks of diagnosis in patients with HIV-1 TB and higher CD4 counts (Davis et al., 2018). TB related IRIS is more common in adults, occurring in 15.7% of TB patients within 2 months of ART therapy, and is a frequent complication of ART in resource-limited countries, with up to a 30% overall mortality rate (Meintjes et al., 2010; Fane et al., 2018; Hasbun et al., 2018). Adjunctive corticosteroid therapy has shown to be effective in some cases of TB-IRIS for anti-inflammatory purposes in alleviating symptoms. The use of corticosteroids has been variable, however, and effectiveness often anecdotal, requiring larger systematic studies worldwide (Murdoch et al., 2007). A randomized double-blind controlled trial of 110 patients in South Africa shows that patients with TB-IRIS were treated with prednisone resulting in more rapid improvement in the steroid-treated group and reduced the number of days hospitalized with no excess of glucocorticoid adverse drug reaction. Glucocorticoid therapy can be effective in treating TB-IRIS in severe cases, however, the diagnoses of paradoxical TB-IRIS must be correct, and alternate diagnoses must be eliminated completely, due to the existing possibility of adverse effects from steroid adjunctive treatment (Meintjes et al., 2010).



Cryptococcal Meningitis


Initial Infection

Cryptococcal meningitis (CM) is an infection of the meninges due to Cryptococcus neoformans or Cryptococcus gatti, which is less common and thought to cause disease more often in immunocompetent patients (Hasbun et al., 2018). CM is the most prevalent cause of meningitis in populations with high HIV prevalence, particularly as seen in studies conducted in countries and populations with high HIV prevalence in sub-Saharan Africa. It is correlated with a lower CD4 + count in HIV patients (Jarvis et al., 2010; Rajasingham et al., 2015). CM associated with HIV infection causes over 600,000 deaths per year worldwide, with little improvement in treatment. A double-blind randomized controlled trial studied the use of adjunctive dexamethasone steroid therapy in combination with antifungal treatments, amphotericin B and fluconazole, for six weeks in 451 adult patients with CM in Vietnam, Thailand, Indonesia, Laos, Uganda, and Malawi. The trial was stopped prior to completion for safety concerns. A mortality rate of 47% with dexamethasone treatment and 41% in the placebo group at 10 weeks was originally observed, but after 6 months of treatment the corticosteroid treatment group had increased mortality of 57% in comparison to the placebo of 47%. The percentage of patients with disability by 10 weeks of treatment was higher in dexamethasone-treated groups and dexamethasone-treated groups showed more clinically adverse outcomes such as the increased prevalence of grade 3 or 4 infection, renal events, and cardiac events (Beardsley et al., 2016) (see Table 5). Based on this study, adjunctive steroids should be avoided in Cryptococcal meningitis.


Table 5 | Studies and Significant Findings on Adjunctive Steroid Therapy for Fungal and Parasitic CNS Infection.





Immune Reconstitution Syndrome (IRIS)

IRIS occurs when immunological recovery after infection contributes to worsening disease in the long term. In HIV patients, after ART and successful immune restoration, inflammatory responses and worsened opportunistic infection has been observed. IRIS is clinically characterized by localized and systemic inflammatory response during invasive fungal infection (Singh and Perfect, 2007). CM-IRIS is seen in HIV patients with CM either as: a) paradoxical IRIS, meaning a relapse of infection after antifungal therapy and initiation of ART or b) as unmasking IRIS, when CM is developed after starting ART and an underlying, previously undiagnosed infection resurfaces. IRIS is developed in 30% HIV and CM co-infected patients who initiate ART. It is increased in individuals with high CSF fungal burdens in initial CM infection and in those who do not clear infection prior to the initiation of antiretroviral treatments (Shelburne et al., 2005; Fane et al., 2018; Hasbun et al., 2018). Systemic corticosteroids have been administered to alleviate inflammation and resulted in positive response through case studies (King et al., 2002; Murdoch et al., 2007). The particular role of adjunctive steroid treatment remains unclear in IRIS, although it has been considered reasonable to administer corticosteroids only in severe cases of unresponsive inflammation (Sharma and Soneja, 2011; Fane et al., 2018).


Angiostrongylus cantonensis

Angiostrongylus is a parasitic nematode causing severe CNS diseases in humans. A. cantonensis from larval invasion causes eosinophilic meningitis as the primary clinical manifestation of the disease. Infection occurs from consuming infected intermediate hosts or vegetables contaminated by these hosts (Martins et al., 2015). Outbreaks in human angiostrongyliasis have been reported in endemic regions such as the Pacific Islands, Southeast Asia, the Caribbean Islands, and Brazil. Treatment includes corticosteroids in combination with anthelmintics (Wang et al., 2012) (see Table 5). In a retrospective cohort study, out of 12 hospitalized adults who had traveled to Jamaica and were diagnosed with eosinophilic meningitis, repeated lumbar punctures and corticosteroid therapy led to the improvement of severe headaches in two out of three patients, and intracranial pressure decrease in all three (Slom et al., 2002). A review of case studies demonstrates data favoring the use of antiparasitic (albendazole or mebendazole) and steroid treatment, although anthelmintic administration was not recommended without steroid treatment (Maretic et al., 2009). Anthelmintic treatment is recommended only in early stages of infection, through demonstrated CNS and pulmonary complications when administered beyond 3 weeks of treatment. When anthelmintic treatment is effective later in infection, it kills viable larvae, suspending them in the CNS with negative clinical consequences. Similar effects of delayed resolution of inflammation and disposal of the worm carcass, causing further damage, is noted with prolonged corticosteroid therapy (Prociv and Turner, 2018). Corticosteroid therapy may be beneficial in early treatment, with recommendations to apply the treatment in severe cases, although data is limited in large clinical trials to demonstrate significance and effectiveness in treatment.



Toxoplasma gondii

Toxoplasma gondii, a single-celled parasite found across the world, causes toxoplasmosis infection. Toxoplasmosis is one of the most common human infections. CNS infection by T. gondii causes toxoplasma encephalitis, which is the most common cause of brain mass lesions in HIV infected patients, causing high mortality and morbidity (Vidal, 2019). T. gondii causes latent infection in 10%–90% of the world’s population, but clinical presentation otherwise often includes brain abscess and diffuse encephalitis or ventriculitis (Marra, 2018). In patients with HIV, single or multiple ring-enhancing lesions on CT or MRI scans suggest toxoplasma encephalitis in the setting of a positive Toxoplasma IGG. Adjunctive corticosteroid therapy should be considered in patients with brain abscesses with significant cerebral edema (Pereira-Chioccola et al., 2009) (see Table 5). The most effective treatment for CNS toxoplasmosis is sulfadiazine and pyrimethamine. Steroid treatment is not recommended unless disproportionate cytotoxic edema is displayed and life threatening. In the case of brain abscess, steroids effectively reduce brain edema, but reduce the effectiveness of host defense processes as well (Muzumdar et al., 2011; Patel and Clifford, 2014). There is no large study demonstrating the efficacy of adjunctive steroid therapy in HIV related toxoplasmosis. Steroid administration is recommended only when lesions due to toxoplasmosis have developed significant mass effect or diffuse brain edema is seen, although the significant benefit of adjunctive steroid therapy in mortality, even in the treatment of cerebral edema, has not been demonstrated in a large cohort (Haverkos, 1987; Rothova et al., 1989; Pereira-Chioccola et al., 2009; Sonneville et al., 2012; Vidal, 2019). Corticosteroids can be used in severe abscess related edema or cases of clinically significant mass effect, with early animal studies showing a reduction in the penetration of antimicrobials into the abscess (Patel and Clifford, 2014).





Neurocysticercosis

Neurocysticercosis (NCC) is the most common parasitic disease of the CNS in humans, caused by the larval stage of the Taenia solium tapeworm. The parasites, once ingested, reach mature size at 3 months, and are established as larval cysts in the tissue, causing single lesions or several lesions in some cases (Garcia et al., 2010). NCC is the single most common cause of acquired epileptic episodes in the developing world, which is the most common presentation of parenchymal NCC (Singhi et al., 2004; Garcia et al., 2010). The Infectious Disease Society of America (IDSA) strongly recommends adjuvant corticosteroid therapy with antiparasitics for anti-inflammatory purposes in patients with viable parenchymal neurocysticercosis (NCC). Steroid therapy has been associated with fewer seizures, although optimal doses have not yet been defined. For single enhancing lesions due to NCC, corticosteroids concomitant with antiparasitic treatment is also strongly recommended, due to data on worsening symptoms with antiparasitic treatment alone (Singhi et al., 2004; White et al., 2018). In the case of calcified parenchymal NCC with or without perilesional edema, corticosteroid therapy is not routinely recommended. In cysticercal encephalitis with diffuse cerebral edema, the IDSA recommends that corticosteroid treatment is administered, without the use of antiparasitic drugs, because antiparasitic treatment is associated with worsening edema. The guidelines show that evidence from large case series and overall evaluation points to antiparasitic treatment with steroid therapy, over antiparasitic treatment alone, as antiparasitic drugs have been shown to worsen the symptoms of NCC (White et al., 2018). Corticosteroids are the primary treatment for chronic cysticercosis arachnoiditis or encephalitis NCC (Garcia et al., 2010). Due to the varying nature of antiparasitic treatment in combination with adjunctive corticosteroid therapy across different presentations of NCC, treatment of NCC with must be individualized (Singhi et al., 2004).



Bacterial Brain Abscess

Brain abscess is a focal infection of the brain with localized inflammation of the cerebrum. Bacteria is responsible for over 95% of all brain abscesses, entering the brain through the contiguous spread, hematogenous dissemination, or as a consequence of distant infectious foci in other organs. (Patel and Clifford, 2014; Sonneville et al., 2017). The incidence of bacterial brain abscess is around 0.3–0.9/100,000 inhabitants per year in developed countries (Sonneville et al., 2017). Clinical symptoms of bacterial brain abscess include fever, focal neurological deficits, seizures, and altered consciousness. In addition to antibacterial treatment that is recommended upon identification of the condition, patients with warning signs of brain herniation can be placed on a short course of adjunctive steroids (Sonneville et al., 2017). Steroid administration is not typical to bacterial brain abscess and is not recommended unless life-threatening issues of cytotoxic edema are present and have led to clinical mass effect (Miranda et al., 2013). In these cases, the adjunctive corticosteroid therapy may be effective in reducing antimicrobial penetration into the abscess. Although steroid therapy is effective due to anti-inflammatory properties in the case of brain edema, the host’s defense mechanisms may be disrupted. Steroids have also been shown to inhibit collagen capsule formation, which may inhibit a key mechanism for leucocyte travel in the body’s defense systems (Muzumdar et al., 2011; Patel and Clifford, 2014) (see Table 6).


Table 6 | Studies on adjunctive steroids use for the treatment of bacterial brain abscess.





Conclusion

Adjunctive steroids therapy has proven effective to improved outcomes in some cases of CNS infection, although in others administration of steroid therapy can be detrimental. Critical evaluation of the presenting infection and point of administration is necessary for optimal therapeutic use as indicated through the review. Adjunctive steroids are effective in reducing inflammation and improving clinical outcomes in some causes of meningitis such as S. pneumoniae (mortality), H. influenzae (hearing loss), N. meningitidis (arthritis), and M. tuberculosis (mortality). Even though the use of adjunctive steroids is an essential therapy of autoimmune encephalitis, its use in viral encephalitis is unclear as there are limited studies. Steroids are also used in A. cantonensis meningitis and in brain abscesses caused by bacteria or by toxoplasmosis when associated with significant mass effect or cerebral edema. Adjunctive corticosteroid therapy is also consistently recommended in neurocysticercosis with cerebral edema. Adjunctive corticosteroids are also used in IRIS treatment to alleviate inflammation in severe cases. The use of corticosteroid therapy can also be detrimental as in L. monocytogenes or CM so an accurate, prompt diagnosis is key. Overall, data for the use adjunctive steroids in several CNS infections (e.g., HSV, WNV, etc.) are limited and future studies should explore the utility of steroids in larger-scale studies.
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Background

Mortality from bacterial meningitis, predominately caused by Streptococcus pneumoniae, exceeds 50% in sub-Saharan African countries with high HIV prevalence. Underlying causes of high mortality are poorly understood. We examined the host and pathogen proteome in the CSF of adults with proven pneumococcal meningitis (PM), testing if there was an association between differentially expressed proteins and outcome.



Materials/Methods

CSF proteomes were analyzed by quantitative Mass-Spectrometry. Spectra were identified using the Swissprot human and TIGR4 pneumococcal protein libraries. Proteins were quantitated and analyzed against mortality. Unique proteins in PM were identified against published normal CSF proteome. Random-Forest models were used to test for protein signatures discriminating outcome. Proteins of interest were tested for their effects on growth and neutrophil opsonophagocytic killing of S. pneumoniae.



Results

CSF proteomes were available for 57 Adults with PM (median age 32 years, 60% male, 70% HIV-1 co-infected, mortality 63%). Three hundred sixty individual human and 23 pneumococcal proteins were identified. Of the human protein hits, 30% were not expressed in normal CSF, and these were strongly associated with inflammation and primarily related to neutrophil activity. No human protein signature predicted outcome. However, expression of the essential S. pneumoniae protein Elongation Factor Tu (EF-Tu) was significantly increased in CSF of non-survivors [False Discovery Rate (q) <0.001]. Expression of EF-Tu was negatively co-correlated against expression of Neutrophil defensin (r 0.4 p p < 0.002), but not against complement proteins C3 or Factor H. In vitro, addition of EF-Tu protein impaired S. pneumoniae neutrophil killing in CSF.



Conclusions

Excessive S. pneumoniae EF-Tu protein in CSF was associated with reduced survival in meningitis in a high HIV prevalence population. We show EF-Tu may inhibit neutrophil mediated killing of S. pneumoniae in CSF. Further mechanistic work is required to better understand how S. pneumoniae avoids essential innate immune responses during PM through production of excess EF-Tu.





Keywords: meningitis, HIV—human immunodeficiency virus, mortality, Streptococcus pneumoniae, cerebrospinal fluid, proteomics, Elongation factor Tu (EF-Tu)



Introduction

Acute bacterial meningitis (ABM) is a leading cause of infectious mortality and morbidity worldwide; an estimated 2.8 million incident cases of community-acquired ABM were reported in 2016 occurring predominately in children and young people (Collaborators GBDM, 2018). There is a particularly high toll of meningitis caused by Streptococcus pneumoniae (pneumococcal meningitis, PM) in sub-Saharan Africa, where the combination of high HIV prevalence and high burden of nasopharyngeal carriage create a potent environment for PM to flourish in all age groups (Gessner et al., 2010; Heinsbroek et al., 2015; Britz et al., 2016; Swarthout et al., 2020). Ambitious global WHO targets to defeat meningitis by 2030 were published in 2018 (Organisation) WWH, [[NoYear]]). However, progress in Africa is limited by the lack of affordable vaccines and effective adjunctive therapies to antibiotics (Scarborough et al., 2007; Ajdukiewicz et al., 2011; Wall et al., 2017a). In African LMICs mortality from ABM in adults and adolescents exceeds 50% compared to 10–20% in better resourced settings, but causes of excessive mortality from ABM in this setting are not well described (van de Beek et al., 2010; Mourvillier et al., 2013; Wall et al., 2017a; Tenforde et al., 2019).

Prognostic scores for ABM have low sensitivity and specificity (Weisfelt et al., 2008; Wall et al., 2017b), suggesting pathological differences in the CNS leading to poor outcome are not readily detected by clinical parameters. During PM, large numbers of neutrophils rapidly trans-migrate from blood in response to pro-inflammatory mediators in CSF (Potter and Harding, 2001; Koedel et al., 2009; de Oliveira et al., 2016). Neutrophils have a critical role in killing S. pneumoniae by phagocytosis (Ramos-Sevillano et al., 2016; Ullah et al., 2017), but also contribute to counter-productive inflammatory responses which may mediate death and disability in pneumococcal meningitis, sepsis and pneumonia (Bewley et al., 2011; Ramos-Sevillano et al., 2016; Ritchie et al., 2018; Domon et al., 2018). This host-pathogen interaction triggers an inflammatory cascade of both cytotoxic effects of host pro-inflammatory mediators (Mook-Kanamori et al., 2011; Wang et al., 2016), and bacterial toxins, that drive tissue damage in non-survivors characterized by apoptotic neuronal cell injury, raised intracranial pressure (ICP), thrombosis, cerebral edema, and ischemia (Wall et al., 2012; Wippel et al., 2013; Wall et al., 2014; Doran et al., 2016).

Proteomics provides an opportunity to dissect this host-pathogen interaction in CSF during disease by both quantitating the relative abundance of multiple inflammatory proteins, and testing for associations between human and bacterial proteins and outcome (Zhang et al., 2015; Bastos et al., 2017). Previously, the CSF proteome in a small number of children with PM from our center showed marked upregulation of multiple inflammatory and bacterial proteins compared to hospital controls, including neutrophil proteins S100A9 and myeloperoxidase in CSF (Gomez-Baena et al., 2017). In an earlier study, using 2D electrophoresis proteomics of adults with PM, demonstrated consumption of complement C3 in non-survivor CSF, we described an exacerbated host response including proteins involved with brain damage (Goonetilleke et al., 2010; Goonetilleke et al., 2012), but did not find major proteomic differences between the outcome groups.

In this study, we utilized label-free quantitative tandem mass-spectrometry proteomics to quantitate the host and pathogen proteome in adults with PM, to determine if a CSF protein signature predicts the outcome from PM. We further tested the effects of a protein associated with poor outcome using an in vitro neutrophil killing assay.



Methods


Patients

CSF was obtained for proteomics from adults and adolescents on admission to hospital with suspected bacterial meningitis at Queen Elizabeth Central Hospital in Blantyre, Malawi between 2011 and 2013 (Wall et al., 2017a). All CSF samples were collected prior to administration of parenteral antibiotics 2 g BD for 10 days (Scarborough et al., 2007; Ajdukiewicz et al., 2011). Clinical data were recorded on admission to hospital, clinical outcome data reported at 6 weeks post-discharge (Wall et al., 2017a).



Procedures

Routine CSF microscopy, cell count, and CSF culture was done at the Malawi-Liverpool-Wellcome Trust Clinical Research Programme laboratory in Blantyre, Malawi as previously described (Wall et al., 2017a). Culture negative samples were screened using the multiplex real-time polymerase chain reaction for S. pneumoniae, Neisseria. Meningitidis, and Haemophilus influenzae type b (Hib) kit from Fast-Track Diagnostics (FTD Luxemburg) according to the manufacturer’s instructions, bacterial loads were estimated from Ct values. Additionally, CSF was screened for Herpes viruses including EBV, CMV, and HSV1. We excluded patients with active viral co-infection in the CSF. We collected 2.0 ml of CSF for proteomics, stored on receipt in the laboratory (within 2 h of LP) at −80 degrees Celsius. In-hospital HIV testing was done on all patients by the clinical teams using point-of care Genie™ HIV1&2 test kits (BioRad, USA).



CSF Protein Extraction and Mass-Spectrometry

Protein concentration in all CSF samples was measured by nanodrop (Thermo Scientific, UK) and normalized to 200 µg/ml. Samples were centrifuged at 13,000 g and the pellet stored at −80°C until peptide extraction. Proteins were treated with the surfactant 0.1% (v/v) RapiGest™ (Waters) at 80°C for 10 min followed by reduction with diothiothreitol (DTT) at a final concentration of 3 mM (60°C for 10 min) and alkylation with iodoacetamide (IAA) at a final concentration of 50 mM (room temp, in the dark, 1 h). The enzyme trypsin (sequencing grade, Promega) was added at an enzyme:substrate ratio of 1:50 and incubated overnight with agitation at 37°C. The surfactant was inactivated the following day by treatment with 0.1% trifluoroacetic acid (TFA) (37°C for 1 h) and peptides were recovered following centrifugation at 13,000 g.

Resultant CSF peptides were separated by RPLC using a DIONEX UltiMate™ 3000LC chromatography system and MSMS analysis performed on an LTQ Orbitrap Velos using Xcalibur software v2.1 (both Thermo Scientific, UK). Peptides (10 µl = ~500 ng) were injected onto the analytical column (Dionex Acclaim® PepMap RSLC C18, 2 µm, 100 Å, 75 µm i.d. ×15 cm, nanoViper.), which was maintained at 35°C and at a nanoflow rate of 0.3 µlmin−1. Peptides were separated over linear chromatographic gradients composed of buffer A (2.5% ACN: 0.1% FA) and buffer B (90% ACN: 0.1% FA). Two gradients, 60 (3–50% buffer B in 40 min) and 180 min (3–60% buffer B in 140 min), were employed for analysis. Full scan MS spectra were acquired over the m/z range of 350–2,000 in positive polarity mode by the Orbitrap at a resolution of 30,000. A data-dependent Top20 collision induced dissociation (CID) data acquisition method was used. The ion-trap operated with CID MSMS on the 20 most intense ions (above the minimum MS signal threshold of 500 counts).



Bio-informatic Quantitative Analysis

Data was initially mass recalibrated using the mzRefiner filter of the Proteowizard msconvert tool. The resulting files were then processed using Progenesis QI (version 2 Nonlinear Dynamics, Newcastle upon Tyne, UK). Samples were aligned according to retention time using a combination of manual and automatic alignment. Default peak picking parameters were applied and features with charges from 1+ to 4+ featuring three or more isotope peaks were retained. Database searching was performed using Mascot (Matrix Science, London, UK). A Mascot Generic File, created by Progenesis QI, was searched against a merged database of the reviewed entries of the Uniprot reference proteome set of H. sapiens (09/12/2015, 20,187 sequences) and S. pneumoniae (09/12/2015, 2,030 sequences). A fixed carbamidomethyl modification for cysteine and variable oxidation modification for methionine were specified. A precursor mass tolerance of 10 ppm and a fragment ion mass tolerance of 0.6 Da were applied. The results were then filtered to obtain a peptide false discovery rate of 1%. Protein inference and quantification was performed using the “Relative Quantitation using non-conflicting peptides” option in Progenesis. Protein quantification values are determined from all peptides but weighted according to peptide intensity. Proteins were annotated as differentially expressed if they achieved an FDR corrected q value of 0.05. Outcome prediction was performed by random forest using the cforest function of the “party” package in R. Pathways analysis of proteins was done using Innate DB.



Synthesis of Pneumococcal Proteins

E. coli cells containing pEQ30_EF-Tu were kindly donated by Prof. Sven Hammerschmidt. E. coli was grown at 25°C in LB supplemented with 100 µg/ml ampicillin (Mohan et al., 2014). When the OD595nm reached 0.5, protein expression was induced by adding 1 mM isopropyl β-d-thiogalactoside (IPTG). EF-Tu was modified to contain a polyhistidine tag to aid purification and detection. EF-tu is insoluble when expressed in E. coli and precipitates in inclusion bodies. Firstly, the cells were pelleted by centrifugation at 3,250 × g, then the pellet was resuspended in 10 ml of 50 mM NaH2PO4, 300 mM NaCl (pH 8). This was followed firstly by sonication and then by centrifugation at 4,300 × g, for 30 min at 4°C. The pellet containing the inclusion bodies was then washed in 50 mM NaH2PO4, 300 mM NaCl (pH 8) and resuspended in 500 µl of 50 mM NaH2PO4, 300 mM NaCl, 4 M Urea (pH 8) to solubilize the inclusion bodies. This suspension was then centrifuged at 18,000 × g for 30 min at 4°C. The supernatant that contained EF-Tuf was then mixed with Ni-NTA (Qiagen, Germany) that had been resuspended in the same buffer as the protein. The column was then washed with 10 column volumes (CV) of 50 mM NaH2PO4, 300 mM NaCl, 4 M Urea (pH 8). The protein was eluted with 6 CV’s using 50 mM NaH2PO4, 300 mM NaCl, 4 M Urea, 250 mM immidazole (pH 8). Eluted EF-Tuf was refolded by dialysis in 20 mM Tris-HCl 5 mM MgCl2 pH 7.4. Finally, the protein was recovered, and the buffer exchanged into PBS during concentration. Presence of the protein was confirmed via an anti-His western blot. Identity of the protein of choice was confirmed by running an anti-His western blot of the cell lysates prepared in the presence and absence of IPTG. Non-induced cell extracts did not react with anti-his antibody (Supplementary Figure 1).



Bacterial Growth Conditions

Strains of S. pneumoniae serotype 1 ST5316 (Terra et al., 2020) were grown in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY) to OD 0.5 and stored in 80% glycerol at −80°C as previously described (Ramos-Sevillano et al., 2012). Bacteria were thawed, washed in PBS twice, and diluted to 1 × 106 CFU/ml in either pooled serum from five healthy laboratory donors (non-PCV vaccinated) or thawed human cerebrospinal fluid (CSF). CSF was obtained from patients who underwent therapeutic lumbar puncture for idiopathic intracranial hypertension, all had biochemically normal, acellular CSF. CSF was kindly donated by Professor Diederik van de Beek (Amsterdam Medical Centre, Netherlands). Four ug of purified EF-Tu, bovine serum albumin (BSA), NanA or PiaA or PBS control were added to five technical replicates.

Growth for 24 h was detected by changes in optical density at 620 nm with shaking in a microplate reader (Tecan® USA) at 37°C.



Opsonophagocytosis Assays

Bacterial killing by purified human neutrophils was done using a previously described opsonophagocytosis assay (Hyams et al., 2010). Briefly, neutrophils were extracted from whole blood of healthy donors by negative selection Maxspress kit (Milteyni biotech, USA) according to the manufacturer’s instructions. Bacteria were opsonized in either 10% pooled serum or CSF for 30 min at 37°C then incubated with purified fresh human neutrophils in HBSS with either 4 ug of purified EF-Tu, BSA, or PBS at 37°C for 45 min with shaking in the dark. Cytochalasin D was included in the negative control to stop phagocytosis. Serial dilutions of the reaction mix were plated on Colombia agar supplemented with 5% horse blood, and colony forming units (CFU) counted after 18 h incubation at 37°C.



Statistical Methods

All conventional statistical tests were two tailed, alpha <0.05 determined statistical significance. Ninety-five percent confidence intervals are presented for odds ratios. Logistic regression was used to model associations between clinical outcomes and risk factors while controlling for confounding factors.



Data Deposition

All proteomic data was submitted to the ProteomeXchange: Accession number:

Submission Reference: 1-20200901-167440

Submission Path:/nfs/pride/drop/pride-drop-003/philipjb_20200901_134730



Ethical Approvals

All participants or nominated guardians gave written informed consent for inclusion. Ethical approval for the transcriptomics study was granted by both the College of Medicine Research and Ethics Committee (COMREC), University of Malawi (P.01/10/980, January 2011), and the Liverpool School of Tropical Medicine Research Ethics Committee, UK (P10.70, November 2010) Committee, Liverpool, UK.




Results


Patients

Fifty-seven patients with proven PM, whose CSF was stored within 4 h of presentation to hospital, were included in the study, 33 (57%) of whom had died within 6 weeks (Table 1). Median age was 33 years (IQR 26–44), and predominantly HIV co-infected (34/47, 72%). CSF protein and bacterial loads were high, and although raised, the CSF white cell counts (WCC) were substantially lower than those reported in high income settings (Costerus et al., 2016) (Table 1). Neither CSF bacterial load, CSF protein, nor CSF WCC differed significantly between survivors and non-survivors in an un-adjusted analysis. Similarly, to our previous reports, Glasgow Coma Score (GCS) was significantly lower in non-survivors (11/15) than survivors (14/15) (OR 0.57, 95% CI 0.35–0.87) on admission (Wall et al., 2017b).


Table 1 | Demographic details of included participants.





CSF Human Proteome

A total of 336 peptides matching Uniprot identifiers were found in the CSF (Figure 1, Supplementary Data 1). Albumin was the most abundant CSF protein, followed by sub-classes of immunoglobulins, complement C3, alpha-1 antitrypsin, haptoglobin, hemopexin, and neutrophil proteins S100A8&9 (Table 2). Overall, the most abundant protein classes were immunoglobulins, metabolic proteins, and complement, along with antigen-binding proteins, neutrophil-associated and anti-bacterial proteins, inflammatory response, and vasomotor tone. Blood brain barrier (BBB) breakdown was suggested by the identification of hemoglobin, haptoglobin, and fibrinogen in the CSF (Figure 1). Pathways analysis of the entire proteome (Innate DB) found 16 pathways enriched with q < 0.05, dominated by complement, platelet degranulation, scavenging of heme, and axon guidance pathways (Table 3).




Figure 1 | The CSF proteome in pneumococcal meningitis is diverse and highly inflammatory. Bubble plot summary of the CSF proteome in pneumococcal meningitis. Three hundred thirty-six peptides identified by Mass-Spectrometry. Green, cellular functional proteins; blue, proteins synthesized by white and plasma cells; purple, complement and clotting cascades; orange, pro-inflammatory proteins.




Table 2 | Estimated abundance (arbitrary quantitative units) of 20 most highly expressed proteins in the CSF of patients with PM.




Table 3 | Enrichment of 10 most highly expressed biological pathways in the CSF of patients with PM.





Sub-Set of Proteins Unique to PM

When compared to two reports of the proteome in normal CSF (Guldbrandsen et al., 2014; Zhang et al., 2015), we found 130/336 (38%) of proteins in PM were not normally found in CSF (Figure 2A). These include the majority of the immunoglobulin sub-classes, neutrophil and inflammatory proteins, CNS proteins, hemoglobin, and some metabolic proteins (Figure 2B). Pathways analysis of this protein set unique to PM was strongly enriched for complement activity, hemostasis and heme activation, neutrophil and platelet degranulation, actin dynamics, and scavenger receptor binding (Table 4). We also identified 10 proteins with a primary CNS source including BSAP1, APLP1, CHL1, mapping to pathways including Axon guidance and Dorso-ventricular axis.




Figure 2 | Highly abundant CSF proteins in pneumococcal meningitis are directly involved in the host-pathogen interaction and demonstrate evidence of blood-brain barrier breakdown. Venn diagram showing overlap between the uniport peptide hits from the proteome of patients with PM and two previously published proteomes of normal CSF (A). Bubble plot showing breakdown of proteins found in the subset of proteins unique to PM n = 130 from Figure 1 (B). Green, cellular functional proteins; blue, proteins synthesized by white and plasma cells; purple, complement and clotting cascades; orange, pro-inflammatory proteins.




Table 4 | Abundance and function of pneumococcal proteins in the CSF of patients with PM, in order of abundance.





CSF Streptococcus pneumoniae Proteome

Of the 30 pneumococcal proteins detected in CSF, four proteins were structural, ten related to metabolic activity, eight were ribosomal proteins, and nine had primary functions in virulence, or the stress response. These included the virulence factor PspA (involved in avoiding complement mediated immunity), the manganese transporter lipoprotein PsaA (required for protection against oxidative stress), ABC transporter component GalT1 (released during opsonophagocytosis, associated with avoidance of mucosal immunity) (Matthias et al., 2008), and the multi-functional protein Elongation Factor Tu (EF-Tu) (Table 4).



The Human Proteome Did Not Predict Outcome

To investigate the hypothesis that lower GCS reflects worsening inflammation in the CNS, we used a Random Forest model to test for a protein signature to predict outcome in CSF. Principal component analysis of the CSF proteome in PM did not show any separation between outcome groups testing either peptides or proteins (Figure 3A). We were unable to detect any sub-set or “signature” of proteins that correlated with outcome status (Figure 3B). The Random Forest Accuracy was 0.68 (95% CI 0.54–0.88), no information rate (NIR) 0.61, p-value (Accuracy >NIR) = 0.16. We then tested for associations with individual proteins that may be associated with clinical outcome status (Figure 3C). A number of host proteins were over-expressed in the CSF of either patient group (Supplementary Figure 2) at an individual level, including S100A8 and CD163. However, none were significantly expressed at >1 log fold change from the mean with FDR <0.05.




Figure 3 | Protein signatures in CSF do not predict outcome from PM, but individual pneumococcal proteins are highly expressed in non-survivors. CSF proteome does not separate by outcome group (A). Principal component analysis of the CSF protein hits. Dot, individual patients; blue, survivor; and purple, non-survivor. Summary plot of Random Forest analysis of highly abundant individual CSF peptide hits (B). Dot per protein shows deviation away from the mean (x axis) toward non-survival. No cluster/signature of abundant proteins accurately predicts outcome in CSF. Quantitative volcano plot of all protein hits (C). Dots represent proteins. Red, non-significantly expressed; blue, significantly expressed (FDR < 0.01). Dot size represents quantitative estimates of abundance.





Poor Outcome Was Associated With Higher Levels of the Streptococcus pneumoniae Protein Elongation Factor Tu

Although the human CSF proteome did not correlate with outcome in PM, two S. pneumoniae proteins identified in the CSF did exceed adjusted FDR significance threshold in non-survivor CSF on the individual association analysis. These were Q8CWR9 (a ribosomal protein) and Elongation Factor Tu (EF-Tu, P64031) (Figure 3C). EF-Tu is an immunogenic surface expressed S. pneumoniae protein (Thofte et al., 2018; Nagai et al., 2019), involved in the transport of amino acylated tRNA components to ribosomes and is thought to be essential. Recent data suggests that it may also assist S. pneumoniae evasion of complement-mediated immunity (Mohan et al., 2014).



EF-Tu May Inhibit Neutrophil Opsonophagocytosis in Cerebrospinal Fluid

To further investigate the possible effects of EF-Tu on the host-pathogen interaction in PM, we tested for statistical correlations within with host proteins from the 130 unique PM protein dataset. EF-Tu did not positively correlate with any human CSF proteins, but did negatively correlate with levels of neutrophil defensin (r2 −0.06, p < 0.01) (Figure 4A). Mean CSF levels of EF-Tu in non-survivors were 2.88 log2-fold higher [1.77 × 106 units/ml (Std 1.38 × 106)] compared to 1.64 × 105 units/ml CSF (Std 3.4 × 105) in survivors (ANOVA p −0.05 × 105. In contrast, CSF levels of neutrophil defensin in survivors was 5.76 × 107 (Std 5.61 × 107) compared to 2.4 × 107 (Std 4.2 × 107) in non-survivors (ANOVA p 0.008).




Figure 4 | EF-Tu negatively correlates with neutrophil defensin in CSF, and effects on neutrophil-mediated killing in CSF but not serum. (A) EF-TU negatively correlates with neutrophil defensin. Estimates of the abundance of Tuf (x axis, log10 scale) plotted against abundance of highly expressed proteins (y axis, log10 scale) known to interact with S. pneumoniae (complement C3, Factor H), and the most highly abundant neutrophil protein, Neutrophil defensin (A). Correlation estimated with Spearman’s test. (B) EF-Tu does not enhance ST5316 growth in CSF, serum or THY. Growth curves of S. pneumoniae serotype 1 strain ST5316 in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY), pooled human serum and human CSF. Growth plotted over time (x axis) against optical density (y axis) at 620 nm. Growth in normal CSF compared to growth supplemented with 40 ug of recombinant EF-Tu. Additional proteins used as controls, bovine serum albumin (BSA), neuroaminidase A (NanA), and pneumococcal iron acquisition system A (PiaA). (C) EF-Tu effects on neutrophil mediated killing of S. pneumoniae in CSF but not serum. Viable S. pneumoniae strain ST5316 after 45 min neutrophil opsonophagocytosis assay, supplemented with 400 ug of recombinant Tuf protein. Bacteria opsonized with serum (left panel) and CSF (right panel). Viability measured by colony forming unit (CFU) counts on blood agar after 18 h incubation. Data expressed as medians with range. Statistical significance calculated using the Mann-Whitney U test.



Addition of recombinant EF-Tu did not alter growth of Serotype 1 ST5316 in THY, pooled human serum or hCSF (five technical replicates, three experiments), suggesting no significant effects of EF-Tu on autolysis in vitro (Nagai et al., 2018) (Figure 4B). Hence, we tested if EF-Tu had a negative effect on the interaction between S. pneumoniae and neutrophils in a human CSF model of neutrophil killing. When S. pneumoniae were opsonized with pooled human serum, addition of recombinant EF-Tu to the reaction mix did not impair neutrophil killing. However, when bacteria were opsonized with CSF, addition of EF-Tu caused a reduction in S. pneumoniae killing compared to PBS control and resulted in a similar effect to inhibition of phagocytosis by cytochalasin D (Figure 4C).




Discussion

The pathogenesis of PM is dominated by a rapid and intense inflammatory response within the CSF compartment driven by an influx of neutrophils reacting to the presence of S. pneumoniae. Here, we show the highly inflammatory nature of the proteome in PM on admission to hospital, containing both brain- and blood-derived proteins, but the proteome does not differ between patients who survive and those who subsequently die. Over-expression of bacterial proteins in non-survivors may reflect adaptation of S. pneumoniae to the survival in the CSF compartment, that may have negative effects on the innate immune response in PM that requires further investigation.

Human and animal data have shown that the rapid neutrophil influx and the synthesis of antimicrobial peptides triggers the release of highly damaging proteins including tissue proteases (Tuomanen et al., 1985a; Tuomanen et al., 1985b) that in some patients are thought to result in BBB breakdown, cerebral thrombosis, and edema, thereby increasing mortality (Roine et al., 2015; Savonius et al., 2018). We have now replicated our earlier, smaller studies one in children and one in adults of the proteome during PM (Gomez-Baena et al., 2017)30,31, using high-throughput quantitative proteomics (Bastos et al., 2017). This method enabled us to estimate abundance of individual proteins, thus determining the most abundant proteins in CSF during PM for the first time (Distler et al., 2016). By adjusting for abundance and using high sensitivity acquisition, we were able to detect all spectra present in CSF and confirm definitively that CSF proteins, whilst highly inflammatory, do not differ between survivors and non-survivors of PM.

Patients in our study were typical for PM patients in Africa, young adults and adolescents, the majority co-infected with HIV, with low CSF WCC and high CSF pneumococcal loads on admission to hospital (Tenforde et al., 2019). As we have previously reported (Wall et al., 2014), neither the bacterial load, CSF WCC and protein concentration, or the HIV status were associated with outcome in our patients. The CSF in patients with proven PM is highly inflammatory. We detected both expansion of the anti-infective components of CSF (immunoglobulins and complement) and high levels of expression of neutrophil-associated proteins including S100A8/9, cathepsin, neutrophil defensin, and matrix-metalloproteinases 9 (MMP9) that infection models have suggested are detrimental to the host (Tuomanen et al., 1989; Roine et al., 2014; Mohanty et al., 2019). Severe BBB breakdown has previously been assumed to be a pre-morbid event in PM (Barichello et al., 2011; Prager et al., 2017), and quantifying BBB breakdown in patients is complex (Helms et al., 2016; Prager et al., 2017; Natarajan et al., 2017). In this dataset, which is controlled for protein abundance, the presence of both brain-derived proteins (e.g. axonal proteins), combined with serum components like hemoglobin, haptoglobin, hemopexin, and fibrinogen, strongly suggest breakdown of the BBB is evident on admission to hospital with PM. We hypothesized that lower GCS on admission was related to worsening BBB breakdown and cerebral inflammation, but this was not supported by the CSF proteome. Our previous study on Malawian adults with PM using unadjusted 2D page proteomics suggested C3 and transferrin were reduced in non-survivor CSF (Goonetilleke et al., 2010; Goonetilleke et al., 2012), and data from The Netherlands also suggested that complement activity in CSF was associated with worse clinical outcomes (Mook-Kanamori et al., 2014; Kasanmoentalib et al., 2015; Kasanmoentalib et al., 2017; Kasanmoentalib et al., 2019). Whilst we demonstrated marked expansion of C3 and transferrin in CSF, after adjusting for overall protein abundance and composition these proteins did not correlate with outcome. These earlier reports were tested only for individual associations between proteins and outcome and were not adjusted for abundance, introducing potential confounding. We also tested if other human CSF proteins singly or in combination using Random Forest models predicted outcome but found no statistically significant association with mortality. The lack of any predictive protein signature suggests that measuring static inflammation through proteins does not reveal the complexity of the host-pathogen interactions associated with tissue damage. Clinical outcomes may instead be associated with dysfunctional processes such as ineffective opsonophagocytosis which are not readily identified by the abundance of specific proteins (Andre et al., 2017; Campos et al., 2017; Ullah et al., 2017; Wright et al., 2017; Lowe et al., 2018; Ritchie et al., 2018).

Compared to the abundance of host proteins, the number of pathogenic proteins identified in our study was relatively small; this probably reflects the relative abundance of bacteria and host cells within the infected CNS. The number and range of S. pneumoniae proteins identified in the CSF were similar to our earlier study, including PspA, abundant ribosomal proteins and EF-Tu (Gomez-Baena et al., 2017). These proteins differ from those identified in a CSF proteome study in a murine model of PM (Schmidt et al., 2019), in which high CSF levels of the competence regulator ComDE and the AliB oligopeptide transporter in murine meningitis were associated with leukocyte recruitment to the CSF compartment and disease severity (Schmidt et al., 2019). However, we did not detect either expression of ComDE or AliB in patient PM CSF, and we also did not detect other, previously reported virulence proteins in PM including pneumolysin (Wall et al., 2012; Wippel et al., 2013). The very limited number S. pneumoniae proteins detected in this study may be because the abundance of most S. pneumoniae proteins were below the limit of detection, proteomics is a relatively insensitive method of assessing bacterial activity during human PM.

Despite the lack of sensitivity of the S. pneumoniae CSF proteomics, we found that higher CSF levels of EF-Tu and the ribosomal protein Q8CWR9 were associated with mortality. The over-expression of these proteins in non-survivor CSF is an important finding, and suggests a pathological role during PM. Both proteins are important for S. pneumoniae replication, and perhaps therefore reflect rapid bacterial growth as a driver for poorer outcomes. EF-Tu is an essential, highly abundant, ubiquitous bacterial protein, found in diverse prokaryotic species including enterobacteriaceae, Pseudomonas, Staphylococci, and Hemophilus spp (Harvey et al., 2019). While the primary function of EF-Tu is transport of amino acylated tRNA components to the ribosome, this protein has also been shown to have a surprisingly varied range of moonlighting functions in different bacterial species, including some that affect virulence. EF-Tu can be anchored to the bacterial cell surface, adhere to extracellular components including complement factors (Mohan et al., 2014), chaperone bacterial virulence proteins to the cell surface in membrane vesicles (Olaya-Abril et al., 2014), promote adhesion and invasion of host cells, and alter bacterial shape via post-translational modification of bacterial proteins (Harvey et al., 2019). S. pneumoniae EF-Tu can bind complement factors H and related proteins Factor HL1 and CFHR1, and plasminogen, has effects on autolysis even provides potent antigen stimulation in an experimental pneumococcal vaccine (Mohan et al., 2014; Nagai et al., 2018; Thofte et al., 2018; Harvey et al., 2019; Nagai et al., 2019). We investigated whether EF-Tu levels in the CSF correlated with complement proteins, proteins associated with BBB breakdown or neutrophil proteins found in the human CSF proteome. Levels of EF-Tu did not correlate with either complement C3 or Factor H (Kasanmoentalib et al., 2019), but did negatively correlate with neutrophil defensin, suggesting a possible interaction with neutrophil opsonophagocytosis in CSF. No correlation was found with other neutrophil proteins in CSF including neutrophil elastase, collagenase, and lipocalin-1.

Neutrophil defensins are multi-functional immunomodulatory proteins with direct anti-microbial activity (Voglis et al., 2009). We tested the hypothesis that excessive EF-Tu effected on neutrophil killing in CSF, finding that EF-Tu promoted bacterial survival when opsonized with CSF but not with serum. The Pseudomonas aeruginosa EF-Tu promotes neutrophil apoptosis both in vitro and in vivo murine pneumonia models an effect that was thought to be mediated by oxygen sensing prolyl hydroxases recognition of EF-Tu (Dickinson et al., 2017). EF-Tu from S. pneumoniae may have a similar effect, leading to reduced neutrophil function, especially in the conditions found within CSF compared to serum. Alternatively, functions of EF-Tu may be more effectively attenuated in serum due to components not present in CSF. However, these hypotheses will need more detailed investigation to confirm the association of EF-Tu with mortality and the underlying mechanism(s) involved.



Limitations

Patients in our study were predominately HIV co-infected, and we were unable to discriminate which inflammatory CSF proteins were directly related to HIV infection rather than PM due to the small number of HIV-negative participants. Neither control CSF nor validated CSF proteomic libraries from healthy individuals living with HIV were available (Wall et al., 2017a). However, data from our center suggests no differences in the transcriptome of children with PM between HIV negative and children living with HIV (Kulohoma et al., 2017). We were unable to stratify HIV co-infected patients by CSF HIV viral load or CD4 count, but all were classified as WHO AIDS Stage 3 with advanced disease. We actively excluded patients with viral co-infection in CSF; infection with hepatitis viruses is common in our setting, and could also potentially through indirect effects on immune function increase the heterogeneity of our host CSF proteomic data. Although we detected an abundance of inflammatory proteins, including those known to be associated with poor outcomes in other studies of PM, we did not detect any cytokines and chemokines known to be present in CSF (Mai et al., 2009; Bociaga-Jasik et al., 2012; Coutinho et al., 2013; Grandgirard et al., 2013; Wall et al., 2014; Roine et al., 2015; Srinivasan et al., 2016). Cytokines and chemokines may be too rapidly degraded to be assessed using mass-spectrometry compared with more sensitive techniques such as ELISA (Kupcova Skalnikova et al., 2017). Visibly traumatic, blood stained CSF was rejected by the laboratory for analysis, however we cannot exclude microscopic blood contamination as a source of CSF hemoglobin/haptoglobin. After extraction of proteins for this study, insufficient CSF remained to validate our findings by measuring CSF levels of EF-Tu by an alternative method. Supporting the proteome data, our unpublished data on gene expression demonstrated high levels of expression of EF-Tu in both patient CSF and during S. pneumoniae culture in CSF in vitro (unpublished data). Finally, our data are from a single time point, and we cannot determine if dynamic changes in human or S. pneumoniae CSF protein predict outcome.



Conclusions

The CSF proteome in PM is highly inflammatory with evidence of BBB breakdown, but we did not find a human protein signature correlated with clinical outcome. However, higher levels of the S. pneumoniae ribosomal protein and EF-Tu were found in non-survivor CSF, and in vitro EF-Tu may inhibit neutrophil killing of S. pneumoniae in CSF. To better understand the causes of mortality in PM, the role of EF-Tu requires further investigation, using models that accurately reflect conditions in during acute disease.
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Supplementary Figure 1 | Confirmation of expression of recombinant pQE30 EF-Tu from E. coli 2 and 24 h after protein induction. (A) Image of a Ponceau Western membrane showing the presence of pQE30_EF-Tu. E. coli containing an pQE30 tagged EF_Tu plasmid. (B) Image of a Coomassie stained Western membrane showing the same. Data show experiments in parallel from induced, and non-induced controls. From left to right Ladder, with 55 and 35 KD points indicated respectively. Lane 1 Non-induced isolates, prior to induction. Lane 2 Induced isolates, prior to induction. Lane 3 non-induced isolates, 2 h post induction, Lane 4 induced isolates, 2 h post induction. Lane 5 non-induced isolates, 24 h post induction, Lane 6 induced isolates, 24 h after induction shows the presence of a large 50 kD protein with the pQE30 tag.

Supplementary Figure 2 | Individual proteins are more highly expressed in non-survivor CSF. Distribution (estimates of abundance, y-axis, arbitrary units) of proteins individually more abundant (p < 0.05) in non-survivors (purple) compared to survivors (blue), that do not reach significance at the FDR level. Each bar represents an individual patient. Colors represent individual proteins statistically over-expressed in non-survivors. Protein identifiers available in the supplementary appendix.
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Dengue virus (DENV) is transmitted by Aedes mosquitoes to humans and is a threat worldwide. No effective new drugs have been used for anti-dengue treatment, and repurposing drugs is an alternative approach to treat this condition. Dopamine 2 receptor (D2R) is a host receptor positively associated with DENV infection. Metoclopramide (MCP), a D2R antagonist clinically used to control vomiting and nausea in patients with DENV infection, was putatively examined for inhibition of DENV infection by targeting D2R. In the mouse neural cell line Neuro-2a with D2R expression, a plaque assay demonstrated the antiviral efficacy of MCP treatment. However, in the cell line BHK-21, which did not express D2R, MCP treatment caused no further inhibition of DENV infection. Either MCP treatment or exogenous administration of a neutralizing D2R antibody blocked DENV binding. Treatment with MCP also reduced DENV dsRNA replication and DENV-induced neuronal cell cytotoxicity in vitro. An in vivo study demonstrated the antiviral effect of MCP against DENV-induced CNS neuropathy and mortality. These results showed that repurposing the D2R-targeting antiemetic MCP is a potential therapeutic strategy against DENV infection.
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Introduction

Aedes mosquitoes transmit four serotypes of dengue virus (DENV), namely, DENV1, DENV2, DENV3, and DENV4, to cause arthropod-borne viral diseases (Guzman et al., 2016; Ferguson, 2018) in tropical and subtropical countries. An estimated 390 million people are at risk of DENV infection annually (Guzman et al., 2010; Ferguson, 2018). Following receptor binding, the interaction with the viral envelope (E) protein allows the internalization of virus particles via clathrin-dependent and clathrin-independent endocytosis (Acosta et al., 2008; van der Schaar et al., 2008). Within the virus-containing endosomes, the pH value decreases to induce a shape change in the E protein of the virus, leading to fusion with the endosomal membrane. As a result, the viral single-strand positive-sense RNA enters the cytoplasm to induce viral protein translation as well as dsRNA replication (Zaitseva et al., 2010). Then, the virions are transported through the trans-Golgi network and secreted (Yu et al., 2008; Welsch et al., 2009) to generate the next infectious cycle. Targeting the DENV infectious process is speculated to be therapeutic against viral infection.

The symptoms of mild dengue fever include fever, rash, headache, and joint pain (Hadinegoro, 2012). However, other symptoms occurring in dengue fever, such as plasma leakage and abnormal hemostasis, may cause severe disease. In addition to dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) (Leong et al., 2007), encephalitis and encephalopathy have been observed in severe dengue disease in clinical studies, which suggests that DENV indirectly affects the CNS to cause encephalopathy in DENV infection (Solomon et al., 2000). DENV can be identified in the cerebrospinal fluid and the brain tissue of encephalitis patients (Verma et al., 2014). It has been suggested that DENV can enter neuronal systems through membrane receptors and contribute to neurological manifestations, including encephalitis, encephalopathy, and dengue-associated neuromuscular complications (Calderon-Pelaez et al., 2019). Appropriate medical interventions are needed to prevent neurological complications and death.

Dopamine receptors, a class of G protein-coupled receptors that are highly expressed in the vertebrate central nervous system (CNS), mediate multiple functions in motivation, pleasure, cognition, memory, learning, and fine motor control (Ito et al., 1999). Additionally, dopamine 2 receptor (D2R) contributes to virus infection, including human immunodeficiency virus infection (Gaskill et al., 2014) as well as Japanese encephalitis virus infection (Simanjuntak et al., 2017), by promoting viral entry into cells at the early stage. Prochlorperazine (PCZ), a D2R antagonist, shows antiviral activity against DENV infection (Simanjuntak et al., 2014). Additionally, targeting D2R by another compound, chlorpromazine (CPZ), blocks DENV infection in vitro and in vivo (Ho et al., 2017). DENV causes infection in the brain and induces CNS neuropathy in severe dengue patients (Solomon et al., 2000; Verma et al., 2014), and treatment with repurposed dopamine blockers can inhibit DENV infection as an alternative antiviral strategy. Dopamine blockers include two groups, phenothiazines and benzamides. While PCZ and CPZ are phenothiazines, aminobenzamide is a benzamide derivative that can also inhibit viral proteases in the flavivirus DENV and West Nile virus (Aravapalli et al., 2012). Additionally, N-(adamantane-1-yl)-4-[(adamantane-1-yl)sulfamoyl]benzamide can inhibit DENV infection (Joubert et al., 2018). The antiemetic metoclopramide (MCP) is also a D2R-blocking benzamide derivative that is clinically used as a common drug for treating nausea and vomiting in dengue patients. In this study, we investigated the approach of repurposing metoclopramide as a D2R antagonist to inhibit DENV infection.



Materials and Methods


Chemicals, Cell Culture, Virus, and Reagents

MCP hydrochloride (4-amino-5-chloro-N-[2-(diethylamino)ethyl]-2-methylxo benzamide monohydrochloride; C14H22ClN3O2 • HCl) (Sigma-Aldrich, St. Louis, MO), a white crystalline, is dissolved in distilled water with a concentration of 100 mM and kept at −20°C. The optimal dose of MCP was evaluated by MTT and LDH assay. Murine neuroblastoma cell line Neuro-2a (ATCC; CCL-131) and baby hamster kidney cell line BHK-21 (ATCC; CCL-10) were maintained and cultured in medium DMEM with 10% fetal bovine serum (FBS) (Biological Industries, Israel), 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C and 5% CO2. Aedes albopictus C6/36 cells (ATCC; CRL-1660) were cultured in minimal essential medium (MEM) (Invitrogen, California, USA) with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 1% sodium pyruvate, 1% non-essential amino acids (Thermo Fisher Scientific) and 1% HEPES at 28°C and 5% CO2. The propagation of DENV serotype 2 (PL046) in C6/36 cells with multiplicity infection (MOI) of 0.01 was maintained at 28°C and 5% CO2 for 5 days. The supernatant was harvested and purified by centrifugation. Virus titers were evaluated by plaque assay on BHK-21 cells as described below. The antibodies used in the study are antibodies of DENV dsRNA, NS1, NS2B, NS3, NS4, and NS5 (GeneTex, San Antonio, TX) and Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen, Carlsbad, CA).



Immunocytochemistry

For D2R detection, the cells were stained with primary antibody for 1 h at 4°C followed by incubation with the secondary antibody. The expression of D2R was analyzed using flow cytometry (Attune NxT, Thermo Fisher Scientific, Waltham, MA). For dsRNA detection, the cells were infected with DENV 2 (MOI = 1) for 6 h, the medium was removed, and the cells were washed and fixed with 4% paraformaldehyde. After 15 min, the cells were permeabilized and blocked with permeabilization buffer (PBS + 1% Triton X-100) at room temperature and blocking buffer (PBS + 1% BSA + 0.01% Triton X-100) at 4°C, respectively. Then, cells were stained with mouse anti-dsRNA J2 primary antibody overnight at 4°C followed by incubation with the Alexa Flour 488-conjugated goat anti-mouse secondary antibody (Thermo Fisher Scientific) and DAPI (Sigma-Aldrich) at room temperature for 15 min. The expression of dsRNA was visualized under a fluorescence microscope (EVOS FL cell imaging system, Thermo Fisher Scientific).



DENV Infection and Treatment

The Neuron-2a and BHK-21 cells were infected with DENV 2 (MOI = 1) at 37°C with or without MCP. After 2 h, the virus was removed from wells and cells supplied by the medium with or without MCP. Then, the cells were incubated at 37°C in 5% CO2. At indicated time points, sampled were collected to conduct further analysis.



Plaque Assay

BHK-21 cells were seeded in 12-well plates at a density of 7×104 cells per well and then inoculated with the supernatants for treatment at diluted ratios of 10-1, 10-2, and 10-3. After 2 h, the virus inoculum was discarded and replaced with a new DMEM containing 4% FBS and 0.5% methylcellulose. Five days after infection, the methylcellulose was discarded and washed with PBS twice. The cells were fixed and stained with crystal violet solution containing 1% crystal violet, 0.64% NaCl, and 2% formalin. The next day, the stain was removed by water, and the plates were kept dry at room temperature; the viral plaques were counted by eye observation.



Western Blotting

Treated Neuro-2a and BHK-21 cells were collected and lysed. The protein samples were separated by electrophoresis in 10% SDS-PAGE and transferred to nitrocellulose membrane and analyzed to determine the presence of the NS1, NS3, NS4B, and NS5 proteins according to our previous works (Ho et al., 2017). The use of ImageJ image software quantified the band density of western blot.



Fluorescent DENV

The purified DENV was labeled with fluorescent (Alexa Fluor 549) accordingly (Ho et al., 2017). The infected cells were visualized under a fluorescence microscope (EVOS FL cell imaging system).



Cell Viability and Cytotoxicity Assay

Cell viability and cytotoxicity were determined in vitro by using a colorimetric 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay (Bio Basic, Toronto, Canada) and a Cytotoxicity Detection kit assay (Roche Diagnostics, Lewes, UK) (Ho et al., 2017), respectively.



Animal Model

As approved by the Institutional Animal Care and User Committee of the National Defense Medical Center (IACUC number: 16-261) and based on the protocol of DENV infection in vivo (Tsai et al., 2016; Ho et al., 2017; Shen et al., 2019), seven-day-old Institute of Cancer Research (ICR) strain suckling mice were inoculated intracerebrally with 2.5×105 plaque-forming units (PFU) and intraperitoneally with 7.5×105 PFU of DENV 2 (PL046). MCP (1 mg/kg) was given concurrently by intracerebral and intraperitoneal injections. The time-kinetic changes in disease progression and survival rate of mice were monitored and recorded daily. The disease severity was scored as follows: 0 for healthy; 1 for minor illness, including weight loss, reduced mobility, and a hunchback body orientation; 2 for limbic seizures; 3 for moving with difficulty and anterior limb or posterior limb weakness; 4 for paralysis; and 5 for death. Organs were harvest homogenized in PBS at day 9 post-infection. The protein expressions and tissue viral load were examined by Western blotting and plaque assay, respectively.



Statistical Analysis

The data were analyzed as the mean ± standard deviation (SD) and compared by the Unpaired t-test as well as one-way ANOVA (Tukey’s multiple comparisons test) by using GraphPad Prism software. The survival rate followed a log-rank test. Statistical significance was set at p < 0.05.




Results


Expression of D2R on the Surface of Neuro-2a and BHK-21 Cells and Its Roles in Mediating DENV Infection

Targeting dopamine receptor D2 (D2R) hinders DENV infection in neuronal cells in vitro and in the brain in vivo (Simanjuntak et al., 2014; Ho et al., 2017). For the identification of FDA-approved D2R antagonists for anti-dengue treatment, the antiemetic MCP was individually investigated in this study because it has been used not only for D2R antagonism but also for symptomatic medication, including persisting nausea and vomiting, during the onset of dengue fever (Marra et al., 2011). In this study, repurposing anti-nausea/vomiting MCP as an anti-dengue strategy was examined.

D2R-expressing cells are needed to prove the antiviral efficacy of MCP. Based on our previous study showing that DENV infects Neuro-2a and BHK-21 cells (Ho et al., 2017), the expression of D2R was monitored. Nonfixed immunostaining followed by flow cytometric analysis showed that Neuron-2a cells highly expressed D2R at 78.3% (Figure 1A, left), while BHK-21 cells displayed a relatively decreased level of D2R expression (19.7%) (Figure 1A, right). Based on these results, Neuro-2a cells were subsequently used in this study.




Figure 1 | Expression of dopamine receptor D2 (D2R) and its roles in mediating dengue virus (DENV) infection in the murine neural cell line Neuro-2a. (A) Representative histograms and statistical results of D2R expression, as measured by flow cytometry, show the percentages of D2R expression in the Neuro-2a and BHK-21 cells used in this study. Auto, autofluorescence. Isotype, isotype control of IgG. (B) In the presence of the D2R antagonist MCP, plaque assays showed the level of viral replication 24 h post-infection in the Neuro-2a and BHK-21 cells. The quantitative data are depicted as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the untreated cells. #p < 0.05, compared with DENV. ns, not significant compared with DENV.



For antiviral treatment, an optimal dose of MCP without lethal effects is necessary. Using MTT and LDH assays, we evaluated serial concentrations of MCP from 1 to 2,000 µM to monitor its potential effects on cell growth and cytotoxicity. The MTT assay showed a significant inhibitory effect of MCP on cell growth at concentrations over 200 µM (Supplemental Figure S1A). At concentrations between 800 and 2,000 µM, the LDH assay displayed significant cytotoxic effects of MCP (Supplemental Figure S1B). According to the results, 200 µM of MCP was susceptible to use for further examining its antiviral efficacy in Neuro-2a cells.

To measure the antiviral efficacy of MCP, we performed a plaque assay, which showed that the viral titers after MCP treatment of Neuro-2a cells were significantly decreased (Figure 1B, left). However, MCP did not cause effects on BHK-21 cells, probably due to the lower expression of D2R in BHK-21 cells (Figure 1B, right). Based on these data, MCP can impede DENV infection in D2R-positive Neuro-2a cells.



MCP Treatment as an Antiviral Strategy Against Viral Protein Expression and dsRNA Replication

To investigate the possible antiviral actions of MCP, we explored the cellular responses and infectious processes during DENV infection. The Western blot results showing the inhibition of DENV NS1, NS3, NS4B, and NS5 protein expression in the presence of MCP confirmed the antiviral effect of MCP in the DENV-infected Neuro-2a cells (Supplemental Figure S2A) but not in the DENV-infected BHK-21 cells (Supplemental Figure S2B). Immunocytochemistry followed by fluorescent microscopic observation (Figure 2A) showed the expression of dsRNA in the DENV-infected Neuro-2a cells, while MCP treatment significantly reduced its expression (Figure 2B). These results confirm the antiviral efficacy of MCP against DENV protein synthesis as well as dsRNA replication.




Figure 2 | Metoclopramide (MCP) treatment abolishes dengue virus 2 (DENV2) dsRNA replication. Neuro-2a cells were inoculated with DENV2 (MOI = 1) for 6 h in the presence of MCP. (A) Immunocytochemistry and (B) the percentages of viral dsRNA (green) were shown. DAPI (blue) was used for nuclear staining. The quantitative data are depicted as the mean ± SD of three independent experiments. *p < 0.05.





MCP Treatment as an Antiviral Strategy Against D2R-Mediated Viral Binding/Entry Does Not Affect the Antiviral IFN Response

Viral binding/entry is an early step for DENV infection (Cruz-Oliveira et al., 2015). D2R is highly expressed in Neuro-2a cells; therefore, we next evaluated the MCP-mediated blockade of DENV binding/entry. Fluorescent DENV was prepared according to our previous works (Ho et al., 2017). Microscopic observation (Figure 3A), as well as quantification analysis (Figure 3B), showed viral binding/entry at 2 h post-inoculation, which was significantly impeded by MCP treatment. To further validate the requirement of D2R in facilitating DENV binding/entry in Neuro-2a cells, we exogenously administered neutralizing antibodies against D2R. The results demonstrated a significant inhibitory effect of D2R neutralization on DENV entry/binding (Figure 3C). Our findings demonstrate the MCP-mediated blocking of D2R-mediated viral entry/binding at the early stage of DENV infection.




Figure 3 | Metoclopramide (MCP) or neutralizing anti-D2R treatment hinders dengue virus (DENV) entry. (A) Fluorescence microscopy measured the positive Neuro-2a cells carrying Alexa-594-labeled (red) DENV 2 (MOI = 1) 2 h post-infection in the presence of MCP or the neutralizing anti-D2R IgG. (B & C) represented the counts of Alexa-594-labeled (red) DENV 2-positive cells. PBS and isotype control IgG (cIgG) were used as controls. The quantitative data are depicted as the mean ± SD of three independent experiments. ***p < 0.001, compared with the untreated cells. #p < 0.05, compared with DENV.



To confirm the target of MCP underlying its antiviral capacity through interference with viral binding/entry, we monitored the off-target effect of MCP on the type I IFN response to assess its potent antiviral activity. The results of ELISA showed a significant increase in IFN-β production in the DENV-infected Neuro-2a cells; however, MCP did not increase IFN-β production (Supplemental Figure S3). These data indicate that MCP directly blocked D2R-mediated viral binding/entry independent of the antiviral type I IFN response.



MCP Treatment Reduces the In Vitro Neurotoxicity Induced by DENV Infection

Infection with DENV causes neuronal cell apoptosis, particular 72 h post-infection (Ho et al., 2017). To analyze the roles of the D2R pathways involved in DENV infection in neuronal cells, we showed that pretreatment with MCP effectively abolished the DENV-induced changes in cell morphology (Figure 4A), cell growth inhibition (Figure 4B), and cytotoxicity (Figure 4C). These results indicate the cytoprotective effects of MCP, which targets D2R-mediated DENV binding/entry on DENV-induced neurotoxicity in vitro.




Figure 4 | Metoclopramide (MCP) treatment reduces dengue virus (DENV)-induced neurotoxicity in vitro. Following pretreatment with MCP, (A) cell morphology, (B) MTT, and (C) lactate dehydrogenase (LDH) cytotoxicity detection assays showed cell growth, viability, and cytotoxicity, respectively, in the DENV-infected cells at 72 h. PBS was used as the control. For all images, representative data were selectively obtained from three individual experiments. All quantitative data are shown as the mean ± SD of three independent experiments. **p < 0.01, compared with the untreated cells. #p < 0.05, compared with DENV.





MCP Treatment Abolishes DENV Infection and Acute Viral Encephalitis-Like Disease Progression In Vivo

We next verified the in vivo antiviral effects of MCP against viral replication, viral encephalitis, and mortality in DENV-infected ICR suckling mice (Ho et al., 2017; Shen et al., 2019). For this animal study, we inoculated seven-day-old ICR suckling mice by intracerebrally and intraperitoneally given with 2.5 × 105 PFU and 7.5 × 105 PFU of DENV 2, respectively. Mice were concurrently intracranially and intraperitoneally treated with MCP (dissolved in PBS) in a dose of 1 mg/kg body weight. A significant increase in the clinical scores (Figure 5A) occurred in the DENV-infected mice compared to the mock-infected mice by day 7 post-infection. The survival rate of DENV-infected mice decreased by day 9 post-infection, and all of the mice died by day 10 post-infection (Figure 5B). Cotreatment with MCP significantly reduced DENV-induced disease progression and mortality. According to the Western blot analysis of the NS4B viral protein (Figure 5C) and the plaque assays for detecting the production of infectious particles (Figure 5D), DENV caused significant infection and replication in the mouse brains at day 9 post-infection, and MCP inhibited viral protein expression and replication. These data indicate that a single-dose treatment of MCP partly abolished encephalitic DENV infection in our model, which leads to neural impairment following viral replication.




Figure 5 | Metoclopramide (MCP) treatment delays the clinical scores in suckling mice during dengue virus (DENV) infection. Seven-day-old ICR suckling mice were inoculated with DENV 2 by concurrent intracranial and intraperitoneal injections with or without MCP (1 mg/kg) cotreatment. Time-kinetic changes in (A) the clinical scores and (B) the survival rates of mice were measured (MOCK = 4, DENV = 4, DENV+MCP = 6). (C) Western blot analysis of viral NS4B protein expression and (D) plaque assays of viral replication in the brains of the ICR suckling mice at 9 days post-infection were shown (MOCK = 1, DENV = 2, DENV+MCP = 2). Each bar represented a mouse sample (triplicate analyses). *p < 0.05.






Discussion

The number of cases of DENV infection is continuously increasing in several areas of the world (Guzman et al., 2010; Tuiskunen Bäck and Lundkvist, 2013). The identification of antiviral drugs is still urgently needed. To date, there have been no effective drugs for the treatment of DENV infection. Drug repurposing has been widely studied to find new effects of existing drugs that contribute to inhibiting DENV infection (Botta et al., 2018). This study showed the antiviral activity observed through repurposing an antiemetic medication.

Pharmacologically targeting D2R by using selective antagonists, including PCZ and CPZ, decreases DENV infection and viral replication in neuronal cells in vitro and in the brain in vivo (Simanjuntak et al., 2014; Ho et al., 2017). Notably, during the onset of dengue fever as well as dengue hemorrhagic fever, the antiemetic MCP is used to alleviate the symptoms, including persisting nausea and vomiting (Marra et al., 2011). However, its potential antiviral efficacy through pharmacological targeting of D2R has not been addressed. In this study, repurposing the FDA-approved antiemetic MCP as an alternative D2R antagonist was evaluated for its potential application as an anti-dengue strategy. We provided evidence to determine the antiviral effect of MCP against DENV infection in vitro and in vivo. By using our previous experimental murine model of CNS impairment accompanied by CNS inflammation (Tsai et al., 2016; Ho et al., 2017; Shen et al., 2019), MCP treatment significantly reduced DENV-induced progressive neuropathic symptoms, including reduced mobility, a hunchback body orientation, limbic seizures, paralysis; and mortality. For MCP’s therapeutic advantages, this work also confirmed the possible target and protective roles of MCP in blocking DENV infection as well as DENV-induced neurotoxicity. The potential neuroprotection either by improving neuronal cell survival or by inducing anti-inflammation in CNS needs validation by using an advanced therapeutic protocol.

Similar to PCZ and CPZ, MCP is also a dopamine antagonist and is commonly used to treat nausea and vomiting (Welliver, 2014; Athavale et al., 2020). However, PCZ and CPZ were shown to be effective in treating DENV infection by targeting clathrin-mediated endocytosis as well as D2R (Simanjuntak et al., 2014; Ho et al., 2017). In contrast to PCZ and CPZ, MCP belongs to the benzamide group. Some benzamide derivatives have an inhibitory effect on DENV infection (Welliver, 2014), and an aminobenzamide scaffold can be utilized to inhibit DENV and West Nile virus protease (Aravapalli et al., 2012). There are currently no further reports showing the ability of MCP to inhibit DENV. Based on these rationales, we hypothesize that MCP can retard DENV infection, similar to drugs used for D2R blocking.

According to the D2R expression, we selected the Neuro-2a cell line with a high expression of D2R as a target cell for studying the effect of MCP treatment on DENV infection. The envelope proteins on the virus and proteins on the surface of the cell interact during virus infection. Thus, blocking virus attachment and trafficking into cells has become an attractive strategy to prevent DENV infection (De La Guardia and Lleonart, 2014). Previously, the inhibitory effect of PCZ was shown to avoid DENV infection by targeting D2R and the clathrin-coated vesicle pathway (Simanjuntak et al., 2014). Similarly, CPZ can block DENV infection by targeting D2R (Ho et al., 2017). By using DENV labeled with Alexa 594 fluorescence to assess the ability of MCP to inhibit DENV attachment and entry into cells, we showed that either MCP or a neutralizing antibody against D2R could inhibit DENV binding and entry into Neuro-2a cells. These results indicated the blockade of DENV infection by using the D2R-targeting MCP. HIV replication in macrophages is enhanced through activation of D2R (Gaskill et al., 2009; Gaskill et al., 2014), and signaling of D2R facilitates JEV infection (Simanjuntak et al., 2017). Repurposing MCP can be used as an antiviral strategy against not only DENV but also HIV and JEV infection.

Previous works identified the induction of neurotoxicity by DENV in vitro (Despres et al., 1998; Jan et al., 2000; Ho et al., 2017) and in vivo (de Miranda et al., 2012; Velandia-Romero et al., 2012). However, the cytotoxic mechanisms are putatively varied during the infectious processes of viral attachment, internalization, endocytosis, viral protein synthesis, virion assembly, and release. Severe dengue patients may develop symptoms associated with neurological complications, threatening the patient’s life (Despres et al., 1998; Solomon et al., 2000). While the expression of dopamine receptors shows a characteristic pattern in neuronal cells, targeting dopamine receptors such as D2R (Simanjuntak et al., 2014; Ho et al., 2017) and D4R (Smith et al., 2014) is believed to have an anti-dengue effect, preventing infection as well as protecting against neurotoxicity in the CNS.

As a potential antiviral approach by repurposing MCP treatment, its immunoregulatory role remains unclear. The IFN-triggered antiviral responses are crucial for eliminating viral replication and spread during DENV infection (Liang et al., 2011; Sprokholt et al., 2017). Also, type 1 IFNs could block DENV viral translation in a protein kinase R-independent pathway to inhibit the infection (Diamond and Harris, 2001). As demonstrated in the experimental animal models, the immunocompromised AG129 mice lacking interferon-α/β and -γ receptors are more susceptible to DENV infection (Shresta et al., 2004; Milligan et al., 2015; Milligan et al., 2017). Our study represented that MCP treatment could reduce DENV infection but does not affect antiviral IFN type I response in Neuro-2a cells in vitro, suggesting its main antiviral effect on the blockade of the D2R-mediated viral binding/entry to the host cells. Accordingly, the limitation of the use of MCP-based antiviral therapy is D2R-dependent.

In conclusion, we evaluated the effectiveness of MCP, which is used to prevent nausea and vomiting symptoms in patients with dengue infection, on the blockade of DENV infection through a mechanism involving a D2R-mediated pathway. The results showed that MCP could inhibit DENV infection by interfering with virus binding/entry in a D2R-targeting manner. The results suggest that further research on the effect of this drug against DENV infection should be performed.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by the Institutional Animal Care and User Committee of the National Defense Medical Center (IACUC-18-088).



Author Contributions

T-JS, VH, and TN performed most of the experiments and interpreted the results. C-FL participated in the design and supervision of the projects. M-RH and M-KJ conducted mouse experiments. T-JS and C-FL designed the concept of the project and wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the grants from the Ministry of Science and Technology (MOST107-2321-B-038-001, 108-2320-B-038-026, and MOST109-2320-B-038-050) and the intramural funding 106TMU-CIT-01-2, Taipei, Taiwan.



Acknowledgments

We thank the Core Facility Center of Taipei Medical University (TMU) for providing technical support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2020.606743/full#supplementary-material



References

 Acosta, E. G., Castilla, V., and Damonte, E. B. (2008). Functional entry of dengue virus into Aedes albopictus mosquito cells is dependent on clathrin-mediated endocytosis. J. Gen. Virol. 89 (Pt 2), 474–484. doi: 10.1099/vir.0.83357-0

 Aravapalli, S., Lai, H., Teramoto, T., Alliston, K. R., Lushington, G. H., Ferguson, E. L., et al. (2012). Inhibitors of Dengue virus and West Nile virus proteases based on the aminobenzamide scaffold. Bioorg. Med. Chem. 20 (13), 4140–4148. doi: 10.1016/j.bmc.2012.04.055

 Athavale, A., Athavale, T., and Roberts, D. M. (2020). Antiemetic drugs: what to prescribe and when. Aust. Prescr. 43 (2), 49–56. doi: 10.18773/austprescr.2020.011

 Botta, L., Rivara, M., Zuliani, V., and Radi, M. (2018). Drug repurposing approaches to fight Dengue virus infection and related diseases. Front. Biosci. Landmark 23, 997–1019. doi: 10.2741/4630

 Calderon-Pelaez, M. A., Velandia-Romero, M. L., Bastidas-Legarda, L. Y., Beltran, E. O., Camacho-Ortega, S. J., and Castellanos, J. E. (2019). Dengue Virus Infection of Blood-Brain Barrier Cells: Consequences of Severe Disease. Front. Microbiol. 10, 1435. doi: 10.3389/fmicb.2019.01435

 Cruz-Oliveira, C., Freire, J. M., Conceição, T. M., Higa, L. M., Castanho, M. A. R. B., and Da Poian, A. T. (2015). Receptors and routes of dengue virus entry into the host cells. FEMS Microbiol. Rev. 39 (2), 155–170. doi: 10.1093/femsre/fuu004

 De La Guardia, C., and Lleonart, R. (2014). Progress in the identification of dengue virus entry/fusion inhibitors. BioMed. Res. Int. 2014, 825039. doi: 10.1155/2014/825039

 de Miranda, A. S., Rodrigues, D. H., Amaral, D. C., de Lima Campos, R. D., Cisalpino, D., Vilela, M. C., et al. (2012). Dengue-3 encephalitis promotes anxiety-like behavior in mice. Behav. Brain Res. 230 (1), 237–242. doi: 10.1016/j.bbr.2012.02.020

 Despres, P., Frenkiel, M. P., Ceccaldi, P. E., Duarte Dos Santos, C., and Deubel, V. (1998). Apoptosis in the mouse central nervous system in response to infection with mouse-neurovirulent dengue viruses. J. Virol. 72 (1), 823–829. doi: 10.1128/JVI.72.1.823-829.1998

 Diamond, M. S., and Harris, E. (2001). Interferon inhibits dengue virus infection by preventing translation of viral RNA through a PKR-independent mechanism. Virology 289 (2), 297–311. doi: 10.1006/viro.2001.1114

 Ferguson, N. M. (2018). Challenges and opportunities in controlling mosquito-borne infections. Nature 559 (7715), 490–497. doi: 10.1038/s41586-018-0318-5

 Gaskill, P. J., Calderon, T. M., Luers, A. J., Eugenin, E. A., Javitch, J. A., and Berman, J. W. (2009). Human immunodeficiency virus (HIV) infection of human macrophages is increased by dopamine: a bridge between HIV-associated neurologic disorders and drug abuse. Am. J. Pathol. 175 (3), 1148–1159. doi: 10.2353/ajpath.2009.081067

 Gaskill, P. J., Yano, H. H., Kalpana, G. V., Javitch, J. A., and Berman, J. W. (2014). Dopamine receptor activation increases HIV entry into primary human macrophages. PloS One 9 (9), e108232. doi: 10.1371/journal.pone.0108232

 Guzman, M. G., Halstead, S. B., Artsob, H., Buchy, P., Farrar, J., Gubler, D. J., et al. (2010). Dengue: a continuing global threat. Nat. Rev. Microbiol. 8 (12supp), S7. doi: 10.1038/nrmicro2460

 Guzman, M. G., Gubler, D. J., Izquierdo, A., Martinez, E., and Halstead, S. B. (2016). Dengue infection. Nat. Rev. Dis. Primers 2, 16055. doi: 10.1038/nrdp.2016.55

 Hadinegoro, S. R. S. (2012). The revised WHO dengue case classification: does the system need to be modified? Paediatr. Int. Child Health 32 (sup1), 33–38. doi: 10.1179/2046904712Z.00000000052

 Ho, M.-R., Tsai, T.-T., Chen, C.-L., Jhan, M.-K., Tsai, C.-C., Lee, Y.-C., et al. (2017). Blockade of dengue virus infection and viral cytotoxicity in neuronal cells in vitro and in vivo by targeting endocytic pathways. Sci. Rep. 7 (1), 6910. doi: 10.1038/s41598-017-07023-z

 Ito, K., Haga, T., Lameh, J., and Sadée, W. (1999). Sequestration of dopamine D2 receptors depends on coexpression of G-protein-coupled receptor kinases 2 or 5. Eur. J. Biochem. 260 (1), 112–119. doi: 10.1046/j.1432-1327.1999.00125.x

 Jan, J. T., Chen, B. H., Ma, S. H., Liu, C. II, Tsai, H. P., Wu, H. C., et al. (2000). Potential dengue virus-triggered apoptotic pathway in human neuroblastoma cells: arachidonic acid, superoxide anion, and NF-kappaB are sequentially involved. J. Virol. 74 (18), 8680–8691. doi: 10.1128/jvi.74.18.8680-8691.2000

 Joubert, J., Foxen, E. B., and Malan, S. F. (2018). Microwave Optimized Synthesis of N-(adamantan-1-yl)-4-[(adamantan-1-yl)-sulfamoyl]benzamide and Its Derivatives for Anti-Dengue Virus Activity. Molecules 23 (7), 1678. doi: 10.3390/molecules23071678

 Leong, A. S.-Y., Wong, K. T., Leong, T. Y.-M., Tan, P. H., and Wannakrairot, P. (2007). The pathology of dengue hemorrhagic fever. Semin. Diagn. Pathol. 24 (4), 227–236. doi: 10.1053/j.semdp.2007.07.002

 Liang, Z., Wu, S., Li, Y., He, L., Wu, M., Jiang, L., et al. (2011). Activation of Toll-like receptor 3 impairs the dengue virus serotype 2 replication through induction of IFN-beta in cultured hepatoma cells. PloS One 6 (8), e23346. doi: 10.1371/journal.pone.0023346

 Marra, A. R., de Matos, G. F., Janeri, R. D., Machado, P. S., Schvartsman, C., and Dos Santos, O. F. (2011). Managing patients with dengue fever during an epidemic: the importance of a hydration tent and of a multidisciplinary approach. BMC Res. Notes 4, 335. doi: 10.1186/1756-0500-4-335

 Milligan, G. N., Sarathy, V. V., Infante, E., Li, L., Campbell, G. A., Beatty, P. R., et al. (2015). A Dengue Virus Type 4 Model of Disseminated Lethal Infection in AG129 Mice. PloS One 10 (5), e0125476. doi: 10.1371/journal.pone.0125476

 Milligan, G. N., Sarathy, V. V., White, M. M., Greenberg, M. B., Campbell, G. A., Pyles, R. B., et al. (2017). A lethal model of disseminated dengue virus type 1 infection in AG129 mice. J. Gen. Virol. 98 (10), 2507–2519. doi: 10.1099/jgv.0.000923

 Shen, T. J., Jhan, M. K., Kao, J. C., Ho, M. R., Tsai, T. T., Tseng, P. C., et al. (2019). A Murine Model of Dengue Virus-induced Acute Viral Encephalitis-like Disease. J. Vis. Exp. 146, e59132. doi: 10.3791/59132

 Shresta, S., Kyle, J. L., Snider, H. M., Basavapatna, M., Beatty, P. R., and Harris, E. (2004). Interferon-dependent immunity is essential for resistance to primary dengue virus infection in mice, whereas T- and B-cell-dependent immunity are less critical. J. Virol. 78 (6), 2701–2710. doi: 10.1128/jvi.78.6.2701-2710.2004

 Simanjuntak, Y., Liang, J.-J., Lee, Y.-L., and Lin, Y.-L. (2014). Repurposing of prochlorperazine for use against dengue virus infection. J. Infect. Dis. 211 (3), 394–404. doi: 10.1093/infdis/jiu377

 Simanjuntak, Y., Liang, J. J., Lee, Y. L., and Lin, Y. L. (2017). Japanese Encephalitis Virus Exploits Dopamine D2 Receptor-phospholipase C to Target Dopaminergic Human Neuronal Cells. Front. Microbiol. 8, 651. doi: 10.3389/fmicb.2017.00651

 Smith, J. L., Stein, D. A., Shum, D., Fischer, M. A., Radu, C., Bhinder, B., et al. (2014). Inhibition of dengue virus replication by a class of small-molecule compounds that antagonize dopamine receptor d4 and downstream mitogen-activated protein kinase signaling. J. Virol. 88 (10), 5533–5542. doi: 10.1128/JVI.00365-14

 Solomon, T., Dung, N. M., Vaughn, D. W., Kneen, R., Raengsakulrach, B., Loan, H. T., et al. (2000). Neurological manifestations of dengue infection. Lancet 355 (9209), 1053–1059. doi: 10.1016/S0140-6736(00)02036-5

 Sprokholt, J. K., Kaptein, T. M., van Hamme, J. L., Overmars, R. J., Gringhuis, S. II, and Geijtenbeek, T. B. H. (2017). RIG-I-like Receptor Triggering by Dengue Virus Drives Dendritic Cell Immune Activation and TH1 Differentiation. J. Immunol. 198 (12), 4764–4771. doi: 10.4049/jimmunol.1602121

 Tsai, T. T., Chen, C. L., Lin, Y. S., Chang, C. P., Tsai, C. C., Cheng, Y. L., et al. (2016). Microglia retard dengue virus-induced acute viral encephalitis. Sci. Rep. 6, 27670. doi: 10.1038/srep27670

 Tuiskunen Bäck, A., and Lundkvist, Å. (2013). Dengue viruses–an overview. Infect. Ecol. Epidemiol. 3 (1), 19839. doi: 10.3402/iee.v3i0.19839

 van der Schaar, H. M., Rust, M. J., Chen, C., van der Ende-Metselaar, H., Wilschut, J., Zhuang, X., et al. (2008). Dissecting the cell entry pathway of dengue virus by single-particle tracking in living cells. PloS Pathog. 4 (12), e1000244. doi: 10.1371/journal.ppat.1000244

 Velandia-Romero, M. L., Acosta-Losada, O., and Castellanos, J. E. (2012). In vivo infection by a neuroinvasive neurovirulent dengue virus. J. Neurovirol. 18 (5), 374–387. doi: 10.1007/s13365-012-0117-y

 Verma, R., Sahu, R., and Holla, V. (2014). Neurological manifestations of dengue infection: a review. J. Neurol. Sci. 346 (1–2), 26–34. doi: 10.1016/j.jns.2014.08.044

 Welliver, M. (2014). Dopamine antagonists for nausea and vomiting: special considerations. Gastroenterol. Nurs. 37 (5), 361–364. doi: 10.1097/SGA.0000000000000068

 Welsch, S., Miller, S., Romero-Brey, I., Merz, A., Bleck, C. K., Walther, P., et al. (2009). Composition and three-dimensional architecture of the dengue virus replication and assembly sites. Cell Host Microbe 5 (4), 365–375. doi: 10.1016/j.chom.2009.03.007

 Yu, I.-M., Zhang, W., Holdaway, H. A., Li, L., Kostyuchenko, V. A., Chipman, P. R., et al. (2008). Structure of the immature dengue virus at low pH primes proteolytic maturation. Science 319 (5871), 1834–1837. doi: 10.1126/science.1153264

 Zaitseva, E., Yang, S.-T., Melikov, K., Pourmal, S., and Chernomordik, L. V. (2010). Dengue virus ensures its fusion in late endosomes using compartment-specific lipids. PloS Pathog. 6 (10), e1001131. doi: 10.1371/journal.ppat.1001131



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Shen, Hanh, Nguyen, Jhan, Ho and Lin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 08 March 2021

doi: 10.3389/fcimb.2021.639620

[image: image2]


A Comparative Transcriptome Analysis of Human and Porcine Choroid Plexus Cells in Response to Streptococcus suis Serotype 2 Infection Points to a Role of Hypoxia


Alexa N. Lauer 1, Rene Scholtysik 2, Andreas Beineke 3, Christoph Georg Baums 4, Kristin Klose 5, Peter Valentin-Weigand 6, Hiroshi Ishikawa 7, Horst Schroten 1, Ludger Klein-Hitpass 2 and Christian Schwerk 1*


1 Pediatric Infectious Diseases, Department of Pediatrics, Medical Faculty Mannheim, University of Heidelberg, Mannheim, Germany, 2 Institute for Cell Biology, University Hospital Essen, Essen, Germany, 3 Institute for Pathology, University of Veterinary Medicine, Hannover, Germany, 4 Faculty of Veterinary Medicine, Institute of Bacteriology and Mycology, Leipzig University, Leipzig, Germany, 5 Faculty of Veterinary Medicine, Institute of Veterinary Pathology, Leipzig University, Leipzig, Germany, 6 Institute for Microbiology, University of Veterinary Medicine, Hannover, Germany, 7 Laboratory of Clinical Regenerative Medicine, Department of Neurosurgery, Faculty of Medicine, University of Tsukuba, Tsukuba, Japan




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

Reviewed by: 
Yuan Yuan, Beijing Institute of Microbiology and Epidemiology, China

Barbara Spellerberg, Ulm University Medical Center, Germany

*Correspondence: 
Christian Schwerk
 christian.schwerk@medma.uni-heidelberg.de

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


Received: 09 December 2020

Accepted: 01 February 2021

Published: 08 March 2021

Citation:
Lauer AN, Scholtysik R, Beineke A, Baums CG, Klose K, Valentin-Weigand P, Ishikawa H, Schroten H, Klein-Hitpass L and Schwerk C (2021) A Comparative Transcriptome Analysis of Human and Porcine Choroid Plexus Cells in Response to Streptococcus suis Serotype 2 Infection Points to a Role of Hypoxia. Front. Cell. Infect. Microbiol. 11:639620. doi: 10.3389/fcimb.2021.639620



Streptococcus suis (S. suis) is an important opportunistic pathogen, which can cause septicemia and meningitis in pigs and humans. Previous in vivo observations in S. suis-infected pigs revealed lesions at the choroid plexus (CP). In vitro experiments with primary porcine CP epithelial cells (PCPEC) and human CP epithelial papilloma (HIBCPP) cells demonstrated that S. suis can invade and traverse the CP epithelium, and that the CP contributes to the inflammatory response via cytokine expression. Here, next generation sequencing (RNA-seq) was used to compare global transcriptome profiles of PCPEC and HIBCPP cells challenged with S. suis serotype (ST) 2 infected in vitro, and of pigs infected in vivo. Identified differentially expressed genes (DEGs) were, amongst others, involved in inflammatory responses and hypoxia. The RNA-seq data were validated via quantitative PCR of selected DEGs. Employing Gene Set Enrichment Analysis (GSEA), 18, 28, and 21 enriched hallmark gene sets (GSs) were identified for infected HIBCPP cells, PCPEC, and in the CP of pigs suffering from S. suis ST2 meningitis, respectively, of which eight GSs overlapped between the three different sample sets. The majority of these GSs are involved in cellular signaling and pathways, immune response, and development, including inflammatory response and hypoxia. In contrast, suppressed GSs observed during in vitro and in vivo S. suis ST2 infections included those, which were involved in cellular proliferation and metabolic processes. This study suggests that similar cellular processes occur in infected human and porcine CP epithelial cells, especially in terms of inflammatory response.
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Introduction

The Gram-positive bacterium Streptococcus suis (S. suis) is an important opportunistic zoonotic pathogen, of which serotype 2 (ST2) is the most prevalent among invasive isolates from the natural host, the pig, as well as for humans (Goyette-Desjardins et al., 2014). The most common clinical manifestation for pigs and humans is meningitis, but septicemia, endocarditis, arthritis, pneumonia, and peritonitis are also reported. Noteworthy, S. suis is considered as a re-emerging pathogen especially in Asian countries (Lun et al., 2007; Dutkiewicz et al., 2017; Dutkiewicz et al., 2018).

Previous observations made in natural and experimentally in vivo infected pigs revealed that S. suis infections are associated with lesions at the choroid plexus (CP) (Sanford, 1987; Williams and Blakemore, 1990; Beineke et al., 2008). The CP forms an interface between the blood and the central nervous system (CNS), the so-called blood-cerebrospinal fluid barrier (BCSFB). The main barrier property at the CP results from the polarized epithelial cells, which are connected via tight junctions and tight junction-associated proteins, such as ZO1 and occludin (Wolburg et al., 2001). Experiments performed in vitro using primary porcine CP epithelial cells (PCPEC) or immortal human CP epithelial papilloma (HIBCPP) cells demonstrated that S. suis can invade and traverse the CP epithelial cells. As a consequence, challenging the CP with S. suis contributes to the immunological response via cytokine and chemokine expression and secretion (Tenenbaum et al., 2008; Schwerk et al., 2011; Schwerk et al., 2012).

Some efforts have been made to investigate the response of host cells and organisms to infection with S. suis. Previous in vitro studies involving infection of different cell types with S. suis, such as human brain microvascular endothelial cells (HBMEC) or immune cells, including THP-1 monocytes, J774 macrophages, and dendritic cells, have focused on host-pathogen interaction, the inflammatory response and intracellular signaling of the host cells, or on bacterial survival and their interaction with host cells (Charland et al., 2000; Segura et al., 2002; Segura et al., 2004; Meijerink et al., 2012). Whole transcriptome analyses on host cells after challenge with S. suis have been performed using THP-1 monocytes, porcine alveolar macrophages, and primary porcine choroid plexus epithelial cells (PCPEC) (De Greeff et al., 2010; Liu et al., 2011b; Schwerk et al., 2011). Differentially expressed genes (DEGs) identified during these studies belonged to different functional categories. Amongst others, genes involved in immune response and host defense, apoptosis/programmed cell death, and those involved in signal transduction pathways were found to be overrepresented (De Greeff et al., 2010; Liu et al., 2011b; Schwerk et al., 2011).

Approaches to investigate the host response to S. suis in vivo have been performed in several organisms, including pigs (Li et al., 2010; Liu et al., 2011a; Gaur et al., 2014; Ye et al., 2017), but also non-porcine species, such as zebrafish and mice (Wu et al., 2010; Rong et al., 2012). Confirming the results of in vitro challenged host cells, during these studies genes involved in inflammatory and immune defense responses were identified as DEGs (Li et al., 2010; Liu et al., 2011a; Rong et al., 2012; Ye et al., 2017). Tissues and organs investigated during the porcine in vivo studies covered spleen, brain, lung, monocytes, and peritoneal blood, but not specifically the CP. Therefore, the transcriptomic changes at the CP of pigs suffering from meningitis after infection with S. suis are unknown, leaving participating target genes and host signaling pathways open for discovery. Furthermore, a comparative analysis of the transcriptional response at the CP, either after infection in vitro vs. in vivo, or between human and porcine model systems, has not yet been performed. Due to the function of the CP as entry gate into the CNS during infection with S. suis, and its role during inflammatory responses to the pathogen, transcriptome analyses of infected pigs and CP epithelial cell cultures will reveal important differently regulated genes that play a role during these processes and point to the cellular pathways involved.

In this study, we employed next generation sequencing (RNA-seq) to compare changes in global transcriptome profiles caused by S. suis SS2 at the CP of infected pigs in vivo, as well as in PCPEC and HIBCPP cells infected in vitro. Identified DEGs and enriched hallmark gene sets (GSs) point to involvement of cellular signaling, immune and inflammatory responses, and hypoxia, whereas cellular proliferation and metabolic processes are rather suppressed during infection. Additionally, the inflammatory responses appear to involve similar cellular processes in infected human and porcine CP epithelial cells.



Materials and Methods


Ethics Statement

In vivo piglet infection experiments, and the subsequent necropsy, were carried out by veterinarians, in compliance with the principles outlined in the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes, as well as the German Animal Protection Law (Tierschutzgesetz). The CP tissue samples analyzed in this study originated from two different in vivo infection studies. The CP tissue samples from the meningitis-free animals were part of a study, which was approved by the Landesdirektion Sachsen, with the permit number TVV28/16, which includes approval through the registered committee for animal experiments. The experiment analyzing the CP from animals suffering from meningitis were approved by the Committee on Animal Experiments of the Lower Saxonian State Office for Consumer Protection and Food Safety under the permit number 33.12-42,502-04-16/2305A (Rungelrath et al., 2018). The piglets of both studies originated from the same German Landrace herd that is based on the genotyping results of more than 400 S. suis isolates free of the S. suis pathotype investigated in this study.



In Vivo Porcine Infection Experiments

The CP tissue samples used for the transcriptome analysis were collected from two independent in vivo porcine infection experiments using approximately 8-week-old German Landrace pigs. The animals, from which “meningitis-free” samples were obtained, were three 8-week-old male piglets intravenously infected with 2 × 108 colony forming units (CFU) of S. suis ST7 strain 13-00283-02 in the 5th week of life within an unpublished experimental infection. The three piglets, from which “meningitis” samples were obtained, were experimentally infected with S. suis ST2 strain 10. Experimental infection was conducted in anesthesia of 8-week-old male piglets via intranasal application of 1.5 × 109 CFU following a treatment with 1% acetic acid of the mucosal surface of the nasal cavity as part of a published study carried out by Rungelrath and colleagues (Rungelrath et al., 2018).

In both experiments, the animals were monitored and examined every 8 h post-infection for the onset of disease and were given a clinical score, based on their body temperature, food uptake, and overall behavior (alertness, breathing pattern, mobility). An animal was considered morbid if it presented with a fever of at least 40.2°C. If a high fever persisted (at least 40.5°C), along with apathy and/or anorexia over a 36 h time period, the piglet was euthanized for predefined animal welfare reasons. Additionally, if the piglet presented severe clinical signs, such as opisthotonus, convulsions, inability to rise, or acute polyarthritis, the animal was subject for immediate euthanasia.

Onset of severe disease usually occurred 3 to 5 days post-infection. Once a predefined humane endpoint was reached, the animal was anesthesised through application of 2 mg azaperone (Stresnil®, Firma Yanssen) and 10 mg ketamine hydrochloride (Ursotamin®, Serumwerke Bernburg) per kg body weight intramuscularly and subsequently euthanized via the intravenous administration of T61® (200 mg ml−1 embutramide, 50 mg ml−1 mebezonium, and 5 mg ml−1 tetracain; Intervet, Merck, Sharp & Dohme). The “meningitis-free” piglets were euthanized the same way after observation of 23 days following the experimental ST7 infection.

Immediately following the euthanasia of each animal, a necropsy was performed, which has been previously described by Baums and colleagues (Baums et al., 2006). Additionally, the brain was promptly removed and cut between the two brain hemispheres in order to gain access to the lateral ventricles. One of the two CP from the lateral ventricles was removed, briefly rinsed in sterile DPBS, and flash-frozen in liquid nitrogen for subsequent RNA isolation and transcriptome analysis.



Cell Culture

Human choroid plexus papilloma (HIBCPP) cells have been described previously as in vitro model of the BCSFB (Schwerk et al., 2012). HIBCPP cells were cultivated in DMEM/F12 (Ham) medium with 4 mM L-glutamine and 15 mM HEPES, supplemented with 100 U/ml penicillin, 100 U/ml streptomycin, and 5 μg/ml insulin (HIBCPP medium) and containing 15% FCS. For infection assays cells were seeded on ThinCert™ cell culture filter membranes (Greiner Bio-One, Frickenhausen, Germany), with a 3 μm pore diameter, a pore density of 2.0 × 106 pores per cm2, and a membrane diameter of 0.33 cm2, in the inverted BCSFB model and maintained as previously described (Schwerk et al., 2012; Dinner et al., 2016), with some modifications. Briefly, a maximum of 100,000 cells were seeded on the membrane of inverted cell culture filter inserts, which, when confluent, resulted in approximately 400,000 cells per filter. HIBCPP cells up to passage 38 were used for experiments. The following day filter membranes were flipped, and placed hanging into a 24-well cell culture plate. The cells were supplied with HIBCPP cell culture medium containing 10% FCS that was exchanged every second day. Approximately 3 to 4 days post-seeding TEER values were monitored with an epithelial tissue voltohmmeter (Millipore, Schwalbach, Germany). Once a TEER of at least 70 Ω x cm2 was reached, cells were transferred to HIBCPP cell medium containing 1% FCS. For infection experiments, filters with a TEER of at least 240 Ω x cm2 and a maximum of 740 Ω x cm2 were used, which was reached 1 or 2 days later.

The isolation and culture of primary PCPEC was performed as previously described (Gath et al., 1997; Haselbach et al., 2001) with some modifications. Briefly, CP tissue was collected from the lateral ventricle of freshly slaughtered pigs at the meat-processing center, and subjected to treatment with 0.2% trypsin (Biochrom, Berlin, Germany, 45 min at 4°C, 17 min at 37°C). Following this cold/warm trypsin treatment, 1 volume of pre-warmed FCS was added before the cell suspension (undigested CP tissue was removed) was centrifuged for 10 min at 55 × g at room temperature, and the pellet was resuspended in 10 ml DMEM (1×) with GlutaMAX™ (Gibco Life Technologies, Paisley, UK) with 4.5 g L−1 D-Glucose, pyruvate, and phenol red, 2% (v/v) P/S, and 0.05% (v/v) human recombinant insulin solution (Sigma-Aldritch, Steinheim, Germany) (PCPEC medium) containing 10% FCS and 20 µM Cytosine Arabinoside (AraC, Cell Pharm GmbH, Hannover, Germany). Subsequently, 100 μl of the cell suspension was seeded on the membrane of inverted ThinCert™ cell culture filter inserts (Greiner Bio-One, Frickenhausen, Germany), which were pre-coated with mouse laminin. The following day the filters were washed once by flipping and hanging the cell culture filter membranes into a 24-well cell culture plate containing pre-warmed DPBS (containing Ca2+ and Mg2+) in order to remove non-adherent cells. Cells were then cultivated for 4 days in PCPEC medium containing 10% FCS and 20 µM AraC, followed by cell culture in AraC-free medium with a medium change every 2 days. Starting 6 days post-seeding, the TEER development was monitored with an epithelial tissue voltohmmeter (Millipore, Schwalbach, Germany). Once the TEER reached approximately 100 Ω x cm2, the cells were transferred to PCPEC medium without FCS. A confluent primary PCPEC layer on the 24-well cell culture filter membrane consisted of approximately 60,000 cells. For infection experiments filters with a TEER of at least 250 Ω x cm2 were used.



Measurement of Barrier Integrity

In order to evaluate the barrier development and barrier integrity of HIBCPP cells and PCPEC, the TEER was measured by utilizing a voltohmmeter coupled with a chopstick STX01 electrode (Millipore, Schwalbach, Germany). To calculate the resistance across the cell culture filter membrane area (Ω x cm2), the measured Ω, from which the blank value was subtracted (cell culture membrane filter not containing any cells) was multiplied by the surface area of the 24-well cell culture filter membrane (approximately 0.336 cm2).

In order to monitor the paracellular permeability of HIBCPP cells and PCPEC throughout the infection intervals, the permeability for FITC-coupled inulin was determined as previously described (Schwerk et al., 2012).



Bacterial Strains and Cultivation

S. suis ST2 strain 10, kindly provided by Hilde Smith (Lelystad, NL), has been used in various studies for experimental induction of disease including meningitis (Vecht et al., 1992; Smith et al., 1999). S. suis ST7 strain 13-00283-02 belongs to sequence type 29 and has recently been characterized (Rieckmann et al., 2018). The genomes of both strains have been sequenced (Bunk et al., 2021). Bacteria were cultivated in liquid Todd Hewitt Broth (THB; Oxoid, Wesel, Germany) in order to prepare bacteria stocks for long-term storage and infection experiments. The medium for long-term preservation at −80°C was composed of bacteria suspended in DMEM/F-12 (1×) medium (containing L-Glutamine, 15 mM HEPES, without phenol red; Gibco/Life Technologies™, Paisley, UK) with an optical density at 600 nm (OD600) of 0.65, containing 20% glycerol (Sigma-Aldrich, Steinheim, Germany).

In order to cultivate bacteria for the infection experiments, long-term storage stock aliquots were added to 10 ml Todd Hewitt Broth (THB) and incubated at 37°C to mid-log phase. Subsequently, bacterial cultures were washed twice with the appropriate medium used during the infection experiment (see above). The bacterial cell suspension was adjusted to an OD600 of 0.65, which resulted in approximately 2 × 108 CFU ml−1.

In order to determine the bacterial CFU, which was used for infection of host cells in vitro, as well as the CFU throughout the infection time points, the inoculum and an amount, which equaled a multiplicity of infection (MOI) of 10, was serial diluted and plated in duplicate onto Colombia sheep blood agar plates (Oxoid, Wesel, Germany). The sheep blood agar plates were incubated inverted in a humidified incubator at 37°C and 5% CO2 overnight, and the CFU were counted the following day.



In Vitro Infection Experiments

HIBCPP cells and PCPEC were infected in vitro with S. suis ST2 strain 10 once the TEER values reached at least 250 Ω×cm2. Infection was performed with a MOI of 10. The HIBCPP cells were infected up to 10 h, with time points being in 2 h increments. The primary PCPEC were infected up to 6 h, again, with time increments being in 2 h. Throughout the infection time points, TEER values and paracellular permeability were determined to evaluate barrier integrity.



Cell Viability—Live/Dead Assay

To determine the cell viability of PCPEC and HIBCPP cells live/dead-assays (Invitrogen, Karlsruhe, Germany) were performed according to the manufacturer’s instructions. In this assay living cells appear green (intracellular esterase activity), whereas dead cells appear red (loss of plasma membrane integrity allows entry and DNA binding of ethidium homodimer-1). Results were documented by immunofluorescence microscopy.



RNA Isolation

The RNeasy Mini Kit (Qiagen, Hilden, Germany) was used for total RNA isolation from HIBCPP cells and the CP tissue from the in vivo porcine experiments. For the HIBCPP cell infection experiments, filters were briefly rinsed with DPBS (with Ca2+ and Mg2+), before the cells were processed following the manufacturers protocol “purification of total RNA from animal cells using spin technology.” For the CP tissue collected from the in vivo porcine infection experiments, 30 mg of fresh-frozen CP tissue was suspended in 600 μl lysis buffer and homogenized using a micro pestle. Subsequently, the homogenized tissue suspension was applied to a QiaShredder column (Qiagen, Hilden, Germany) before RNA was isolated according to the manufacturer’s protocol “purification of total RNA from animal tissues.” The RNeasy Micro Kit (Qiagen, Hilden, Germany) was used for total RNA isolation from PCPEC. Lysates from four cell culture membranes were pooled. The manufacturer’s protocol “purification of total RNA from animal and human cells” was followed. All isolated RNA samples underwent an on-column DNase I treatment (15 min incubation at room temperature), which was integrated during the RNA isolation protocols, as described by the manufacturer (Qiagen, Hilden, Germany). Following the isolation, RNA samples were eluted in RNase-free H2O and stored at −80°C. The RNA concentration was determined with a spectrophotometer (ND1000, Peqlab Biotechnoloy, Erlangen, Germany).



Semiquantitative RT-PCR and QPCR

Total RNA (0.5 μg RNA from HIBCPP cells and from the CP tissue from the in vivo porcine infection experiments; 0.125 μg from PCPEC) was reverse transcribed using random primers included in the AffinityScript QPCR cDNA Synthesis Kit (Agilent Technologies). Semi-quantitative PCR reactions applying defined volumes of the generated cDNA were performed with the Taq DNA Polymerase Kit (Qiagen) following the manufacturers’ instructions. PCR reaction mixtures were initially denatured for 2 min at 94°C and subsequently subjected to the indicated cycles of denaturation (94°C, 30 s), annealing (55–60°C, depending on the primers, 30 s), and extension (72°C, 1 min) followed by a final extension step at 72°C for 7 min. PCR products were visualized by gel electrophoresis using 1.5% agarose gels and ethidium bromide staining.

To quantitatively evaluate the expression of selected genes, the Brilliant II SYBR® Green QPCR Master Mix kit (Agilent Technologies) was used according to the manufacturer’s instructions. The qPCR was run using the Stratagene Mx3005P system with the MX software using the one plateau pre-melt/RT segment and normal two-step amplification setting, followed by determination of a dissociation curve. The following conditions were applied: initial denaturation (95°C, 10 min) followed by 40 cycles of denaturation (95°C, 30 s), combined annealing and extension (58°C, 60 s), and the denaturation curve (95°C, 60 s; 65°C, 30 s; 95°C, 30 s). Fold-changes were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001) and expression of the gene for Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as control.

Primers for RT-PCR and QPCR were designed employing Primer3 software (Rozen and Skaletsky, 2000) and are shown in Supplementary Tables S1 and S2, respectively. The primer sequences were synthesized by Sigma-Aldrich (Steinheim, Germany), delivered in a lypophilic form, and reconstituted in double-distilled water.



RNA-Seq Analyses

RNA samples used for RNA-seq analysis were evaluated for their RNA integrity with the Agilent 2100 Bioanalyzer System (Agilent Technologies, Waldbronn, Germany) in combination with the Agilent Bioanalyzer RNA Nano Chip. RNA integrity numbers were above 9.5 for RNA isolated from HIBCPP cells, above 8.9 for RNA isolated from PCPEC, and above 7.4 for RNA isolated from CP tissues obtained during the in vivo porcine infection experiments.

The Ovation® Human FFPE RNA-Seq Multiplex System Kit (NuGen, Illumina, San Diego, CA, USA) was utilized for library preparation from 100 ng of total RNA from the HIBCPP cells for conventional RNA-seq. For the PCPEC and the porcine CP tissues from the in vivo infection experiments, the Universal Plus mRNA-Seq kit (NuGen, Illumina, San Diego, CA, USA) was used for the RNA library preparation from 100 ng total RNA.

For transcript fragmentation the Covaris S220 Focused-ultrasonicator, with the Covaris microTUBE, set to 10% duration, 200 cycles per burst, and 140 s was used to generate fragment sizes of approximately 250 bp long. Fragment lengths were analyzed on the Agilent 2100 Bioanalyzer System using the Agilent Bioanalyzer HS DNA chip. Bead-purification steps were carried out with the help of Agencourt AMPure XP SPRI beads in order to remove adapter or primer dimers throughout the various cDNA synthesis, adaptor ligation, or PCR amplification steps. The Qubit system was used in combination with the double stranded DNA high sensitivity assay kit in order to determine the DNA concentration of the prepared libraries before these were pooled. Adaptor ligation introduces specific 8 bp long barcode sequence to each of the individual biological replicates of infected and uninfected samples. With the use of the barcodes, one library pool containing all the biological replicates for each phenotype (infected and uninfected) was generated for sequencing. The library pool was quantified utilizing the NEBNext® Library Quant kit, which is a SYBR Green based qPCR method essential in order to achieve the optimal cluster density on the sequencing flow cell required for an optimal sequencing output.

The sequencing of the pooled HIBCPP cell sample set library was performed using HiSeq 2500 flow cell system (Illumina®, San Diego, CA, USA) in the high-output and paired-end mode. The sequencing of the pooled RNA libraries of the PCPEC samples and the in vivo CP samples was carried out on the HiSeq 2500 flow cell system (Illumina®, San Diego, CA, USA) in the rapid-run and paired-end mode, sequencing 100 bp length for each read.



Bioinformatic Processing Post-Sequencing

Subsequently to the sequencing process, the generated raw reads were processed. In a first step the adapter sequences were removed with the help of the Trimmomatic-0.30 software tool, which was designed to identify full and partial adapter sequences from single- and paired-end Illumina NGS data (Bolger et al., 2014). The trimmed sequences were subject to alignment by utilizing the RNA aligner STAR software (Dobin et al., 2013). The sequences generated from the HIBCPP cells were aligned to the human genome 19 and the sequences generated from the porcine samples (PCPEC and CP tissue from the in vivo infection experiments) were aligned to the Sus scrofa genome 11.1. The aligned sequences of the HIBCPP cell and PCPEC samples were imported into the StrandNGS software and filtered on quality metrics, which included the removal of reads that had more than one match, an alignment score of below 95, mapping quality below 40, and lengths less than 20. This additional filtering step was not carried out on the sequences aligned from the in vivo experiment. Instead, these sequences were subject to Universal Molecular Identifiers filtering, which resulted in less than 5% of reads removed. These aligned and filtered reads can be imported to the Integrative Genomics Viewer, which allows visualization of the NGS datasets (Robinson et al., 2011).

Lastly, for the quantification of the RNA sequences, the aligned and filtered reads were imported to the Partek Genomics Suite (PartekGS) software. This software reports the reads per kilobase of exon model per million reads (RPKM), which is a scaling method applied in order to normalize the RNA abundancies for sequencing depth (library size) and gene length (Mortazavi et al., 2008).



RNA-Seq Statistical Data Analysis: DEGs and GSEA

In order to evaluate the differential gene expression and to utilize data analysis platforms for downstream analysis, RPKM values and/or the raw reads were used to generate the Differentially Expressed Genes (DEGs) list and to perform a Gene Set Enrichment Analysis (GSEA). DEGs were identified using the PartekGS software implementing the one-way analysis of variance (ANOVA) test. A step-up method to correct for multiple testing was applied to generate corrected p-values, but due to the low number of replicates, the correction for multiple testing eliminated many potential true-positive targets. For this reason, the identification of DEGs was based on uncorrected p-values. The resulting p-values were exported and further manual filtering steps were carried out in Excel from Microsoft Office. Filters, which were applied in order to generate the final DEG list, included at least 10 (for the PCPEC and in vivo samples) or 20 (for the HIBCPP cell samples) raw reads of the transcript in the biological triplicates of one class (uninfected versus infected) and an uncorrected p-value of ≤0.05. Additionally, a more stringent list was created which only displayed a list of significant DEGs with a corrected (step-up method) p-value ≤0.05 (De and Baron, 2012). The genes resulting in the final DEG list with an uncorrected and corrected p-value ≤0.05 were taken into consideration.

A second statistical analysis was applied using the RPKM values, by utilizing the GSEA software, which allows the user to interpret the data on a biological relevant gene set level, and not on individual genes, when comparing different biological states (Mootha et al., 2003; Subramanian et al., 2005). The GSEA makes use of the Molecular Signature Database (MSigDB), which contains approximately 18,000 gene sets (GSs), categorized into eight major groups (Subramanian et al., 2005; Liberzon et al., 2011; Liberzon et al., 2015). The GSEA was run with the standard settings in the gene set permutation mode, set to 1,000 permutations. In order to select potential interesting candidates, GSs which presented a false discovery rate (FDR) q-value ≤0.25 were considered to be of interest, along with a normalized enrichment score (NES) of approximately ±2.



Accession Numbers

The data generated during RNA-seq was deposited in the Sequence Read Archive (SRA) on the National Center for Biotechnology Information (NCBI) platform. The BioProject accession number for the HIBCPP cell data is PRJNA533919. The BioProject accession number for the PCPEC data is PRJNA533792. The BioProject accession number for the data acquired from the CP tissue which was isolated following the in vivo infection experiments and sequenced via conventional RNA-seq is PRJNA534398.



Statistics

The significance of the gene fold change from infected samples in comparison to uninfected samples was calculated using the unpaired student’s t-test. A result was considered significant if p ≤ 0.05.




Results


Infection of HIBCPP Cells and PCPEC With S. suis ST2

We have previously shown that S. suis ST2 invades both HIBCPP cells and PCPEC in a polar fashion from the basolateral side and that the CP contributes to the inflammatory response when challenged with S. suis (Tenenbaum et al., 2009; Schwerk et al., 2011; Schwerk et al., 2012). To determine time points following infection of HIBCPP cells and PCPEC, at which the cells demonstrate a transcriptional response, we treated cells grown on inverted cell culture filter inserts with S. suis ST2 for different amounts of time and analyzed the expression of selected inflammatory response genes by semi-quantitative RT-PCR (Figure 1 and data not shown). As shown in Figure 1A both HIBCPP cells and PCPEC displayed a strong transcriptional response after 6 h of challenge with S. suis ST2. Importantly, the barrier function of both HIBCPP cells and PCPEC stayed intact during this time period as indicated by a stable TEER (Figure 1B) and low permeability by FITC-labelled inulin (Figure 1C). Furthermore, live/dead assays demonstrated that both cell types remained viable during the infection period (data not shown). Therefore, we selected HIBCPP cells and PCPEC infected with S. suis ST2 for 6 h in the inverted cell culture insert model for further transcriptome analyses.




Figure 1 | Infection of HIBCPP cells (left) and PCPEC (right) with S. suis ST2 (indicated as Ss) causes induction of an inflammatory response. (A) HIBCPP cells and PCPEC grown on inverted cell culture filter inserts were treated with S. suis ST2 at a MOI of 10 for 6 h and semi-quantitative RT-PCR was performed to determine induction of the genes indicated at the left of the panels. PCR reactions were analyzed after the cycle numbers indicated at the top of the panels. Uninfected HIBCPP cells and PCPEC served as controls (B) TEER values of uninfected control cells and of infected HIBCPP cells and PCPEC were measured at the beginning of the experiments (0 h) and after 6 h of infection (6 h). (C) The flux of FITC-labelled inulin across uninfected control cells and across infected HIBCPP cells and PCPEC was measured after 6 h of infection and stayed below 6% (dotted lines) under all conditions.





The CP of In Vivo Infected Piglets Suffering From Meningitis Exhibited an Inflammatory Response

In vivo infection experiments with S. suis were carried out with 8-week-old piglets. Three meningitis-free control animals intravenously infected with S. suis ST7 3 weeks prior euthanasia and three animals suffering from meningitis after intranasal infection with S. suis ST2 strain 10 (Rungelrath et al., 2018) were selected for further analysis.

The meningitis-free animals exhibited no clinical signs of central nervous system dysfunction within the entire observation period. Following the conclusion of the experiment, the animals were euthanized and a necropsy was performed. Part of the necropsy consisted of CSF, swabs, and tissue collections for bacteriological investigations and preserving respective predefined tissues in formalin for histopathological evaluation as described elsewhere (Baums et al., 2006; Rungelrath et al., 2018). No bacterial growth was observed on Columbia blood agar plates used for cultivation of CSF and brain swabs. Furthermore, the absence of fibrinous and purulent inflammations in the brain, meninges and the CP was confirmed for the three animals included in this study. These results are summarized in Table 1.


Table 1 | Summary of the clinical signs, the specific bacterial loads of CSF, and the histopathological lesions in the brain found in piglets post-infection with S. suis ST7 (piglets 17, 24, and 43) and ST2 (piglets 4, 5, and 34).



The onset of clinical signs in the animals infected with S. suis ST2 occurred 2 to 4 days post-infection, and included high fever, body tremors, convulsions, and ataxia. Due to the severeness and character of these clinical signs these piglets reached the humane endpoint were euthanized. As with the meningitis-free animals, part of the necropsy consisted of CSF, swab and tissue collection and preserving the tissues in formalin for histopathological evaluation. The CSF of all three animals showed a high amount of bacterial CFUs per ml of CSF, which were confirmed via MP-PCR (Silva et al., 2006) to be mrp+ epf+ sly+ cps2+ S. suis (data not shown). The two piglets (5, 34) which exhibited specific central nervous system dysfunctions and piglet 4 with high fever and tremors were found post-mortem to have a fibro-purulent meningitis via histopathological evaluation of the brain and CP as summarized in Table 1.

RNA isolation was performed from one CP of the lateral ventricles in the selected animals. A semi-quantitative RT-PCR was performed in order to confirm an inflammatory response at the CP of in vivo S. suis ST2 infected piglets compared to meningitis-free pigs. As depicted in Figure 2, the CP isolated from piglets suffering from meningitis showed a clear inflammatory response by the increased expression (enhanced signal when referencing the GAPDH signal) of the genes encoding IL1β and IL8, as compared to the meningitis-free piglets. The signal for the CXCL2 expression, in contrast, was only enhanced for some piglets suffering from meningitis. GAPDH was used as a house-keeping gene, which displayed a non-coherent expression likely due to either the heterogeneous cell population found in the CP tissue or lower RNA integrities compared to RNA from the in vitro infection experiments (Figure 2).




Figure 2 | The choroid plexus of S. suis ST2 in vivo infected piglets shows an inflammatory response in comparison to piglets not suffering from meningitis. Semi-quantitative RT-PCR was performed to determine induction of the genes indicated at the left of the panels and PCR reactions were analyzed after the cycle numbers indicated at the top of the panels. Animals 17, 24, and 43 were meningitis-free, whereas animals 4, 5, and 34 suffered from meningitis.





Bioinformatic Processing of RNA-Seq Data Revealed Efficient Mapping to Exon Gene Regions

The RNA samples from S. suis ST2 challenged HIBCPP cells and PCPEC and control cells as well as from CPs isolated from meningitis-free pigs or from pigs suffering from meningitis were subjected to RNA-seq as described in Materials and Methods. Following the sequence run, the generated reads were aligned to either the human or the porcine reference genome with the RNA aligner STAR (Dobin et al., 2013) and quantified in PartekGS.

In total, approximately 20 million reads were generated per sample of the HIBCPP cell sample set and for the samples originating from the in vivo infection experiments, and approximately 10 million reads were generated for the PCPEC samples.

For the HIBCPP cell samples, approximately 62–74% of the aligned reads fully overlapped to an exon region of the reference genome (data not shown). The aligned reads obtained from the samples of porcine origin (in vitro and in vivo samples) displayed a higher full exon overlap, of approximately 80%.

The quality assurance for the transcript alignment and mapping post-sequencing displayed values within acceptable ranges (data not shown) for all samples which underwent sequencing and alignment and were statistically analyzed in the next step.



Differentially Expressed Genes (DEGs)

We first determined the magnitude of statistically significant DEGs based on the number of reads detected during the alignment and mapping process. A total of 1,479 significant (p ≤ 0.05) DEGs were identified following the analysis of S. suis ST2 infected versus uninfected HIBCPP cells. A total of 63 DEGs were identified, which exhibited at least a 2-fold up- or down-regulation, of which 32 genes displayed an up-regulation and 31 genes displayed a down-regulation. The results of the uncorrected p-values are presented in Supplementary Table S3, while the correction of the p-value yielded no significantly DEGs (data not shown). The highest significant up-regulation observed was a 3.6 fold change for the gene encoding for ZFPL36L1. The strongest down-regulation was observed for the microRNA3648 with an 8-fold change. Interestingly, the majority of the genes only exhibited a 2- to 3-fold differential expression following the 6 h infection period with S. suis ST2.

For the in vitro S. suis ST2 infected PCPEC samples, a total of 430 genes were identified as significantly differentially regulated with an uncorrected p-value ≤0.05, of which 46 genes exhibited an up-regulation of at least 2-fold, and 4 genes a down-regulation of at least 2-fold. The results of the uncorrected p-values are presented in Supplementary Table S4, since the correction of the p-value yielded only one significant gene (ACOD1; p = 0.025; data not shown). Interestingly, the in vitro infected primary PCPEC displayed a very strong cellular response during the infection with S. suis ST2, with a maximum of 134-fold up-regulation for IL1β. A total of 21 genes exhibited an up-regulation of at least 3-fold, with the majority of these genes known to being involved in the inflammatory response and regulation. In contrast, a total of only four genes encoding for VSIG4, DLGAP5, KNL1, and STRC were significantly differentially down-regulated at least 2-fold during S. suis ST2 infection. The gene encoding for STRC was the highest significantly down-regulated gene, which exhibited a maximum down-regulation of 3-fold change.

A total of 3,355 DEGs with an uncorrected p-value of ≤0.05 were identified in the CP of pigs suffering from S. suis ST2—induced meningitis in relation to meningitis-free pigs. The DEG list of significant genes with a corrected p-value ≤0.05 presented 479 genes, which were at least ±2-fold regulated, of which 171 genes were up-regulated and 308 genes were down-regulated (data not shown). Due to this large number, the significant DEGs with corrected p-values are presented in Supplementary Table S5. In total, 30 genes which were significantly differentially regulated exhibited a fold change of at least ±2 with a corrected p-value of ≤0.05. Twelve of the 30 genes displayed an up-regulation and 18 genes displayed a down-regulation. The strongest up-regulation was 11.3-fold for the gene encoding INSM1, whereas the strongest down-regulation was 6.3-fold for the gene encoding for TIMD4. Furthermore, of the 30 genes identified in Supplementary Table S5, 13 genes exhibited a fold change ±3.

Only two overlapping significant DEGs were identified in the infected CP epithelial cells, HIBCPP cells and PCPEC, and included transcriptional and immune response regulator (TCIM) and Rho family GTPase 1 (RND1).



Verification of Selected Genes by qPCR

Following the sequencing analysis, the generated data was validated by verifying the expression levels of selected genes by qPCR. The DEG lists presented in Differentially Expressed Genes (DEGs) were used in order to select candidate genes for the validation of the sequencing data. Genes, which are implicated during inflammation [IL1β, IL8, C-X-C ligand 2 chemokine (CXCL2), TNFα] and during regulation of the inflammatory response [NFκB inhibitor alpha (NFκBIA), zinc finger CCCH-type containing 12A (ZC3H12A), TCIM] were selected for the verification. Additionally, since hypoxia is implicated during bacterial infections (Schaffer and Taylor, 2015; Zeitouni et al., 2016; Devraj et al., 2017), genes known to play a key role during hypoxia, or are known to have their expression influenced in a hypoxic environment (hypoxia-inducible factor 1 alpha (HIF1α), vascular endothelial growth factor a (VEGFA), MAX interactor 1 (MXI1), dual specificity phosphatase 2 (DUSP2)), were chosen for validation.

Table 2 summarizes the fold change and the corresponding significance (uncorrected p-value of a one-way ANOVA test) of the selected genes during the RNA-seq analysis compared to the relative fold change (2−ΔΔCT) between infected versus uninfected samples, along with the S.D., of the qPCR results. Overall, the gene fold change determined following the RNA-seq data analysis could be validated with the qPCR method, and the significances determined following the qPCR analysis largely corresponded to the significant fold change determined in the RNA-seq experiment. Genes encoding for the cytokines and chemokines displayed a higher fold change in the PCPEC and in samples from the porcine in vivo infection experiments, an observation also made from the DEG lists (Differentially Expressed Genes (DEGs)).


Table 2 | Summary of the fold changes and uncorrected p-values of selected genes from the RNA-seq data and the fold changes of infected samples in relation to uninfected samples.





Identification of Enriched Individual Genes by GSEA

A GSEA was performed in order to evaluate the data in terms of biologically relevant functions. In addition to attributing enriched genes to pre-defined GSs, GSEA also evaluated the individual genes for their enrichment and how well their expression differentiates in the two phenotypes. Figure 3 depicts the heat-map generated in the GSEA analysis of the top 50 genes, which were found to be most distinguishing between S. suis ST2 infected epithelial cells or animals suffering from meningitis and uninfected epithelial cells or meningitis-free animals. The strongest coherent differential expression between the biological triplicates for each phenotype can be observed for the samples, which originated from the porcine in vivo experiments. However, strong coherence was observed for the majority of the biological HIBCPP cells and PCPEC replicates. Furthermore, the majority of the GSEA enriched genes were also identified with the PartekGS software, and can be found in the presented DEG lists in Differentially Expressed Genes (DEGs).




Figure 3 | The GSEA generated heat-map depicts a coherent expression of the biological triplicates for all sample sets of the top 50 ranked genes. Dark red indicates high expression, dark blue indicates low expression.



Overall, the majority of the top 50 enriched genes displayed coherent differentiation in all biological replicates for the investigated phenotype. Interestingly, the top enriched genes determined by the GSEA software were also identified through the DEG analysis performed with the PartekGS software.



Identification of Enriched Hallmark GSs by GSEA

The hallmark GS collection consists of 50 GSs, which represent well-defined and coherent biological states, and were created in order to reduce redundancy. Furthermore, these 50 GSs are divided into eight major biological categories of: cellular components, development, immune reaction, cellular metabolism, pathways, cellular proliferation, signaling, and DNA damage (Liberzon et al., 2015).

The GSEA of analyzed HIBCPP cell samples revealed that a total of 18 GSs out of the 50 hallmark GS collection were found to be significantly enriched in 6 h S. suis ST2 infected cells. Table 3 presents these significantly enriched hallmark GSs, which exhibited a FDR q-value of less than or equal to 0.25. The majority of the GSs can be categorized into cell signaling, and include, for e.g., TNFα signaling via NFκB, IL2-STAT5, and transforming growth factor beta (TGFβ) signaling. Additionally, five GSs belonging to the immune cellular processes were significantly enriched and include, for e.g., inflammatory response, IL6-JAK/STAT3 signaling, and complement system. Furthermore, the most significantly enriched GS was hypoxia (NES 3.24, q-value 0.000), and is categorized into the cellular pathways, along with apoptosis (NES 1.53, q-value 0.032). The GS epithelial-mesenchymal transition (EMT) was the third significantly enriched GS (NES 1.98, q-value 0.001) and belongs to the category of cellular development.


Table 3 | GSEA of 18 hallmark GSs, which are significantly enriched in S. suis ST2 infected HIBCPP cells.



Table 4 summarizes the enriched GSs of the response of the infected PCPEC. A total of 28 GSs were found to be significantly enriched and displayed a FDR of q ≤ 0.25. The majority of enriched GSs are categorized into the cellular signaling and include the GSs, for e.g., TNFα signaling via NFκB, IL2-STAT5, and TGFβ. The category with the second most enriched GSs was found to belong to the immune response and include, for e.g., interferon α, γ, and inflammatory response, IL6-JAK/STAT3 signaling, and complement system. The category containing the third most enriched GSs for the infected or meningitis phenotype was the cellular pathway and included hypoxia, apoptosis, unfolded protein response, and reactive oxygen species pathway. Additionally, the GSs angiogenesis and EMT, which are categorized into cellular development, were found to be enriched.


Table 4 | GSEA of 28 hallmark GSs, which are significantly enriched in infected primary PCPEC.



Table 5 summarizes the enriched GSs of the response of the CP in animals, which suffered from meningitis. In total, 21 GSs were significantly (FDR q ≤ 0.25) enriched. The majority of the GSs belong in the category of cellular signaling, with these GSs being TNFα signaling via NFκB, IL2-STAT5, TGFβ. The GS categories for immune system, cellular development, and cellular pathways all displayed an equal amount of enriched GSs. The inflammatory response, IL6-JAK/STAT3 signaling, and coagulation are categorized as immune response. The GSs angiogenesis, myogenesis, and EMT can be categorized under cellular development, and hypoxia, unfolded protein response, and reactive oxygen species pathway are categorized under cellular pathways.


Table 5 | GSEA of the 21 hallmark GSs, which are significantly enriched in animals suffering from meningitis.



A summary of the significantly enriched GSs designated to the respective cellular processes, as well as the percentage of the designated enriched GSs of the total number of significant GSs, are depicted in Figure 4.




Figure 4 | Summary of the enriched GSs of the hallmark GSEA for S. suis ST2 infected HIBCPP cells, PCPEC, and pigs. These pie-charts summarize the enriched GSs from Table 4 to Table 6. The percentage, which is listed under the bold labels indicating the cellular process category, is based on the total number of significantly (FDR q ≤ 0.025) enriched GSs for the sample. The outer labels of the pie chart represent the significantly enriched GS for each sample which falls under the respective cellular process category.



GSs which are enriched in uninfected cells or meningitis-free animals in comparison to the infected or diseased state were also evaluated and are summarized in Table 6. These GSs display a negative NES score and a FDR q ≤ 0.25. In uninfected HIBCPP cells, the majority of enriched GSs were found to belong to the category of cellular proliferation. Furthermore, an enrichment of GSs belonging to the cellular categories of pathways, DNA damage, and development, was observed.


Table 6 | The hallmark GSs, which are enriched in uninfected cells or meningitis-free animals.



The uninfected PCPEC displayed the least amount of significant enriched GSs. Most notable was the GS containing genes regulated by the E2F transcription factors, belonging to the cellular proliferation category displayed a significant enrichment.

The majority of enriched GSs in uninfected cells or meningitis-free pigs are involved in the immune response and cellular metabolism. The interferon α and γ response, as well as the allograft rejection GSs are categorized under immune response, whereas the metabolic processes include oxidative phosphorylation, as well as fatty acid and bile acid metabolism.




Discussion

In this study, the global transcriptome response of in vitro S. suis-infected HIBCPP cells and PCPEC, as well as the CP tissue of in vivo infected piglets with meningitis, was analyzed via RNA-seq. Subsequent to sequencing, the generated data was evaluated on the differential expression of individual genes and was also biologically interpreted by evaluating the enrichment of GSs via the GSEA between the infected versus uninfected phenotypes.

A previous transcriptome investigation, utilizing microarray technology, of apically S. suis ST2 infected PCPEC, which in vivo would reflect the state of infection following bacterial translocation into the CNS, revealed that the CP epithelial cells contributed to the inflammatory response in vitro (Schwerk et al., 2011). The basolateral infection of PCPEC in this current study, which in vivo would reflect the state before bacteria enter the CNS, induced a strong transcriptional response, with the majority of the identified significant DEGs being involved in inflammation as well. Part of the inflammatory response is the upregulation of cytokines and chemokines (including IL1β, TNFα, IL1α, CCL3L1, CXCL8, AMCF-II, CXCL2, CCL2, CCL11, CCL5, and IL6), many of which were also identified in the previous study of apically infected PCPEC (Schwerk et al., 2011). IL1β was found to be the strongest up-regulated gene and is known to be involved in many physiological functions, among others, being a potent inducer of inflammatory signaling expressed by many different cell types, including the CNS (Hewett et al., 2012). In previous studies evaluating the S. suis-dependent cytokine production, IL1β, along with other key inflammatory cytokines, such as IL6 and IL8, was found to be produced by porcine monocytes and polymorphonuclear lymphocytes in a whole-blood system in response to infection, as well as in human THP-1 monocytes (Segura et al., 2002; Segura et al., 2006). Furthermore, utilizing a murine in vivo S. suis infection model, the transcription of IL1β, TNFα, and CCL2 in the brain during cerebral inflammation was demonstrated via in situ hybridization (Dominguez-Punaro et al., 2007). In addition to the cytokine and chemokine upregulation observed in this present work, the inflammatory response regulators SLAMF7, RELB, NFKBIZ, NFKBIA, and ZC3H12A were identified, further underlining the strong inflammatory response elicited by PCPEC during to infection.

The transcriptome of HIBCPP cells was previously investigated following the in vitro infection with N. meningitidis from the basolateral cell side and demonstrated a strong inflammatory response, which included the production of cytokines and chemokines (Borkowski et al., 2014). Studies involving infection of other human cells with S. suis, such as HBMEC or human immune cells, mainly focused their research on the inflammatory response of host cells, too, or on bacterial survival and interaction with host cells (Charland et al., 2000; Segura et al., 2002; Liu et al., 2011b; Meijerink et al., 2012). Interestingly, in this present study, whereas PCPEC displayed a strong inflammatory response to infection, genes attributed to hypoxia were found to play a more prominent role during infection in HIBCPP cells (including ZFP36L1, MXI1, KLHL24, PNRC1, CDKN1C, and DUSP2).

In addition to the hypoxic response, it was interesting to observe the significant differential regulation of various RNA types, which are known to have a regulatory function and are non-protein coding. These regulatory RNAs included the anti-sense RNAs HLA-F, LIFR, PRKAR2A, ZEB1, and long intergenic non-coding RNAs (LINC) 887, 1431, 2482, as well as microRNAs (MIRs) 22HG and 3648, which are associated with viral inflammation and cancer and cellular proliferation, respectively (Rashid et al., 2017; Razooky et al., 2017; Zhang et al., 2018). This suggests that non-coding RNAs play a role in human CP epithelial cells during infection.

In this study, for the first time the transcriptome of cells found at the CP of pigs was investigated. For this sample set, it is important to consider that the CP tissue obtained from the in vivo infected pigs consists of a heterogeneous cell population, such as CP epithelial, endothelial cells, and immune cells located at or recruited to the BCSFB (Strazielle and Ghersi-Egea, 2000). Therefore, the results of the CP tissues samples cannot directly be compared to that of the in vitro infection experiments with homogenous PCPEC and HIBCPP epithelial cell populations. However, this data is rich in information, which helps to understand the CP tissue-specific response during S. suis infection. Previous studies carried out utilizing in vivo porcine S. suis infection models investigated the transcriptome of different organs (brain, lung, monocytes, spleen), but not specifically the CP (Li et al., 2010; Liu et al., 2011a). These studies evaluated the transcriptome at pre-defined time points (24 h and 3 days post-infection) of 4- to 5-week-old piglets, as compared to this present study, where the response of 8-week-old pigs was analyzed which developed acute meningitis, finding differentially regulated genes to be predominantly associated with the host’s inflammatory response.

The identification of biological pathways, in which multiple DEGs are connected to a common or networked performance, is of high interest in understanding cellular processes. Employing GSEA we identified GSs, which were significantly enriched in uninfected samples in comparison to infected samples. The majority of these GSs can be categorized into cellular metabolism or cellular proliferation. The enrichment of these GSs gives insight into metabolic alterations, which occur at the CP during S. suis infection, and is indicative that cellular proliferation is altered or stopped during S. suis ST2 infection. One enriched GS, which contains genes regulated by family members of E2F transcription factors, was found to overlap between all of the samples. The E2F transcription factors are important for the regulation of genes involved in DNA replication and the cell division cycle, and in the context of infection, they were previously investigated during viral infections, such as human immunodeficiency virus and adenovirus (Kundu et al., 1997; Bracken et al., 2004; Zheng et al., 2016).

A total of 28 GSs was identified to be significantly enriched in S. suis-infected PCPEC. The top enriched GSs are implicated in the immune response, complementing the data obtained in the DEG analysis. In a previous transcriptome study analyzing apically S. suis-infected PCPEC cells, Gene Ontology (GO) analysis, which evaluates high through-put data, based on biological processes, molecular functions, and cellular components (Ashburner et al., 2000), also identified many enriched cellular processes to be involved in inflammation, as revealed by the over-represented GO terms for cytokine activity, inflammatory response, defense response, and IκB kinase/NFκB cascade, as well as programmed cell death, which can be induced as a consequence of inflammation (Schwerk et al., 2011).

For the HIBCPP cell samples set, 18 GSs were found to be significantly enriched, with the most significant enrichment being for the GS containing genes in the hypoxia cellular stress response, thereby confirming its corresponding DEG analysis. In addition to the gene enrichment in hypoxia, the GSEA revealed an enrichment of GSs participating in inflammation. A previous GSEA and a GO analysis of N. meningitidis-infected HIBCPP cells revealed a predominant inflammatory response, with cytokine and chemokine activity playing a significant role (Borkowski et al., 2014). Additionally, a GS involved in wound healing was identified (Borkowski et al., 2014), which is often associated with epithelial–mesenchymal transition (EMT). The EMT GS was identified in the present study to be the third most enriched GS in infected HIBCPP cells. In a different study investigating the transcriptome of a human monocyte cell line exposed to S. suis, GO analysis revealed a cellular response including the participation of intracellular signaling pathways involved in inflammation, such as apoptosis and host defense and immunity, as well as other cellular processes involving cellular metabolism, gene transcription, and gene translation (Liu et al., 2011b).

The GSEA of the CP isolated from in vivo-infected piglets identified 21 significantly enriched GSs. The majority of the GSs displayed involvement in the inflammatory host response, as was also observed with the PCPEC samples. A previous porcine in vivo investigation revealed that the brains of S. suis-infected piglets displayed gene enrichment also involved in inflammation, and could be categorized into the GO terms of biological processes responding to a stimulus via signal transducer activity, cytokine activity and binding, defense response, inflammatory response, immune response, and innate immune response (Liu et al., 2011a). However, it was noted that many GO categories overlapped, due to the same genes being involved in multiple biological processes (Liu et al., 2011a). A further transcriptome study utilizing a zebrafish S. suis infection model, underscored the role of inflammation and host defense during infection (Wu et al., 2010).

When comparing the 18, 28, and 21 significantly enriched GSs from S. suis ST2 infected HIBCPP cells, PCPEC, and animals suffering from meningitis, respectively, a total of eight GSs were found to overlap (Figure 5). These included the five GSs TNFα signaling via NFκB, inflammatory response, IL2-STAT5 signaling, IL6-JAK/STAT3 signaling, and TGFβ signaling, which were previously implicated during S. suis infection, whereas the three GSs for hypoxia, EMT, and a set of genes up-regulated by KRAS signaling, were not. Activation of the transcription factor NFκB regulates the expression of genes involved in the inflammatory response, including the expression of cytokines and chemokines, such as TNFα (Liu et al., 2017). An increase of TNFα, along with other pro-inflammatory cytokines, was detected in the brain, blood, and kidney of S. suis-infected mice, as well as in a porcine in vivo infection model, which investigated the brain, mononuclear cells, and lung (Liu et al., 2011a; Nakayama et al., 2011). Furthermore, the virulence associated factor suilysin of S. suis was shown to induce the release of TNFα in human monocytes (Lun et al., 2003) and, by utilizing PCPEC, microarray analysis following S. suis infection from the apical cell side revealed a strong induction of TNFα and other inflammatory cytokines (Schwerk et al., 2011). Interestingly, the release of TNFα was found to promote the permeability in a human BCSFB in vitro model, by inducing cell death (Schwerk et al., 2010). The release of cytokines is known to elicit a downstream cellular signaling cascade. One such signaling cascade is the IL6 induction of JAK/STAT3 signaling, which has been described to influence cell growth and differentiation, and is, therefore, often implicated in cancer when dysregulated (Huynh et al., 2017). Furthermore, as with IL6, IL2 has been described to stimulate the STAT5 signaling cascade, which is known to mainly regulate cellular proliferation and modulate the immune response of T cells (Lin and Leonard, 2000). In the context of S. suis infection, STAT3 and STAT5 were found to be up-regulated in the porcine brain in vivo (Liu et al., 2011a). However, the roles of these signaling cascades during S. suis infection have not been further investigated.




Figure 5 | Overlap of the GSEA identified GSs for S. suis ST2 infected HIBCPP cells, PCPEC, and the CP of pigs suffering from S. suis-induced meningitis. The Venn diagram depicts the number of significantly enriched GSs attributed to each sample set with the number of GSs which were found to overlap between the infected epithelial cells (HIBCPP cells and PCPEC) and the epithelial cells with the in vivo CP tissue from meningitis cases, as well as the number of GSs overlapping between all three samples sets analyzed. Eight GSs were found to overlap in the three analyzed samples sets.



Another well described signaling cascade can be induced by the cytokine TGFβ, which was previously found to be upregulated in the porcine spleen and brain of S. suis in vivo infected piglets (Li et al., 2010; Liu et al., 2011a). The induction of TGFβ signaling was also implicated during the colonization of Streptococcus pneumoniae and Haemophilus influenzae, which are other known bacterial meningitis-causative agents, in lung epithelial cells and was accompanied by an inflammatory response (Beisswenger et al., 2009).

To date, hypoxia, EMT, and genes regulated by KRAS signaling have not been directly linked to S. suis infection. It should be considered that an enrichment of the KRAS GS in this present study was observed due to overlapping genes found with the GS EMT, which is a cellular program that reverts epithelial cells to mesenchymal cells and is often implicated in cancer, since it promotes metastasis and invasion (Kalluri and Weinberg, 2009). EMT is also often involved in wound healing and tissue regeneration, which occurs following a physical trauma or injury caused by inflammation as a result of, e.g., an infection (Kalluri and Weinberg, 2009; Hofman and Vouret-Craviari, 2012). Furthermore, previous studies, especially in cancer research, have demonstrated that a hypoxic environment is a prerequisite in order for EMT to occur (Cannito et al., 2008).

A hypoxic microenvironment is often associated with infected tissues and elicits a stress response due to oxygen being a necessity in order for animal cells to carry out their normal physiological functions (Taylor and Colgan, 2017). Hypoxia has been implicated during injury to the CNS, which includes stroke or infection (van der Flier et al., 2003; Mukandala et al., 2016) and affects the global transcription and translation of mRNA molecules by reducing both of these molecular processes, which allows for energy conservation during cellular stress (Koritzinsky and Wouters, 2007). Since the hypoxia GS was the top significantly enriched GS in the infected HIBCPP samples, it could be speculated as a reason for why the HIBCPP cells did not exhibit a strong fold change in the DEG analysis, as compared to the PCPEC post-infection.

Hypoxia stress response can be induced either in a hypoxia-inducible factor (HIF) dependent or independent manner, most notably via the NFκB transcription factor, with complex overlaps and cross-talks described between these two pathways (Rius et al., 2008; Schaffer and Taylor, 2015). NFκB activation is known to be associated with the acute phase of hypoxia, as well as cytokine release, most notable being IL1β and TNFα (Mukandala et al., 2016). Additionally, IL1β and TNFα can activate the HIF transcription factor in an oxygen-independent and NFκB-dependent pathway during inflammation (Lin and Simon, 2016). Interestingly, the inflammatory cytokine IL1β was observed to affect BBB permeability by influencing blood vessel plasticity via HIF regulation in the angiogenesis program in multiple sclerosis patients (Argaw et al., 2006). A further study investigating the cytokine presence in the CSF of infants who suffered a perinatal hypoxia event, found that infants who displayed an elevated amount of TNFα and IL6 in the CSF, were significantly more likely to suffer from severe neurological abnormalities 12 months post-partum; a phenomenon, which was also observed in survivors of bacterial meningitis and cerebral malaria (John et al., 2008; Perdomo-Celis et al., 2015; Sumanovic-Glamuzina et al., 2017).

Hypoxia does not only induce a cellular stress response, but is also described to modulate cell functions, e.g. of epithelial cells during infection (Schaffer and Taylor, 2015; Taylor and Colgan, 2017). In two previous studies, it was demonstrated that a hypoxic environment during the infection with Pseudomonas aeruginosa of lung epithelial cells reduced the host’s cellular uptake of the pathogen, thereby diminishing host cell death, as well as causing a decline in the invasion of Yersinia enterocolitica into intestinal epithelial cells in vitro (Schaible et al., 2013; Zeitouni et al., 2016). Furthermore, hypoxia also negatively affected the virulence factor expression (Schaible et al., 2017). These studies demonstrate that a hypoxic environment was able to aid in containing the infection.

Here, we observed to our knowledge for the first time, that hypoxia-related cellular processes were significantly increased in relation to S. suis ST2 infection in vitro with human CP epithelial cells and PCPEC, as well as in the in vivo infected porcine CP samples. One gene in particular stood out in the enriched hypoxia GS in all three analyzed samples sets. VEGF was found to be one of the top enriched genes in the hypoxia GS of all analyzed samples (data not shown), which is indicative of angiogenesis, and in turn has been implicated in chronic hypoxia response (Mukandala et al., 2016).

The hypoxia transcription factor HIF has been discussed as a potential target for adjunctive therapy options, with already successful candidates against methicillin-sensitive and -resistant Staphylococcus aureus strains, in order to improve outcome or potentially replace antimicrobial therapeutics due to a rise in microbial resistance (Zinkernagel et al., 2008; Okumura et al., 2012; Santos and Andrade, 2017). Importantly, HIF therapy would not be solely limited to infections, but could also be applied in the setting of cancer treatment or chronic inflammatory disorders (Santos and Andrade, 2017). By investigating the role of hypoxia in the context of S. suis infection, with a focus on the significance of the BCSFB, a long-term aim could be the exploration of alternative therapy options. Those alternative therapy options could potentially limit infection severity, which is often found corresponding to long-term sequelae of survivors, such as full or partial auditory loss frequently associated with S. suis infection in humans, or death.
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Arboviruses pose a major threat throughout the world and represent a great burden in tropical countries of South America. Although generally associated with moderate febrile illness, in more severe cases they can lead to neurological outcomes, such as encephalitis, Guillain-Barré syndrome, and Congenital Syndromes. In this context astrocytes play a central role in production of inflammatory cytokines, regulation of extracellular matrix, and control of glutamate driven neurotoxicity in the central nervous system. Here, we presented a comprehensive genome-wide transcriptome analysis of human primary astrocytes infected with Chikungunya, Mayaro, Oropouche, or Zika viruses. Analyses of differentially expressed genes (DEGs), pathway enrichment, and interactomes have shown that Alphaviruses up-regulated genes related to elastic fiber formation and N-glycosylation of glycoproteins, with down-regulation of cell cycle and DNA stability and chromosome maintenance genes. In contrast, Oropouche virus up-regulated cell cycle and DNA maintenance and condensation pathways while down-regulated extracellular matrix, collagen metabolism, glutamate and ion transporters pathways. Zika virus infection only up-regulated eukaryotic translation machinery while down-regulated interferon pathways. Reactome and integration analysis revealed a common signature in down-regulation of innate immune response, antiviral response, and inflammatory cytokines associated to interferon pathway for all arboviruses tested. Validation of interferon stimulated genes by reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) corroborated our transcriptome findings. Altogether, our results showed a co-evolution in the mechanisms involved in the escape of arboviruses to antiviral immune response mediated by the interferon (IFN) pathway.
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Introduction

Arthropod-borne viruses (i.e. arboviruses) comprehend a large group of viruses belonging to different families that are transmitted mainly by the bite of infected mosquitoes or ticks during the blood meal. As many of them are the etiological agents of relevant human pathologies, they pose a special threat in vulnerable countries around the world. Tropical countries of South America, such as Brazil, are specially in risk for arboviruses outbreaks due to the suitable warm weather, abundance of insect vectors, deforestation, high population concentration near forest areas, social-economical disparities, and overburden of the public healthcare system (Peña-García et al., 2017; Figueiredo, 2019; Medeiros and Vasconcelos, 2019). Many endemic outbreaks along the history, as well the recent introduction of arboviruses in Brazil, have risen the alarm of scientific and medical communities concerning the risk of new outbreaks, co-circulation of those viruses, and increasing of more severe cases (Metsky et al., 2017; Zanotto and Leite, 2018; Lorenz et al., 2019; Gutierrez et al., 2020). Viruses members of Alphavirus, Orthobunyavirus, and Flavivirus genus (Togaviridae, Peribunyaviridae, and Flaviviridae viral families, respectively) present a higher incidence in Brazil and has been associated to a plethora of clinically relevant outcomes, such as mild to debilitating fever, hemorrhagic fever, arthritis, microcephaly, and neurological disorders (Figueiredo, 2015; Santiago et al., 2015; Burt et al., 2017; Azeredo et al., 2018; Vernal et al., 2019; Brito Ferreira et al., 2020; Diagne et al., 2020; Gutierrez et al., 2020).

Alphaviruses as Chikungunya Virus (CHIKV) and Mayaro Virus (MAYV) circulate in Brazil, with many cases reported from Northern to Southeastern regions of the country (Carvalho et al., 2019; Lorenz et al., 2019; Naveca et al., 2019; Vasconcellos et al., 2019). They are enveloped viruses with single positive RNA (+) strand genome, flanked by 5’ and 3’ UTRs (untranslated regions). The genome is ~11.5 kb long and composed by two ORFs (open reading frame): the first one encodes the non-structural proteins nsP1-4 that plays a role in viral replication and host factors interaction and modulation, followed by a second ORF that encodes the structural proteins C (capsid), E3, E2, E1 (envelope glycoproteins) (Acosta-Ampudia et al., 2018; Frolov and Frolova, 2019; Levi and Vignuzzi, 2019). CHIKV are mainly transmitted by mosquito vectors from genera Aedes and MAYV is more restricted to sylvatic species of Sabethes and Haemagogus, reflecting on the epidemic pattern of CHIKV and in local MAYV circulation. Those alphaviruses cause a febrile illness, with common symptoms such as nausea, headache, rash, myalgia, and polyarthralgia. The arthralgia can persist for months after the acute infection, characterizing the main chronic incapacitating symptom of those infections. However, both viruses have been associated with more severe neurological manifestations, such as meningo-encephalitis, Guillain-Barré syndrome, acute disseminated encephalomyelitis (ADEM), and severe myelitis, with increasing reports of neuro-CHIKV in endemic areas such as Brazil (Bandeira et al., 2016; Balavoine et al., 2017; Khatri et al., 2018; Maria et al., 2018; Simon et al., 2018; Hameed and Khan, 2019; Silva et al., 2020).

Oropouche Virus (OROV) is an Orthobunyavirus responsible for many outbreaks, in Brazil and other South America countries (Elliott, 2014; De Regge, 2017). OROV genome is composed of three single strand negative RNAs (−) flanked by 5’ and 3’ UTRs: namely the S (small) RNA, a 961 nt long RNA that encodes the nucleocapsid protein N and the non-structural protein NSs; a 4.5 kb long M (medium) RNA that encodes the viral envelope glycoproteins Gn and Gc, and the non-structural protein NSm; and a 6.9 kb long L (large) RNA that encodes the viral RNA-dependent RNA polymerase (RdRp) (Travassos da Rosa et al., 2017; Sakkas et al., 2018). The midge Culicoides paraensis has been considered the main urban vector of OROV, although it was already isolated from other mosquitoes’ vectors, including species from the genera Aedes and Culex. OROV is the causative agent of Oropouche Fever, a mild febrile illness that shares common symptoms with other arboviral fevers as moderate to high fever, headache, nausea and diarrhea, vomiting, dizziness, and myalgia. Photophobia is also a particular common symptom and, in some cases, OROV has been associated with neurological meningo-encephalitis outcomes (Bastos et al., 2012; Santos et al., 2014; Vernal et al., 2019).

Zika Virus (ZIKV) has raised global attention in the past few years as a potential threat to humans, mainly to pregnant women, due to the infection could promote severe neurological disorders and congenital fetal malformations in Brazil (Duffy et al., 2009). Those clinical outcomes were first described in the last outbreaks, in French Polynesia (2013) and with the arrival and spread of ZIKV throughout the Americas (2014) (Cao-Lormeau et al., 2016; Schuler-Faccini et al., 2016). ZIKV is a flavivirus with a genome composed of a single positive strand RNA of ~11 kb, flanked by 5’ and 3’ UTR regions coding a precursor polyprotein that is processed by viral and cellular protease to generate three structural proteins C (capsid), prM, and E (envelope) and seven non-structural proteins NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. The epidemics in South America between 2014 and 2016 brought light to the severe neurological manifestations of ZIKV infection, named Congenital Zika Syndrome (CZS), that affects the nervous system and multiple organs of the developing fetus of infected pregnant women. The CZS comprehend a myriad of clinical neurological manifestations including microcephaly, hydrocephaly and lissencephaly as well as ventricular calcifications and arthrogryposis (congenital joints contracture) (Liang et al., 2019). In adults, ZIKV infection can also be associated with encephalitis, ADEM, and Guillain-Barré Syndrome (Bautista, 2019).

Despite all the description of neurological associated manifestations of arboviruses, the neurotropism of viruses such as MAYV and OROV is still elusive. CHIKV and ZIKV can infect central nervous system (CNS) cells such as: neurons, astrocytes, and microglia (Klein et al., 2019). Astrocytes play a pivotal role in the CNS and are highly associated with encephalitis caused by those viruses (Soung and Klein, 2018). Astrocytes are responsible for the maintenance of the Blood-Brain Barrier (BBB) interacting with the brain microvascular endothelial cells (BMECs) (Cardoso et al., 2010), secretion of proinflammatory cytokines (Voet et al., 2019), recruitment of T cells upon brain injury or infection (Zhang et al., 2008), regulation of synapses, and regulation of glutamate uptake (Olsen et al., 2015). Viral infections can induce apoptosis in neuronal cells and dysregulate astrocyte functions increasing the BBB permeability and neuroinvasion by up-regulating metalloproteinases expression (Wang et al., 2008; Ju et al., 2009; Yang et al., 2012), promoting injury derived from long-term astrocytic inflammatory response (Garber et al., 2018), and neurotoxicity by accumulation of extracellular glutamate (Cisneros and Ghorpade, 2012), which all together contributes to the encephalitis process.

Here, we present a comparative transcriptome study of human primary astrocytes cells infected with CHIKV, MAYV, OROV, or ZIKV describing the specific genes and pathways modulated by each virus and the integration of common pathways by system biology strategy. Human primary astrocytes were highly permissive to all viruses with consequent down-modulation of IFN and interferon-stimulated genes (ISGs) pathways as a viral escape strategy to the innate antiviral immune response.



Materials and Methods


Primary Human Astrocyte Isolation

Adult primary human astrocytes were isolated from surgically resected anterior temporal lobe tissue, from patients selected for surgical treatment of temporal lobe epilepsy associated with hippocampal sclerosis. The selected patients were evaluated by video-electroencephalography monitoring with a 132-channel Nihon-Kohden® apparatus, and the ictal onset zone was concordant with neuroimaging and semiology data. The pathological tissue targeted in surgery for these cases is the gliotic hippocampus, and the anterior temporal lobe resection is used merely as a surgical pathway to the diseased area. All patients gave written consent to the study, and the procedures were in agreement with the Brazilian Ministry of Health Ethics Committee (Certification of Presentation for Ethical Approval, CAAE, submission number 69409617.9.0000.5258, decision number 2.792.114). As previously described (Sebollela et al., 2012), only healthy cortical tissue was used to produce astrocyte cultures. Experimental protocols were performed as described previously (Diniz et al., 2012; Dezonne et al., 2017). Briefly, tissues were washed in Dulbecco’s Modified Eagle’s Mediu (DMEM), mechanically dissociated, chopped into small (<2 mm3) pieces with a sterile scalpel, and incubated in 10 ml of 0.25% trypsin solution at 37°C for 10 min. After centrifugation for 10 min, the cell pellet was resuspended in DMEM/F-12 growth medium supplemented with 10% Fetal Calf Serum (FCS) and plated onto tissue culture plates in a humidified 5% CO2, 95% air atmosphere at 37°C for 2 h in order to achieve adherence of microglial cells. The non-adherent astrocytes were transferred to other culture plates, previously coated with poly-L-lysine. Adherent astrocytes were allowed to grow by replacing the medium once a week. New passages of cells were generated by harvesting confluent astrocyte cultures using trypsin-EDTA (Ethylenediamine tetraacetic acid) solution (0.25% trypsin with EDTA; Thermo Fisher Scientific). Human astrocytes from up to the seventh passage and from two different donors were used in the study.



Cell Lines, Viruses, and Infections

Vero cells (ATCC, CCL-81) were maintained in DMEM (Gibco) and primary astrocytes were maintained in DMEM/F12 (Gibco), both supplemented with 10% v/v Fetal Bovine Serum (FBS) (Gibco) and 1% v/v of penicillin-streptomycin (10.000 U/ml-10.000 µg/ml) (Gibco). DMEM/F12 was also supplemented with 1% v/v of glutamine (200 mM, Gibco), 0.6% g/v of glucose (Sigma-Aldrich), and 0.13% g/v of sodium bicarbonate (Sigma-Aldrich). All cells were incubated at 37°C and 5% CO2. CHIKV isolate BHI3745/H804709 (GenBank accession #KP164570.1), MAYV strain 4675 (ATCC 66, GenBank accession #MK070492.1), OROV strain BeAn19991 (GenBank accession #KP052852.1, #KP052851.1, #KP052850.1), and ZIKV strain PE/243 (GenBank accession #KX197192.1) were used to perform infection. Viral stocks used here are expressed as Plaque Forming Units/ml (CHIKV, 1.6 × 108 PFU/ml; MAYV, 7 × 107 PFU/ml; OROV, 2 × 106 PFU/ml; and ZIKV, 2.6 × 106 PFU/ml) and were propagated by serial passages in Vero cells by routine methods using DMEM. Astrocyte infections were performed at multiplicity of infection (MOI) 1 (2 × 105 cells/well) for all four viruses in 12-well plate during 1 h at 37°C and 5% CO2 in medium without FBS, under biosafety level 3 conditions at a Biosafety Level-3 laboratory at Federal University of Rio de Janeiro. For each infection, uninfected cells from the same donor were used in a pairwise experiment. Virus titration was performed by plaque assay in Vero cells plated at 3 × 105 cells/well in 12-well plates 1 day prior to infection. After 1 h incubation with the virus, cells medium was replenished by DMEM supplemented with 1% v/v FBS, 1% v/v antibiotics, and 1% v/v carboxymethyl cellulose (CMC) (Sigma-Aldrich), and incubated at 37°C and 5% CO2 during 2 days for CHKV and MAYV, and 5 days for OROV and ZIKV. Cells were fixed with 4% formaldehyde for 20 min at room temperature, washed in Phosphate Buffered Saline (PBS) (Gibco), and stained with 20% v/v ethanol-violet crystal solution for 15 min for visual counting. Astrocytes viability assay upon virus infection was evaluated by CellTiter-Blue (Promega) according to manufacturer’s instructions. The fluorescence was measured at SpectraMax Paradigm Multi-Mode Detection Platform (Molecular Devices).



Flow Cytometry, Immunofluorescence, and Antibodies

Virus infectivity was evaluated using specific antibodies against viral proteins as follows. Briefly, astrocytes (2 × 105 cells/sample) were fixed with 4% paraformaldehyde for 20 min and permeabilized in 1% v/v Triton X-100 PBS solution. Blocking was performed in 5% v/v Donkey Serum (Sigma-Aldrich) PBS solution for 1h at 37°C. Primary antibodies for each virus were diluted as follows: for CHIKV was used 1:50 of mouse monoclonal J31F (Thermo Fisher Scientific), for MAYV was used 1:300 of mouse monoclonal anti-alphavirus E1 antibody (MAB8754, Sigma-Aldrich), for OROV was used 1:300 of mouse polyclonal anti-OROV antibody, and for ZIKV was used 1:300 of mouse monoclonal anti-NS1 antibody (Abcam, ab218546), all diluted in blocking solution at 37°C for 30 min. Cells were then washed thrice in PBS and incubated with 2 µg/ml Donkey anti-mouse AlexaFluor 488 secondary antibody (Thermo Fisher Scientific) at 37°C for 30 min. After incubation with the secondary antibody, cells were washed and resuspended in PBS. Flow cytometry was performed using Accuri C6 cytometer (BD Biosciences). At least 10,000 gated events were counted per experimental replica at Fluorescein isothiocyanate (FITC) channel. Astrocytes specific markers were confirmed by immunofluorescence. For that, cells were fixed and permeabilized as described above, followed by blocking in PBS 3% Bovine Serum Albumin (BSA) (Sigma-Aldrich) and 5% Normal Goat Serum (NGS) (Thermo Fisher Scientific) for 1 h and followed by overnight incubation at 4°C with the primary antibodies. Primary antibodies were diluted in block solution as follows: 1:500 of rabbit anti-GFAP (Glial Fibrillary Acidic Protein) (Dako, Glostrup, DK), 1:200 of mouse anti-GS (Glutamine Synthetase) (Merck-Milipore), 1:200 of rabbit anti-GLAST(Glutamate Aspartate Transporter 1) (Abcam), and 1:200 of rabbit anti-GLT1 (Glutamate Transporter 1) (Abcam). Cells were washed with PBS and incubated for 2 h with 1:400 dilution of goat anti-rabbit or anti-mouse IgG AlexaFluor 488, or 1:1,000 dilution of goat anti-rabbit IgG AlexaFluor 546 secondary antibodies (Thermo Fisher Scientific). Nuclei was stained with 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) (Sigma-Aldrich). Cells were mounted with mounting medium (DakoCytomation) and imaged under a confocal microscope (Leica TCS SPE).



RNA Isolation, Quality Assessment, and RNA-Seq

Astrocytes were plated at 2 × 105 cells/well and infected at MOI 1 with either CHIKV, MAYV, OROV, or ZIKV. Eighteen h post-infection (hpi) for CHIKV, MAYV, and OROV or 48 hpi for ZIKV, cells were washed with PBS, trypsinized, centrifuged, and the pellet were used for RNA extraction. Six replicates of non-infected astrocytes and three replicates of infected astrocytes were used for each virus. Total cellular RNA was isolated using RNeasy Mini kit (Qiagen) according to manufacturer’s instructions. RNA quantification was performed using Qubit RNA HS Assay kit and Qubit 3 Fluorometer (Thermo Fisher Scientific). Genomic DNA contamination was avoided by DNase treatment (TURBO DNA-free Kit, Thermo Fisher Scientific) before RNA-Seq and RT-qPCR validation. Only samples with RNA integrity number (RIN) ≥ 9 were used, as verified by RNA 6000 Pico Kit and 2100 Bioanalyzer (Agilent Technologies). Ribossomal RNA was depleted using Ribo-Zero Gold (Illumina) and 200 ng of total RNA for each sample were used for library preparation with TruSeq Stranded Total RNA Library Prep (Illumina) according to manufacturer’s instructions. RNA-seq were performed in 2 × 9 samples using NextSeq 500/550 High Output v2 Kit (150 cycles) (Illumina) in a NextSeq 550 platform (Illumina).



RNA-Seq Statistical Analysis

The RNA sequence files (fastq) were applied to the software BBDuk2 (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide) to trim low quality-related sequences (bellow Q30) and remove Illumina adapter-contaminant tags. The FASTQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc) reports the overall quality of the sequencing. The aligner HiSat2 (Kim et al., 2015) mapped the filtered reads to the human genome assembly GRCh38.p12 presented at the Ensembl database (https://www.ensembl.org/Homo_sapiens). The R/Bioconductor package Rsubread using the function of feature counts (Liao et al., 2019) performed the counting table of the mapped reads for the following statistical analysis. The R/Bioconductor package DESeq2 (Love et al., 2014) conducts the differential gene expression (DGE) test. It is also applied to the R/Bioconductor package apeglm (Zhu et al., 2019) to shrink log-fold change. The criteria of the adjusted p-value (corrected by false discovery rate—FDR) below 0.05 and log2 fold change (FC) above the absolute value of 1.0 was followed to classify genes as differentially expressed. The GOstats (Falcon and Gentleman, 2007) performed the Gene Ontology (GO) enrichment analysis. The package Pathview (Luo and Brouwer, 2013) visualizes the KEGG pathways and shows the associated genes. The ReactomePA package (Yu and He, 2016) leads the Reactome database analysis applying enrichment and allowing to create graphics. All the results and additional information about the RNAseq analysis were stored in the relational database PostgreSQL 12. The data can be easily accessed at the site: http://biotools.labinfo.lncc.br/astrocitovirus_data. The dataset used in our study is publicly available in SRA-NCBI (www.ncbi.nlm.nih.gov/sra), SRA accession PRJNA662366.



RT-qPCR Validation

Cells were seeded (2 × 105 cells/sample) and infected at MOI 1 as described above. The RNA was extracted and treated as described above at the indicated times points post infection and cDNA was produced using High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) and 500 ng of RNA. Quantitative PCR was performed in three biological replicates per condition using 20 ng of RNA input and SYBR Green PCR Master Mix (Applied Biosystems) on 7500 Fast Real-Time PCR System (Thermo Fisher Scientific) according to manufacturer’s instructions. Hypoxanthine Phosphoribosyltransferase 1 (HPRT1) gene was used as normalization and pre-designed PrimeTime primers (Integrated DNA Technologies) were used for selected target genes according to manufacturer’s instruction (for primers sequences see Table S1). Normalized gene expression was compared between experimental and mock non-infected conditions using Mann-Whitney test. Fold change and p-value for each comparison are presented using volcano plots.




Results


Human Primary Astrocytes Are Permissive to Different Arboviruses Infection

In order to investigate the neuropathogenesis of arboviruses, we infected human cortical primary astrocytes (hAST) with CHIKV, MAYV, OROV, or ZIKV due to those cells multiple roles in maintaining the homeostasis of CNS and respond to infections. We confirmed the expression of classical astrocytes markers such as: glial protein (GFAP), glutamine synthetase (GS), and glutamate transporters (GLT1 and GLAST); which corroborates the same previously demonstrated astrocytic phenotype derived from induced pluripotent stem cells (iPSC) (Figure 1A) (Sebollela et al., 2012; Diniz et al., 2014; Garcia et al., 2014; Dezonne et al., 2017; Eugenio et al., 2018; da Silva et al., 2019). No cytopathic effects were observed in response to CHIKV, MAYV, and OROV until 48 h post infection (hpi) and until 72 h post ZIKV infection (Figure 1B). We also assured that at least 80% of cells were infected in that time span at MOI 1, as demonstrated by flow cytometry using antibodies against each virus protein (Figure 1C). Flaviviruses as ZIKV presents a slow replication rate compared to alphaviruses such as CHIKV and MAYV, taking more time to reach the same levels of replication. Even in the earliest time point (i.e., 6 hpi for CHIKV, MAYV, and OROV, and 24 hpi for ZIKV) 80% of cells were infected with all viruses tested, reinforcing that hAST is highly susceptible to different arboviruses infections, including MAYV and OROV, which have never been described before. To assure that infections were productive in astrocytes cells, we quantified the viral titer derived from the supernatant of infected cells. All arboviruses were able to produce infectious particles as evaluated by plaque assay (Figure 1D). Alphaviruses infection were more productive in those cells, followed by Orthobunyavirus and Flavivirus, respectively. CHIKV produced the highest titer: 1.52 × 106 PFU/ml as soon as 6 hpi, peaking 1.24 × 107 PFU/ml at 18 hpi; followed by MAYV and OROV, respectively. Again, ZIKV took additional 24 h to reach the same levels of virus production compared to the other viruses, confirming its lower replication rate in hAST compared with CHIKV, MAYV, and OROV (Figure 1D). With exception of ZIKV (Hamel et al., 2017; Kozak et al., 2017; Meertens et al., 2017; Chen et al., 2018; Stefanik et al., 2018; Sher et al., 2019), this is the first study to demonstrate the capacity of CHIKV, MAYV, and OROV to infect hAST, corroborating their potential as agents of neuro-associated outcomes.




Figure 1 | Human primary astrocytes are permissive to CHIKV, MAYV, OROV, and ZIKV infection. Human primary astrocytes were isolated from brain surgery and infected with CHIKV, MAYV, OROV, or ZIKV at MOI 1 in different time points. (A) Immunofluorescence microscopy showing astrocytes specific cell markers: GFAP, Glial Fibrillary Acidic Protein, and GLT1, Glutamate Transporter 1 (both in red); GS, Glutamine Synthetase, and GLAST, Glutamate Aspartate Transporter 1 (both in green). Nuclei are stained with DAPI (cyan). Scale bar = 50 µm. (B) Cell viability post infection was measured at indicated time points. All infected cells were normalized by mock (uninfected) cells. (C) Virus infectivity was measured by flow cytometry using primary antibodies for virus proteins: CHIKV (J31F, anti-E1 antibody); MAYV (anti-alphavirus E1 antibody); OROV (anti-OROV serum), and ZIKV (anti-NS1 antibody) and plotted as percentage of infected cells in gated population. 10.000 events were recorded. (D) Viral production measured by plaque assay from the supernatants of infected cells. Viral titers were plotted as log10 Plaque Forming Units/ml. All the experiments were performed on three replicates from two independent experiments presented here as media and standard deviation (SD).





Alphaviruses (CHIKV and MAYV) Replicate Better in Human Astrocytes Cells and Modulate a Higher Number of Cellular Genes

To analyze host cellular genes and pathways modulated upon infection, we performed a transcriptome-wide sequencing of uninfected (n = 6) and infected hAST with each virus (n = 3). Transcriptome analyses were performed at 18 hpi for CHIKV, MAYV, and OROV and 48 hpi for ZIKV, following the infection peak and absence of cytopathic effect for each virus (Figures 1B, C). We found an increasing number of RNA-seq reads that mapped on CHIKV and MAYV genomes compared with OROV and ZIKV suggesting that alphaviruses present higher replication rates in hAST (Figure 2A). As a reflection of higher titers of viral replication for alphaviruses, we found an increasing number of cellular genes dysregulated by CHIKV and MAYV compared with OROV and ZIKV (Figure 2B and Table S2).




Figure 2 | Differentially expressed genes (DEGs) signature for CHIKV, MAYV, OROV, and ZIKV in human primary astrocytes. Signature of DEGs detected in RNA-Seq of infected (n = 3) over uninfected (n=6) cells. (A) Relative abundance (average of mapped reads) of viral RNA in hAST infected with CHIKV, MAYV, OROV, and ZIKV. (B) Number of up- and down-regulated genes for CHIKV, MAYV, OROV, and ZIKV with statistical significance (p ≤ 0.05 and at least 1 log2FC dysregulation over uninfected cells). Volcano plots for the differentially expressed genes (DEGs) for CHIKV (C), MAYV (D), OROV (E), and ZIKV (F). RNA-seq from triplicates were performed from CHIKV, MAYV, and OROV infected cells 18 hpi and ZIKV infected cells 48 hpi. X-axis represents the log2 Fold Change of DEG relative to uninfected cells and Y-axis depicts significance. Hpi, hours post infection.



Briefly, we found 3578, 4104, 2056, and 133 up-regulated genes for CHIKV, MAYV, OROV, and ZIKV infected cells, respectively, in contrast with 4883, 6388, 2802, and 415 down-regulated genes (p ≤ 0.05 and at least 1 log2FC dysregulation over uninfected cells) (Figures 2C–F). Those results reflect an increasing impact in the modulation of differentially expressed genes (DEGs) that corroborates with the crescent genus-dependent viral replication as follows: flavivirus, orthobunyavirus, and alphaviruses. Altogether, the four viruses interfere with astrocyte gene expression down-regulating a higher number of genes compared with up-regulated genes (Figures 2C–F and Table S2).



CHIKV Interferes With Extracellular Matrix, N-Glycosylation, Translation, Cell Cycle, and Interferon Pathways

Our reactome analysis showed that CHIKV infected astrocytes presented an enrichment of up-regulated DEGs in pathways related to protein translation, post-translational modification of glycoproteins (N-linked glycosylation and metabolism of aminoacid), remodeling of extracellular matrix, protein translation, and targeting to endoplasmic reticulum (ER) membrane (Figure 3A and Table S3). The most significant genes associated with those pathways were: extracellular matrix/elastic fiber formation, as fibronectin 1 (FN1), fibulin (EGF Containing Fibulin Extracellular Matrix Protein 1, EFEMP1; Fibulin 1, FBLN), and elastin (Elastin Microfibril Interfacer 2, EMILIN2); amino acid activation, including aminoacyl-tRNA synthetases (Seryl-tRNA Synthetase, SARS; Bifunctional Aminoacyll-tRNA Synthetase, EPRS; Glycyl-tRNA Synthetase 1, GARS; Alanyl-tRNA Synthetase 1, AARS; Tyrosyl-Trna Synthetase 1, YARS); ER associated translation (Translocation Associated Membrane Protein 1, TRAM1; Protein Disulfide Isomerase Family A Member 3, PDIA3; Calreticulin, CALR; KDEL Endoplasmic Reticulum Protein Retention Receptor 1, KDELR1); and glycosylation (LEM Domain Containing 3, MAN1; Beta-1,4-Mannosyl-Glycoprotein 4-Beta-N-Acetylglucosaminyltransferase, MGAT3; Dolichyl-Diphosphooligosaccharide–Protein Glycosyltransferase Non-Catalytic Subunit, DDOST; Alpha-1,3-Mannosyl-Glycoprotein 2-Beta-N-Acetylglucosaminyltransferase, MGAT1). Translation factors are usually modulated by RNA viruses to promote viral protein production (Au and Jan, 2014). Indeed, the glycosylation of virus envelope proteins are crucial to increase CHIKV virulence and the up-regulation of genes related to asparagine N-linked glycosylation reinforces this hypothesis (Acharya et al., 2015; Lancaster et al., 2016). Cytoskeleton tubulin isoforms predominantly found in differentiated neurologic cells (Tubulin Alpha 1a, TUBA1A) and transmembrane vesicular protein involved in traffic (Transmembrane P24 Trafficking Protein 10, TMED10) were highly induced by CHIKV (Figure 3A), showing the importance of glycosylation pathways not only for envelope proteins, but also in virus assembly and budding.




Figure 3 | Enriched up-regulated pathways in CHIKV, MAYV, OROV, and ZIKV infected astrocytes. Cell pathways with up-regulated genes in (A) CHIKV (18 hpi), (B) MAYV (18 hpi), (C) OROV (18 hpi), and (D) ZIKV (48 hpi) infected cells. Circus plot of Gene Set Enrichment Analysis (GSEA) of the five up-regulated most significantly enriched Reactome pathways (dark red sectors at the bottom of the circus plot) with the 50 associated DEGs. The 20 most significant up-regulated pathways are depicted. In the upper sector of the circus plot the genes were ordered by modulus of log2 Fold Change relative to uninfected cells.



CHIKV down-regulated pathways in astrocytes included: chromosome stability, DNA repair and maintenance; and cell cycle (in special, nucleosome assembly and prometaphase directed steps) (Figure 4A and Table S4). It is known that viruses always interfere with cell cycle to increase their own replication, promoting virus translation and avoiding apoptosis (Bressy et al., 2019; Caller et al., 2019). In fact, our reactome analysis of down-regulated pathways showed a consistent relationship within cell cycle controlling genes, indicating a possible G2 arrest phenotype (Figure 4A). Among the down-regulated genes were: genes from the cell division processes, as centrosome, centromere, and tubulin associated genes (Centrosomal Protein, CEPs; Centromere Protein, CENPs; and Tubulin, TUBs); cell cycle (Cell Division Cycle, CDCs); and chromosome stability, such as histones (HISTs) and DNA polymerase subunits (POLs) (Figure 4A). This goes in agreement with previous reports of CHIKV interfering with cell cycle in other cell models (Saxena et al., 2013; Thio et al., 2013). The Aurora Kinase B (AURKB), a chromosome segregation and cytokinesis promoting gene, was the most down-regulated gene in CHIKV infected cells (Figure 4A). Although the role of AURKB depletion has been controversially described for flaviviruses (Madejón et al., 2015; Pérez-Olais et al., 2019), its impact remains elusive for alphaviruses; nonetheless, it could be speculated as a reinforcer of G2 arrest.




Figure 4 | Enriched down-regulated pathways in CHIKV, MAYV, OROV, and ZIKV infected astrocytes. Cell pathways with down-regulated genes in (A) CHIKV (18 hpi), (B) MAYV (18 hpi), (C) OROV (18 hpi), and (D) ZIKV (48 hpi) infected cells. Circus plot of Gene Set Enrichment Analysis (GSEA) of the five down-regulated most significantly enriched Reactome pathways (dark red sectors at the bottom of the circus plot) with the 50 associated DEGs. The 20 most significant down-regulated pathways are depicted. In the upper sector of the circus plot the genes were ordered by modulus of log2 Fold Change relative to uninfected cells.





MAYV Dysregulates the Same Profile of CHIKV Associated Pathways, With Prominent Down-Modulation of Interferon Response Genes

MAYV infection led to an enrichment and up-regulation of elastic fiber formation and N-glycosylation pathways, as in CHIKV infection; carbohydrates metabolism, platelet degranulation, and extracellular matrix organization (Figure 3B). The gene interactome modulated by MAYV is highly heterogeneous compared with CHIKV. Nonetheless, many genes related to elastic fiber/extracellular matrix pathways as integrins (ITGA8), fibronectin (FN1, also highly up-regulated in CHIKV infection), collagens (COLs), and metalloproteinases (MMP2) were up-regulated by MAYV (Figure 3B). Metalloproteinases are involved in extracellular matrix degradation and are associated with neurological outcomes in viral infections (Savarin et al., 2011; Shukla et al., 2016; Xing et al., 2017; Barkhash et al., 2018; Song et al., 2018; Chopra et al., 2019).

MAYV shares common down-modulated pathways with CHIKV, such as as Type-I interferon signaling (Table S2), nucleossome assembly and formation, and cell cycle (Figure 4B and Table S4). Reactome analysis showed two main clusters: (i) one related to interferon signaling and innate immunity, and (ii) another one related to pathways associated to cell cycle arrest, and repression of DNA replication and cell division (Figure 4B). MAYV and CHIKV, both alphaviruses, down-regulated common genes related to cell cycle and chromosome stability, such as CENPs, HISTs, and CDCs (Figures 4A, B). Indeed, interferon (IFNB1), interferon stimulated genes—ISGs (Interferon Induced Protein With Tetratricopeptide Repeats, IFITs; Radical S-Adenosyl Methionine Domain Containing 2, RSAD2; MX Dynamin Like GTPase 1, MX1; 2’-5’-Oligoadenylate Synthetase, OASs; Tripartite Motif Containing, TRIMs) and agonists of interferon response (DExD/H-Box Helicase 58, DDX58; Interferon Regulatory Factor 7, IRF7; Interferon Regulatory Factor 1, IRF1) were represented among the most down-regulated genes by MAYV, with higher fold change values, up to 12 (IFNB1) (Figure 4B).



OROV Infection Interferes With Ion Transport, Neuronal Synapses Regulation and Type-I Interferon Pathways, Contributing to Neuropathogenesis

OROV infection in human astrocytes, contrasting with alphaviruses infection, up-regulated pathways related to cell cycle, cell division, DNA maintenance and replication, and extracellular matrix remodeling (Figure 3C and Table S3). The opposite direction of pathways regulated by Alphavirus and Orthobunyavirus demonstrates the complexity and diversity in host factors modulation and may represent different strategies of virus replication. The pathway reactome corroborates the overall tendency in OROV infection, up-regulating pathways related to DNA condensation (mainly through the core H2, H3, and H4 histones), cell cycle checkpoints and G2 arrest, and telomere maintenance (Figure 3C and Table S3). Some proteins from related orthobunyaviruses were already demonstrated to have nuclear localization, interfering with cell cycle and hampering global cellular transcription through histone modification (Copeland et al., 2013; Gouzil et al., 2017). The genes in the reactome corroborated this hypothesis, as many histones, CENPs, and other G2/M step related proteins were up-regulated. The G2/M arrest could increase the availability of capped-mRNAs, which serves as primer donors for bunyaviruses translation: a process named cap-snatching. Corroborating our findings, and in contrast with bunyaviruses, alphaviruses can cap their own RNAs using nsP activities (Hopkins and Cherry, 2013) (Figure 3C).

Overall, the pathways found down-regulated by OROV in astrocytes corroborate the dysregulation of interferon response; highlighting genes with antiviral activities (RSAD2, also known as viperin; OASL; OAS1; MX1/2; IFIT2). However, unlike alphaviruses, OROV infection also down-regulated extracellular matrix remodeling genes [such as SPARC (Osteonectin), Cwcv And Kazal Like Domains Proteoglycan 3, SPOCK3, and Integrin Subunit Alpha M, ITGAM] and collagen metabolism pathways (Collagen Type XVII Alpha 1 Chain, COL17A1, and Collagen Type XX Alpha 1 Chain, COL20A1) (Figure 4C and Table S4). Moreover, OROV infection also down-modulates ion channels, transmembrane solute carriers, and synapses regulation pathways that play crucial roles in astrocytes functions. Genes related to potassium channels (Potassium Voltage-Gated Channel, KCNs, and Hyperpolarization Activated Cyclic Nucleotide Gated Potassium Channel 4, HCN4) and solute transporters from the family of Solute Carrier (SLCs) were the most representative clusters (Figure 4C) down-modulated by OROV. Recently, it was demonstrated that K+ channels are up-regulated and therefore required for endosomal trafficking and high infectivity of bunyaviruses, corroborating our findings (Hover et al., 2016; Hover et al., 2018). SLC family of transporters includes Excitatory Amino Acid Transporter 1 (EAAT1, also known asSLC1A3/GLAST) and Excitatory Amino Acid Transporter 2 (EAAT2, also known as SLC1A2/GLT1), both glutamate transporters whose dysfunction have been implicated in increasing neurotoxicity driven by accumulation of extracellular glutamate (Legay et al., 2003; Wang et al., 2003; Moidunny et al., 2016). Those pathways, together with down-regulation of Type-I interferon signaling, could increase the neuropathological manifestations of OROV infection.



ZIKV Up-Regulated Eukaryotic and Viral Translation Pathways, and Down-Regulated Type-I Interferon Signaling Proteins

ZIKV infection modulated the least number of genes (133 up- and 415 down-regulated, respectively) compared with the other viruses. This observation is in agreement with the lower replication rates expected for flaviviruses compared with alphaviruses or orthobunyaviruses (Figures 1B–D). However, it is important to note that Asian derived strains (as the Brazilian one used here) have usually lower virulence and replication kinetics compared to African strains (Simonin et al., 2016; Hamel et al., 2017). Nonetheless, the most enriched up-regulated pathways upon ZIKV infection were viral mRNA translation, translation elongation, aminoacid synthesis, ribosomal assembly, and cap-dependent translation (Figure 3D and Table S3); all related to host translation machinery. All up-regulated genes were either eukaryotic initiation (EIFs) or elongation factors (EEFs), and ribosomal proteins (RPSsand RPLs) (Figure 3D). Most of the pathways down-regulated by ZIKV in astrocytes were related to interferon-induced antiviral innate immune response (Figure 4D and Table S4). The clusterization of the pathways classified them into type I and II interferon signaling, and antiviral interferon-responsive genes (Figure 4D). Transcriptional factors related to interferon pathways were also down-modulated (IRFs and Signal Transducer And Activator of Transcription, STATs), reinforcing the relevance of ISGs in controlling ZIKV infection. As demonstrated by other cellular models, most genes down-regulated by ZIKV were ISGs: RSAD2, IFITs, Guanylate Binding Protein (GBPs), MXs, and OASs (Figure 4D). Cytoplasmatic RNA sensor (DDX58, also known as Retinoic Acid Inducible Gene I, RIG-I) and classical interferon induced antiviral genes that direct block virus replication at several steps (SAM And HD Domain Containing Deoxynucleoside Triphosphate Triphosphohydrolase 1, SAMHD1: RNA virus replication; TRIMs: virus uncoating; and Bone Marrow Stromal Cell Antigen 2, BST2: virus budding, respectively) were also down-modulated by ZIKV infection. All this scenario suggests that ZIKV establishes stable infection in astrocytes counteracting and down-modulating interferon pathway at several steps.



Viral Infection Leads to an Overall Down-Regulation of Innate Immunity Genes in Astrocytes

We performed RNA-seq integration to identify common pathways modulated by the four viruses. Only 9 up-regulated and 171 down-regulated DEGs were co-modulated by CHIKV, OROV, MAYV, and ZIKA (Figures 5A, B, respectively and Table S5). As expected, CHIKV and MAYV shared a higher number of up- (2,450) and down- (2,528) regulated genes among themselves compared with other viruses analyzed, suggesting a signature for alphaviruses (Figures 5A, B). Gene ontology analysis of the 171 common down-regulated genes indicated that most of those genes belongs to pathways related to virus RNA sensing (RIG-1), interferon signaling (including ISGs), cytokines and chemokine signaling, JAK-STAT (Janus Kinase-STAT), and Toll receptors signaling, suggesting a global modulation of innate immune response and inflammatory response in primary astrocytes infected by RNA viruses (Figure 5C and Table S5). The alphaviruses CHIKV and MAYV also cluster together when analyzing only the common dysregulated genes for all viruses, as expected (Figure 5D). Deeper analysis of the virus RNA sensing and interferon signaling pathways down-modulated by the four viruses identified antiviral genes triggered by interferon stimulation (ISGs), such as: ISG15, MX1-2, DDX58, CT And RLD Domain Containing E3 Ubiquitin Protein Ligase 5 (HERC5), OAS, Interferon Induced Protein With Tetratricopeptide Repeats (IFIT), Adenosine Deaminase RNA Specific (ADAR), SAMHD1, Interferon Induced Transmembrane Protein 1 (IFITM1), and TRIMs; all those already described for other RNA and DNA viruses infections.




Figure 5 | Common differentially expressed genes (DEGs) signature for CHIKV, MAYV, OROV, and ZIKV in human primary astrocytes. Signature of DEGs detected in RNA-Seq of infected (n = 3) over mock uninfected (n = 6) hAST cells. Venn diagram showing the quantity of common and exclusive up-regulated (A) and down-regulated (B) genes found in the RNA-Seq dataset. Only DEGs with at least 1 log2 Fold Change and an adjusted P value ≤ 0.05 are shown. (C) Gene ontology by biological processes of 171 common down-regulated genes by all viruses (CHIKV, MAYV, OROV, and ZIKV). (D) Heatmap of the common up-regulated (9) and down-regulated (171) genes among all viruses here included. Dendrogram of Euclidian hierarchical clusterization among the four viruses are shown. Color scale represents baseMean (estimative of abundance) of up-regulated and down-regulated genes (light yellow represents lower and brown represents higher abundance).



We performed RT-qPCR of 16 common genes dysregulated for all viruses in order to validate our RNA-seq data (Figure 6). We selected genes belonging to cytoskeleton and motility (Actin Alpha 2, ACTA2) (Rockey et al., 2019), autophagy (Decidual Protein Induced By Progesterone, DEPP1), L-serine synthesis (Phosphoserine Aminotransferase 1, PSAT1) (Jiang et al., 2020), inflammatory response (Interleukin 7 Receptor, IL7R, and Major Histocompatibility Complex, Class II, DO Beta, HLA-DOB) (Inchley et al., 2013; Alsadeq et al., 2018), axonal guidance and neuropathology (Semaphorin 3A, SEMA3A) (Niclou et al., 2003; Yang et al., 2019), interferon induction (DDX58, Interferon Induced With Helicase C Domain 1, IFIH1, TRIM25, and IRF7), and interferon responsive/agonist genes with antiviral activity (IFIT1, IFIT2, MX1, MX2, ISG15, and RSAD2) (García-Sastre, 2017; Schoggins, 2019).




Figure 6 | RT-qPCR validation of 16 selected DEGs co-modulated by CHIKV, MAYV, OROV, and ZIKV. hAST cells were infected with MOI 1 of CHIKV (A), MAYV (B), OROV (C) at 6 and 18 hpi and ZIKV (D) at 24 and 48 hpi and RT-qPCR was performed at indicated time points and compared to uninfected cells (n = 3 for each time point and condition). Data denotes p-values (y-axis) and mean fold change (x-axis) of infected cells relative to uninfected cells for 16 DEGs selected from commonly modulated genes in RNA-Seq dataset. Gene expression was normalized by endogenous HPRT1 levels. Red dots represent DEGs with at least 1 log2 Fold Change and P value ≤ 0.05. Blue dots represent DEGs with only P value ≤ 0.05. Green dots represent DEGs with at least 1 log2 Fold Change. Grey dots represent non-significant DEGs.



Overall, the majority of genes tested by RT-qPCR confirmed the dysregulation in expression found in our RNA-Seq data. To validate our findings, we also perform a kinetics of DEGs during virus infection at increasing time points. Most of the tested genes presented an increasing time-dependent down-regulation in later time points for each virus infection (6 and 18 hpi for CHIKV, MAYV, and OROV; 24 and 48 hpi for ZIKV) (Figures 6A–D, respectively). The only exceptions found were DDX58, IFIT, and IFIH1, that were down-modulated at early times of OROV infection and lose significance at later points. PSAT1 and ACTA2 were up-regulated in response to all viral infections, with higher induction in cells infected with CHIKV and MAYV at 18 hpi. Those genes are related to cell cytoskeleton and invasion, suggesting the virus dependence of intracellular trafficking to sustain replication. ISGs and immune response genes such as IFIT1, IFIT2, IFIH1, MX1, MX2, and RSAD2 were highly down-regulated in response to all viruses at later time points of infection, confirming our transcriptome data. The intracellular virus RNA sensor DDX58 (RIG-I) was down-regulated by all viruses, regardless the virus family, showing the central importance of this pathway in recognize viruses in infected cells and stimulate IFN and ISGs. Taken together, those results corroborate our transcriptome analysis showing that viruses from different families, such as CHIKV, MAYV, OROV, and ZIKV, interfere with antiviral and interferon mediated immune response to stablish an efficient and persistent infection in human primary astrocytic cells.




Discussion

Arboviruses from Togaviridae, Peribunyaviridae, and Flaviviridae families account for the most epidemics and public health system burden in tropical countries, mainly in South and Central Americas. Although the most common manifestations of acute infection involve self-limiting febrile illness with mild to moderate symptoms, in some cases those viruses can invade CNS and generate severe neurological disorders, some of them with mimicking phenotypes of inflammatory autoimmune nervous system diseases. Even so, the mechanisms of neuropathogenesis and host interaction remain poorly understood for most of them. Here, we presented a comprehensive genome-wide transcriptome analysis of human primary astrocytes infected with CHIKV, MAYV, OROV, or ZIKV.

The capacity to infect and sustain productive infection in astrocytes was previously demonstrated for ZIKV (Hamel et al., 2017; Kozak et al., 2017; Meertens et al., 2017; Chen et al., 2018; Stefanik et al., 2018; Sher et al., 2019). However, to date there was no report of the same capacity for CHIKV, MAYV, and OROV in human cells. Those viruses were not only capable of infecting but demonstrated a more prominent viral production than ZIKV (Figures 1C, D, and 2A). Those findings demonstrated that arthritogenic alphaviruses and OROV have also neurotropic potential like already described for encephalic alphaviruses (Ronca et al., 2016) and encephalic orthobunyaviruses (Evans and Peterson, 2019). Our RNA-Seq data showed an greater number of DEGs and different cellular pathways modulated by viruses presenting higher viremia since the beginning of infection (CHIK, MAYV e OROV), compared with lower replication rates of ZIKV in human primary astrocytes. Indeed, viruses from the same family, such as CHIKV and MAYV (Togaviridae), dysregulate a higher number of common genes and cellular pathways compared to OROV and ZIKV that belong to Peribunyaviridae and Flaviviridae families, respectively. Those results suggest that the virus genome RNA polarity (positive or negative) and replication strategy could differentially interfere with cellular pathways. However, the integration analysis showed a common signature of DEGs by those different viruses, reflecting the down-regulation of antiviral innate immune response and interferon pathway. This observation suggests that to stablish an efficient and productive infection in human primary astrocytes, viruses from different families need to counteract the cellular and immune response against the virus replication (Figure 5). DDHX58 (RIG-I), a cytosolic dsRNA-sensing protein, was consistently down-regulated among all viruses. Besides, IFN-β was the second most commonly down-regulated gene to all viral infections (Table S5). Transcription factors that control interferon induction such as IRFs, mainly IRF-7, was also consistently down-regulated. Since the upstream RIG-I along with IRFs were down-regulated, it is reasonable to estimate the suppression in IFN-β and ISGs expression (Figure 5 and Table S5). However, other RNA-Seq studies in mice (Wilson et al., 2017) and in human cohort (Soares-Schanoski et al., 2019) showed that CHIKV infection led to a global up-regulation in innate immunity and pro-inflammatory genes. The same was observed in neuroprogenitors cells infected with ZIKV (Lima et al., 2019). In case of ZIKV, though induced in neuroprogenitor cells, interferon, innate immunity, and inflammation were repressed in microglia (Tiwari et al., 2017) and dendritic cells (Sun et al., 2017), indicating cell type-specific dynamic in regulation of antiviral response. Aside of cell or tissue specific responses, another hypothesis that could explain contradictory innate immunity regulation among the datasets is the time-dependent effect on gene expression. In general, previous studies showed an induction of IFN pathways triggered by RIG-I recognition of virus double strand RNA structures at early points of RNA viruses infection, followed by antiviral and ISGs stimulation. Our results showed a common down-regulation of this pathway in later steps of CHIKV, MAYV, OROV, and ZIKV infection, possibly as a viral escape response to innate immune antiviral genes, allowing their replication in human astrocytic cells. A recent study using Vesicular Stomatitis Virus (VSV) as model proposed that a social evolution dictates the innate immunity evasion (Domingo-Calap et al., 2019). According to this model, IFN suppression is a costly mechanism, but it is evolutionary necessary to establish an efficient and productive infection. Due to high infectivity (about 80% of cell population) in astrocytes in a relative short time span (Figure 1B), it is likely that innate immunity suppression is occurring in early moments after infection. Among the various ISGs found, IFITs and MXs were also consistently down-regulated (Figure 6). From those, RSAD2, also known as Viperin, is a well characterized antiviral protein that already was demonstrated to restrict ZIKV (Panayiotou et al., 2018) and CHIKV (Teng et al., 2012), but its antiviral activity against MAYV and OROV was never described. Interestingly, in opposition to our results, in another study was demonstrated that RSAD2 as wells as IFN response is induced upon ZIKV infection in mice astrocytes (Lindqvist et al., 2016); however, RSAD2 regulation and its capacity to restrict viral replication in human astrocytes remain to be investigated.

Eukaryotic translation factors and ribosomal proteins were up-regulated upon ZIKV (Figure 3D), which reflects the viral recruitment of host translation machinery for viral protein synthesis (Walsh et al., 2013; Li, 2019). CHIKV and MAYV both up-regulated N-glycosylation machinery (Figures 3A, B), which, coupled with the up-regulation of translation machinery, suggests a multiple-step retargeting of host cell machinery towards viral protein synthesis and maturation (Acharya et al., 2015; Lancaster et al., 2016). Moreover, metalloproteinases, collagen and integrin genes were found up-regulated by CHIKV and MAYV infection but down-regulated in response to OROV infection (Figure 4C), suggesting opposite regulation of extracellular matrix and adhesion proteins between the two viral families. Regulation of CNS extracellular matrix by astrocytes is fundamental to neurogenesis, neuronal migration, and formation of new synapses (Cope and Gould, 2019); therefore, any unbalancing in the processes could lead to neuropathological effects.

Another interesting divergent regulation was observed between alphaviruses and OROV. Cyclin Dependent Kinase 1 (CDK1) and cyclins (CCNs) A, B, and E were down-regulated in CHIKV and MAYV infection, while they were up-regulated in OROV infection (Table S2). Those results suggest a G1 cell cycle arrest induced by alphaviruses, and a G2/M arrest for OROV. G1 arrest was already described to be beneficial to viral production (Lundberg et al., 2018; Wang et al., 2018), which corroborates the overall recruitment of host translation and glycoprotein processing machineries in order to favor alphavirus production. Rift Valley Fever Virus (RVFV), a bunyavirus from Phleboviridae family, induces G2 cell cycle arrest for optimal cap-snatching and viral replication (Hopkins et al., 2013). It is possible that OROV induces the same cell cycle arrest in G2, what should be further investigated, since cap-snatching was never proved for OROV, but it is common for other bunyaviruses. OROV infection also down-regulated many membrane transporters and ion channels (Figure 4C). From those, SLC1A2/EAAT2 (see Table S2) is implicated in glutamate uptake, suggesting that its down-regulation lead to accumulation of extracellular glutamate, which is often associated to neurotoxicity (Legay et al., 2003; Wang et al., 2003; Moidunny et al., 2016). We previously demonstrated the down-regulation of this gene in OROV infected HuH-7 cells and its possible association with upregulation of miR-217 (Geddes et al., 2018). Taken together, that suggests that EAAT2 might be a regulated target in OROV infected cells that could explain the neuropathogeny associated to the virus.

In this study, we provided an integrated genome-wide transcriptome analysis of human primary astrocytes, crucial cells responsible for a variety of functions in the CNS, infected with the emergent and clinically alarming human pathogens CHIKV, MAYV, OROV, and ZIKV. To our knowledge, this is the first study to present a transcriptome for MAYV and OROV, as well as first to present CHIKV transcriptome in cells from CNS. This work shed a light upon the mechanisms and viral-host interactions in the neuropathologies associated to those widespread human arboviruses regarding nervous system outcomes.
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Toxoplasma gondii is a resilient parasite that infects a multitude of warm-blooded hosts and results in a lifelong chronic infection requiring continuous responses by the host. Chronic infection is characterized by a balanced immune response and neuropathology that are driven by changes in gene expression. Previous research pertaining to these processes has been conducted in various mouse models, and much knowledge of infection-induced gene expression changes has been acquired through the use of high throughput sequencing techniques in different mouse strains and post-mortem human studies. However, lack of infection time course data poses a prominent missing link in the understanding of chronic infection, and there is still much that is unknown regarding changes in genes specifically relating to neuropathology and resulting repair mechanisms as infection progresses throughout the different stages of chronicity. In this paper, we present a targeted approach to gene expression analysis during T. gondii infection through the use of NanoString nCounter gene expression assays. Wild type C57BL/6 and BALB/c background mice were infected, and transcriptional changes in the brain were evaluated at 14, 28, and 56 days post infection. Results demonstrate a dramatic shift in both previously demonstrated and novel gene expression relating to neuropathology and resolution in C57BL/6 mice. In addition, comparison between BALB/c and C57BL/6 mice demonstrate initial differences in gene expression that evolve over the course of infection and indicate decreased neuropathology and enhanced repair in BALB/c mice. In conclusion, these studies provide a targeted approach to gene expression analysis in the brain during infection and provide elaboration on previously identified transcriptional changes and also offer insights into further understanding the complexities of chronic T. gondii infection.
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Introduction

Toxoplasma gondii is a resilient parasite that infects ~ 10% of the population older than 6 years in the United States alone and more than 60% of populations in other countries worldwide (Prevention, 2018). Following a period of systemic infection and inflammation, the parasite is sequestered within neurons in the brain creating a lifelong infection. A requirement for continuous peripheral inflammation including CD4 and CD8 T cells is required to prevent uncontrolled parasite replication and potentially fatal pathology (Gazzinelli et al., 1992). Despite the presence of parasites and inflammation, infection is subclinical. However, infection in the immunocompromised can result in reactivation of the parasite, leading to Toxoplasmic encephalitis.

Previous data have reported broad transcriptomic changes in the brain of T. gondii-infected mice at both acute and chronic time points (Tanaka et al., 2013; Schneider et al., 2019; Hu et al., 2020; Li S. et al., 2020). However, these studies often focus on one specific time point in chronic infection, and they fail to explore transcriptomic changes that occur over the course of infection that are important to determine directional change. The parasite itself goes through genetic changes in order to convert from a fast-replicating tachyzoite during acute systemic infection to a cyst-forming bradyzoite during the early stage of chronic infection after crossing the blood brain barrier (Lachenmaier et al., 2011; Feustel et al., 2012; Hong et al., 2017; Radke et al., 2018). At this early chronic stage, CNS-resident cells begin actively recruiting peripheral immune cells in response to the presence of the parasite, which is still transitioning from tachyzoite to bradyzoite to cyst. As infection progresses and reaches the mid-chronic stage, cyst numbers stabilize as the majority of parasites in the brain are now slow-replicating bradyzoites. At this point in chronicity, both innate and adaptive peripheral immune cells have been in the brain for some time and are constantly maintaining the balance between pro- and anti-inflammatory cytokine production. In addition, subtle neuropathology is commonly seen as noted by changes in morphology and function of both infected and non-infected neurons and changes in glia (David et al., 2016; Graham et al., 2020). Control of infection is maintained for the lifetime of the host and pathology at this stage can vary depending on the genetics of the parasite as well as the background of the host (Liesenfeld et al., 1996; Denkers, 1999; Lee and Kasper, 2004; Lilue et al., 2013; Mukhopadhyay et al., 2020). These changes in parasite phenotype, host immune response, and neuropathology have yet to be fully explored in the context of progressive chronic infection.

The lifelong presence of cysts within neurons and continuous neuroinflammation gives ample opportunity for T. gondii infection to initiate significant changes in the brain. Indeed, many studies have demonstrated significant alterations in rodent behavior including attraction to cat urine postulated to be parasite manipulation to maximize the chances of return to the definitive host (Berdoy et al., 2000; Vyas et al., 2007; Boillat et al., 2020). Additionally, infected mice also show significant changes in behavior in an elevated plus maze (David et al., 2016). Such changes may be related to direct and indirect modulation of neurotransmitters including imbalances in excitatory and inhibitory signaling and the production of dopamine (Webster and McConkey, 2010; Prandovszky et al., 2011; Brooks et al., 2015; David et al., 2016; Ngô et al., 2017). However, the presence of the parasite is hard to unlink from the degree of neuroinflammation and any changes in host behavior is likely as much to do with cytokine signaling as the presence of the parasite (Boillat et al., 2020).

To address the complex interplay of infection, inflammation and neurochemistry, there have been several studies investigating transcriptional changes related to chronic CNS Toxoplasma infection. RNAseq analysis of in vitro cultured neurons, astrocytes, fibroblasts and skeletal muscle cells tested infection-induced changes in cell -specific transcriptomes and indicated a host-cell dependent genetic basis for spontaneous cyst formation in neurons and skeletal muscle cells (Swierzy et al., 2017). A comprehensive transcriptomic and proteomic study of human brain tissue including those congenitally infected suggests T. gondii infection alters neurodevelopment, plasticity, and disease association in various neural and immune networks (Ngô et al., 2017). Although not as clinically relevant, murine studies are robust and have recently underlined the dominance of immune changes in the brain following infection with oocysts of the Prugniaud strain revealing activated pathways of metabolism and biosynthesis at both acute and chronic stages of infection (Jia et al., 2013; Hu et al., 2020).

As with all infections, host genetic background plays an important role in disease and despite the ability of Toxoplasma to establish itself in almost all mammalian hosts, it has been known for some time that the development of disease is highly dependent on mouse strain, recently reviewed by Mukhopadhyay (Blackwell et al., 1993; Johnson et al., 2002; Resende et al., 2008; Mukhopadhyay et al., 2020). Indeed, continuous culturing of Toxoplasma strains in vivo rely upon resistant and susceptible strains of mice to maintain virulence and cyst formation, something vitally important to maintain life cycle competency (Goerner et al., 2020). Thus, in the common lab strains of mice, C57Bl/6 are susceptible to disease with greater parasite burden and inflammation while BALB/c mice are resistant to encephalitis dependent on MHC presentation of the antigen GRA6 (Jia et al., 2013; Tanaka et al., 2013; Ngô et al., 2017; Hu et al., 2020; Li S. et al., 2020). These striking differences may provide an opportunity to model disease processes in the brain however little direct comparisons of the kinetics of this host response have been conducted.

In this study, we utilize a targeted approach to analysis gene expression and investigate >1500 genes associated with neurological and immunological processes by direct counting of RNA transcripts without the need for amplification via NanoString technology (Geiss et al., 2008). We determine the changes in these host genes over time in parallel with changes in T. gondii developmental-specific genes. In addition, we compare side-by-side gene expression changes between susceptible (C57BL/6) and resistant (BALB/c) mouse strains to address possible pathological versus repair signatures of neuroinflammation. Results demonstrate a dramatic shift in both previously demonstrated and novel gene expression relating to neuropathology, inflammation, and neuroinflammation as chronic infection progresses and reveals possible pathways of inflammation resolution.



Materials and Methods


Animals and Infections

Animals. All research was conducted in accordance with the Animal Welfare Act, and all efforts were made to minimize suffering. All protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of California, Riverside. Female WT C57BL/6 and BALB/c mice were obtained from Jackson Laboratories and were maintained in a pathogen-free environment in accordance with IACUC protocols at the University of California Riverside.

Infections. The ME49 strain of T. gondii was maintained in cyst form by continuous passaging in SW and CBA background mice. Female 6-8 week old WT C57BL/6 and WT BALB/c mice were infected with 10 ME49 cysts per mouse in 200μl of sterile 1x PBS solution via intraperitoneal (IP) injection. Naïve controls received 200µl of sterile 1x PBS solution via intraperitoneal (IP) injection. This infection protocol regularly leads to ~3000 cysts in the brains of infected mice by 4 weeks post infection (Goerner et al., 2020).



DNA Extraction and Parasite Burden Quantification

Parasite burden in brain was quantified as previously described (Goerner et al., 2020). Briefly, DNA from naïve and 2, 4, and 8-week infected half brains of C57BL/6 (n=4/group) and BALB/c (n=5/group) mice was extracted and purified using a High Pure PCR Template Prep Kit (Roche). DNA concentration of each sample was determined via NanoDrop, and all DNA was normalized to 12.5ng/µl before amplification. Parasite burden was measured by amplifying the B1 gene of T. gondii by RT PCR.



RNA Extraction

RNA from brain lysate of naïve, 2 week infected, 4 week infected, and 8 week infected C57BL/6 and BALB/c mice (n=3 for all groups) was collected using Trizol extraction method. At each time point, mice were sacrificed and perfused intracardially with 20mL of sterile 1x PBS. Whole brain was dissected and homogenized in 1mL Trizol. Phase separation was completed by adding 200µl of chloroform and incubating at room temperature for 2-3 minutes. Samples were centrifuged at 12,000xg for 15 minutes at 4°C, and upper aqueous phase was collected followed by RNA precipitation using 500µl isopropyl alcohol. Samples were incubated at room temperature for 10 minutes followed by centrifugation. RNA pellet was washed with 1mL of 75% ethanol twice. All supernatant was discarded and RNA pellet was dissolved in 100µl of nuclease free water. RNA concentration for each sample was determined using a NanoDrop 2000, and RNA samples normalized to a concentration of 10ng/μL in molecular grade water.



NanoString nCounter Gene Expression Assays and Analysis

Gene Expression Assays. nCounter gene expression assays (NanoString Technologies) were performed for each of the following NanoString panels: Neuropathology, Neuroinflammation, and Inflammation+CustomizedPLUS covering a total of 1530 targeted genes including 10 parasite-specific genes: ROP18, GDA1/CD39, ADF, GRA12, SRS22A, TUBA1, SRS35A, SRS44, BAG1, and LDH2 (Geiss et al., 2008). T. gondii genes included in custom PLUS codeset were selected based on the percent expression in tachyzoite and bradyzoite growth stages (90% expression in one stage and 0% in other stage) using previous studies differentiating growth stages and ToxoDB (Goerner et al., 2020). Briefly, panel codeset probes were hybridized with 150ng of total RNA per brain over 18hr at 65C according to NanoString protocol. Inclusion of a customized PLUS codeset in the Inflammation panel required additional Reporter and Capture Plus codesets to be added during the hybridization reaction (NanoString User Manual C0019-08). Hybridized RNA was then diluted in molecular grade water and loaded into nCounter SPRINT cartridge (NanoString), placed into nCounter SPRINT Profiler, and quantified. RNA-conjugated probes were counted via NanoString Sprint Profiler technology.


nSolver and Advanced Analysis

Results from each panel were merged into one data file for comparative analysis, normalized in nSolver following best practices, and analyzed using nSolver and Advanced Analysis software according to previously published protocols (Danaher et al., 2017). nSolver-generated heat maps were created using normalized (merged) data and agglomerative clustering, a bottom-up form of hierarchical clustering (NanoString User Manual C0019-08). For Advanced Analysis, normalized merged data was used (NanoString User Manual 10030-03). Differential expression (DE) analysis was performed to identify specific targets that exhibit significantly increased or decreased expression in response to naïve control values or, in the case of BALB/c C57BL/6 comparison, to C57BL/6 control values at each time point. Gene set analysis was run to determine the change in direction of regulation within each pre-defined gene set relative to naïve controls. Global significance scores, a summary T-statistic used to measure change (NanoString User Manual 10030-03) were calculated, and the directed global significance scores were expressed via heatmap. Cell type profiling module analysis was conducted to determine the relative abundance in classically activated cell types during infection using genes assigned to each cell type: T cells (CD3e, CD6, CD3g, TRAT1, and CD3d), CD8+ T cells (CD8a), macrophages (CD68 and CD84), and microglia (GPR84, LRRC25, IRF8, NCF1, TNF, TLR2, and TNF.1). NanoString cell type profiling is a validated method to measure relative abundance of up to 24 different immune cell types, with high concordance to flow cytometry (Danaher et al., 2017). Pathway analysis was also conducted to determine overall changes in pathways based on the first principal component of the targets within a pathway as annotated by NanoString (NanoString User Manual 10030-03). Direction of pathway change (up- or downregulated) was determined by cross referencing the pathway score with the corresponding volcano plot for that pathway. Summary pathway score plot colors are based on calculated scores and are represented as downregulation (blue) to upregulation (orange). Statistical significance was determined using R software. All data are available on Gene Expression Omnibus (GEO).



Separate Statistical Analyses

Normalized Log2 scores for T. gondii-specific genes were used in fold changes analysis of tachyzoite-associated genes and bradyzoite-associated genes compared to naïve controls in Prism. In addition, results from cell type profiling modules were placed into Prism and evaluated at each time point. Violin plots were created in a similar fashion by analyzing normalized Log2 scores of specific probes to show the rounded distribution of data. Statistical significance was determined by 2-tailed, unpaired Student’s t-test and One-Way ANOVA with multiple comparisons (p-value < 0.05).





Results


Chronic Toxoplasma gondii Infection Stimulates a Dramatic Shift in Gene Expression as Infection Progresses From Early to Late Chronic Stages

To determine broad transcriptomic changes that occur over the course of infection, RNA from infected C57BL/6 mouse brains was harvested at day 14, 28 and 56 days post infection (dpi) representing time points associated with transitionary, stable and late chronic infection respectively. RNA was hybridized with NanoString panel-specific codesets using two panels of genes specific for inflammation and neuropathology, and RNA-conjugated probes were counted via NanoString Sprint Profiler technology. Resulting gene expression changes compared to calculated control z-scores are demonstrated in Figure 1. Merged data analysis of NanoString neuropathology, neuroinflammation, inflammation, and a Toxoplasma-specific custom codeset probes using basic nSolver software demonstrate dramatic shifts in gene expression (Figure 1A). The majority of genes relating to neuropathology, neuroinflammation, and inflammation switch completely from low expression (blue) compared to control z-scores in an uninfected state to high expression (orange) by late chronic infection, signifying an 8-10 fold change in expression. This significant switch is seen almost in entirety by the mid-chronic stage of infection when cysts are prevalent in the brain. Contrastingly, a multitude of gene expression changes are still occurring at the early chronic stage correlating with tachyzoite entry and active cyst formation (Dupont et al., 2012; Cabral et al., 2016; Mendez and Koshy, 2017). Biological replicates in each time point generally exhibit close clustering with 14dpi showing the greatest variation in line with a transitioning state between acute and chronic infection (Figure 1B).




Figure 1 | Chronic T. gondii infection stimulates a dramatic shift in gene expression as infection progresses from early to late chronic stages. (A) Heat map of all genes from merged Neuropathology, Neuroinflammation, and InflammationPLUSCustomCodeset panels. Gene expression depicted from low expression (blue) to high expression (orange). Heat map generated from normalized gene expression data using nSolver software. (B) PCA plot of biological replicates at all time points. Numbers on axes represent percentage of variation in that component. (C) Differential expression analysis results of 14 dpi, 28 dpi, and 56 dpi compared to Naïve control values demonstrates the majority of genes as upregulated. Top 25 genes most significantly upregulated identified based on fold change (x-axis) vs. p-value (y-axis). Four adjusted p-value cutoffs in each plot are as follows from bottom (dashed line) to top (solid line): <0.50, <0.10, <0.05, <0.01. (D) Table of 10 most significantly upregulated genes at each time point (from C.) Numbers in parentheses represent fold-change of gene. (E) Overlap between differentially expressed genes plotted in (C). Numbers and percentages in diagram based on genes significantly upregulated with adjusted p-value cutoff <0.05.



Consistent with a powerful infection in an otherwise immune privileged site, differential expression analysis reveals that at all timepoints, the majority of genes significantly altered by infection are upregulated as compared to naïve controls (Figures 1C–E; Supplementary Table 1). At 14dpi, the majority of genes that experience changes in expression undergo significant upregulation despite CNS infection not being fully established. At this early stage, many genes exhibit fold changes up to 7-fold (CCL5, CD74) and this only increases at later chronic timepoints, reaching up to 8-fold change at 28dpi and up to 10-fold change at 56dpi.

Comparison of genes that are significantly altered as determined by differential expression analysis reveals both conserved gene expression changes across all timepoints as well as time point-specific changes (Figure 1E). At 28dpi (light green), there are 202 genes that have significant changes in expression (22% of total) that are specific to this mid-chronic stage of infection. This number is significantly greater than the stage-specific changes seen at 14dpi (dark blue; 4 genes = 0.4%) and 56dpi (dark purple; 11 genes = 1.2%). There are no shared differentially expressed genes (DEGs) between the early (14dpi) and late (56dpi) chronic stages and very few shared genes (light blue, 4 genes = 0.4%) between the early (14dpi) and mid- (28dpi) chronic stages of infection. Consistent with establishment of infection, mid- (28dpi) and late (56dpi) chronic stages share a far greater number of DEGs (light purple, 237 genes = 26% of total), signifying a similar infection phenotype between later stages of infection as chronicity is firmly established and maintained. Of all genes expressed above background levels included in the merged analysis, 454 genes (grey, 49.8% of total) are significantly altered at all timepoints. 



Toxoplasma gondii Stage-Specific Gene Expression Correlates With Host Gene Changes

Toxoplasma goes through several phases of development and in the intermediate mammalian host, two stages dominate: i) a fast-replicating tachyzoite responsible for dissemination, cell lysis, and acute pathologies and ii) the bradyzoite that replicates slowly, and forms cysts in neurons (Montoya and Liesenfeld, 2004). How these classical Toxoplasma signatures change in relation to the host transcriptome over the course of in vivo infection has not been explored in depth. The broad significant changes in host genes following infection may represent a triggering of inflammation cascades and neurological remodeling that is independent of infection, or they could be closely tied to the development of the parasite niche in the brain. To determine the relationship between host and parasite genetic changes, Toxoplasma stage-specific genes were selected based on their stage specificity and frequency of expression in RNAseq data sets of Me49 bradyzoites, tachyzoites, and late-stage bradyzoites as seen in ToxoDB and in recent publications (Goerner et al., 2020). These genes were incorporated into the NanoString analysis via the use of custom codesets, and changes in expression of these genes were analyzed at each time point. To further elucidate T. gondii stage-specific gene expression changes across the course of infection, fold changes of tachyzoite-associated genes and bradyzoite-associated genes compared to naïve controls were analyzed via OneWay ANOVA for significance. Normalized parasite gene counts for each sample at each time point were used to determine fold change. To verify normal progression of infection, parasite B1 amplification was conducted (Supplementary Figure 1). Visualization of parasite-specific gene expression changes correlates with development of chronic and sustained infection (Figures 2A–C; Supplementary Figure 1).




Figure 2 | T. gondii stage-specific gene expression correlates with host gene changes. (A) Heat map of T. gondii-specific genes from merged Neuropathology, Neuroinflammation, and InflammationPLUSCustomCodeset panels. Gene expression depicted from low expression (blue) to high expression (orange). Heat map generated from normalized gene expression data using nSolver software and Background Thresholding to account for lower parasite gene counts. (B, C) Fold change compared with naive of tachyzoite genes (B) and bradyzoite genes (C) from normalized gene counts. Significance determined by One-Way ANOVA using Multiple Comparisons (*p-value <0.05, **p-value <0.01.). ns, not significant.



Most tachyzoite associated genes (top 5 genes in heat map) are expressed at or around background levels in the brain and remain so for the duration of infection (Figure 2A). ROP18, GDA1/CD39, and ADF are constitutively expressed across all developmental stages according to ToxoDB but are never detectable above background here and may indicate limitations in sensitivity compared to the abundance of host genetic material (Figures 2A, B). These are all genes constitutively expressed in varying stages of Me49 strain development, and their expression is not altered at any point during chronic infection (Figure 2B). Therefore, although C57BL/6 mice are susceptible to infection exhibiting increasing parasite burden over time, the stable expression of ROP18, GDA1/CD39, and ADF in this study suggest that even at 56dpi, there are not classical indicators of parasite reactivation and bradyzoite genes continue to dominate.

The genes GRA12 (Krishnamurthy and Saeij, 2018) and SRS22A (Michelin et al., 2009) help with formation of the parasitophorous vacuole (PV) membrane that protects the parasite during both acute and chronic infection, and GRA12 is one of the genes that orchestrates cyst formation in the transition from tachyzoite to bradyzoite and is seen in the 99th percentile in both tachyzoites and bradyzoites (Guevara et al., 2019). Our data show GRA12 increasing by 2.5-fold at 56 days post infection, signifying the presence of non-replicating parasites in the brain while SRS22A remains unchanged compared to naïve controls (Figure 2B).

In addition to tachyzoite associated genes, early- and late-stage bradyzoite genes were selected for this analysis based on ToxoDB expression values. SRS35A, also known as SAG4, is a surface protein expressed above the 95th percentile in both early and late-stage bradyzoites (Zhou and Wang, 2017). SRS44, also known as CST1, is a cyst wall component that is expressed above the 89th percentile in both bradyzoite stages and maintains the integrity of the cyst during chronic infection (Tomita et al., 2013). The bradyzoite-specific antigen BAG1, also thought to aid in cyst formation (Zhang Y.W. et al., 1999), is expressed at the 91st and 100th percentile in early and late stage bradyzoites respectively. LDH2, one of the main controllers of bradyzoite differentiation (Abdelbaset et al., 2017) is expressed between the early and late bradyzoite stages of growth.

All of these genes increase in percentile of expression in early- and/or late-stage bradyzoite stages of growth compared to tachyzoites. In contrast to the lack of tachyzoite genes, kinetics of these selected bradyzoite genes follow a pattern of increasing expression from 14dpi to 56dpi (Figures 2A, C). Fold change analysis of bradyzoite associated genes reveal significant increases of the bradyzoite specific SRS35A, BAG1 and LDH2 as infection progresses (Figures 2A, C). SRS35A shows a 5-fold change compared to naïve controls at 56 days post infection. SRS44 experiences an increasing trend but does not reach significance. BAG1 demonstrates between a 5-10-fold increase in expression at 28 and 56 days post infection, supporting the presence of bradyzoites in the brain at these later chronic stages. LDH2 shows an approximately 10-fold increase at 28 and 56 days post infection. Expression of LDH2 at the mid- and late-chronic stage is also significantly higher compared to expression at 14dpi.

Thus, several ToxoDB-identified constitutively expressed tachyzoite genes were unchanged between the early and late chronic stages of infection based on their expression at or below background levels. However, by 28dpi a significant pattern of Toxoplasma gene expression has been established dominated by late-stage bradyzoite specific genes (Hong et al., 2017; Garfoot et al., 2019; Goerner et al., 2020). Interestingly, this pattern remains mostly unchanged 4 weeks later at 56dpi with the exception of GRA12 that may support renewed cyst formation at this later stage (Watts et al., 2015). Taken together, the kinetics of parasite-specific gene expression in the C57BL/6 mouse indicate an established chronic infection, minimal tachyzoite replication and a predominantly late-stage bradyzoite phenotype.



Kinetics of Chronic Infection Demonstrates Classical Immune Cell Activation and Increases in IFNγ Signaling-Related Genes

Regulation of inflammation is especially important in the CNS during chronic infection, and a balanced host immune response is vital for survival. The role of T cells in protection against Toxoplasmic encephalitis has been known for some time however, the accumulation of innate immune cells, resident CNS cells and subsets of all of these are still not fully documented (Landrith et al., 2015; Khan et al., 2019). In contrast to RNA-seq, the direct counting of transcripts (Geiss et al., 2008) allows cell type profiling analysis of immune cells based on the counts of particular cell-specific transcripts (Danaher et al., 2017). Results of cell type profiling demonstrate significant changes in abundance of canonical cell types involved in the T. gondii immune response (Figure 3A). As would be expected all T cells and specifically CD8+ T cells significantly increase in abundance over naive and 14dpi as infection progresses (Hu et al., 2020) (Figure 3A). In addition, macrophages and resident microglia also increase in abundance and activation. The increase in these innate immune cell types follows the same pattern as T cells, with macrophages demonstrating the largest increase over time. Both macrophages and microglia exhibit significant increases over naïve at all time points and level off after 28dpi.




Figure 3 | Kinetics of chronic infection demonstrates classical immune cell activation and increases in IFNγ signaling-related genes. Cell-type profiling, global significance analysis, pathway scoring, and individual gene results of merged Neuropathology, Neuroinflammation, and InflammationPLUSCustomCodeset panels. (A) log2 score plots of infiltrating immune cell types T cells, CD8+ T cells, macrophages, and resident microglia compared to naïve time point control (*p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001). All cell types checked for expression above background level of 5 (shown by dashed line). (B) Heatmap of directed global significance scores compared to naïve controls based on direction of gene set pathway change. Red denotes gene sets whose genes exhibit extensive over-expression with the covariate, blue denotes gene sets with extensive under-expression. (C) Pathway analysis results of Interferon Signaling. Pathway checked for expression compared to background score of 0 (shown by dashed line). (D) log2 score plots of specific genes relating to IFNγ signaling, specifically IFNγ, STAT1, GBP2, and ZBP1 compared to naïve time point control (*p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001). All genes checked for expression above background level of 5 (shown by dashed line). ns, not significant.



To examine the overall directional change of specific infection-associated pathways, gene set analysis (GSA) was performed and directed global significance scores were analyzed. As seen in Figure 3B, classical inflammatory response pathways follow a trend of steady upregulation across all time points supporting the need for a maintained robust immune response. Our pathway analysis results show an anticipated initial increase in IFN signaling during the early chronic stage of infection that consistently increases over time (Figure 3C). Downstream IFNγ-dependent mechanisms such as STAT1 signaling and parasite-killing genes GBP1 and ZBP2 are vital to prevent parasite reactivation in the brain (Virreira Winter et al., 2011; Kravets et al., 2012; Hidano et al., 2016; Pittman et al., 2016). To address the kinetics of IFNγ, STAT1, GBP2, and ZBP2 Log2 scores of transcript numbers were plotted for each time point (Figure 3D). IFNγ expression serves as a reassuring control of previously known infection-induced brain changes, results demonstrate low IFNγ at 14dpi consistent with lower numbers of T cells at this early stage in the brain (Figure 3D, left). This increases as chronicity progresses and reaches peak significance at 56dpi compared to the mid-chronic stage. Despite this conservative IFNγ expression, it is highly effective with large increases in IFNγ-dependent signaling including STAT1. Corresponding to increased IFNγ-dependent signaling, STAT1 expression is increased 2-fold in the brain at 14dpi and continues to increase as infection progresses through the mid-chronic stage, levelling off between 28 and 56dpi (Figure 3D, second from left). GBP2 and ZBP1 expression are also increased at 14dpi compared to naïve controls, but while GBP2 remains constant until the late stage of infection, ZBP2 is significantly increased at each time point (Figure 3D, right). The differences in timing of expression of these genes suggests stage-specific, IFNγ-dependent mechanisms of parasite control. Taken together, these results demonstrate classical activation of immune cells and infection-associated pathways that supports previous research as well as previously unknown kinetics of IFNγ-dependent signaling mechanisms.



Kinetic Analysis Reveals Progressive Neuropathological Changes and Previously Unexplored Attempts at Repair During Chronic Toxoplasma gondii Infection

Changes in neurochemistry in the infected brain have previously been reported including alterations in the excitatory and inhibitory neurotransmitters (Xiao et al., 2013; Brooks et al., 2015; David et al., 2016; Barbosa et al., 2020) that suggest that even in the absence of clinical pathology, there are underlying changes in neuronal structure and connectivity that would be described as pathological. To determine the full extent of genetic changes related to neuropathology, we analyzed a group of genes with known roles in transmitter function, neural connectivity and function, and neural maintenance and repair via GSA and pathway analyses. GSA results demonstrate upregulation of most of the Neuropathology panel pathways at each time point while a handful of pathways (namely, Vesicle Trafficking, Neural Connectivity, Transmitter Synthesis and Storage, Transmitter Release, and Carbohydrate Metabolism) experience noticeable downregulation (Figure 4A). To confirm worsening of neuropathology via the activation of CNS-resident immune cells and decreases in neuronal function, Log2 scores of the astrocyte activation gene GFAP and the inhibitory neurotransmitter GABA signaling gene GABRA1 were analyzed (Figure 4B). Astrocytic GFAP increases in expression initially during the early chronic stage of infection, remains steady between 14 and 28dpi, and then experiences a significant increase in expression by 56dpi (Figure 4B, top). Over the course of chronic infection, GABRA1 remains at levels comparable to naïve controls until 56dpi where it demonstrates a significant decrease (Figure 4B, bottom).




Figure 4 | Kinetics of chronic infection reveals progressive neuropathological changes and previously unexplored attempts at repair/maintenance during chronic T. gondii infection. Global significance analysis, individual gene, and pathway scoring results of Neuropathology Panel. (A) Heatmap of directed global significance scores compared to naïve controls based on direction of gene set pathway change. Red denotes gene sets whose genes exhibit extensive over-expression with the covariate, blue denotes gene sets with extensive under-expression. (B) log2 score plots of specific genes relating to neuropathology, specifically GFAP and GABRA1 compared to naïve time point control (*p-value < 0.05, **p-value < 0.01). All genes checked for expression above background level of 5 (shown by dashed line). (C, D) Pathway analysis and volcano plot results of neural connectivity (C) and myelination (D) pathways significantly affected during T. gondii infection based on analysis. Volcano plot of directed global significance scores for neural connectivity and myelination gene sets. Genes within the selected gene set are highlighted in orange. Top three genes driving directional change identified based on fold change (x-axis) vs. p-value (y-axis). Four adjusted p-value cutoffs in each plot are as follows from bottom (dashed line) to top (solid line): <0.50, <0.10, <0.05, <0.01. ns, not significant.



As neurons are the primary CNS-resident cell type infected by T. gondii, and these cells undergo changes in morphology and function during infection, the pathway of neural connectivity was examined more thoroughly via pathway analysis and corresponding volcano plots. Pathway analysis supports GSA results and shows a steady decrease in neural connectivity across all timepoints (Figure 4C). Volcano plots of the genes driving the neural connectivity score show increases in significantly downregulated genes as infection progresses corresponding with the lower GSA score at each time point (Figure 4C). One gene that drives this downregulation at all time points is Glrb, a receptor that functions as a neurotransmitter-gated ion channel (Handford et al., 1996; Ridderbusch et al., 2019). Slc9a6, a gene that encodes the protein NHE6 which plays a role in dendritic spine growth (Park et al., 2006; Gao et al., 2019), becomes highly downregulated at the later time points (Figure 4C). Slc17a6 which aids in glutamate uptake (Takamori et al., 2001; Serrano-Saiz et al., 2020) drives downregulation of neural connectivity at 14dpi (Figure 4C). In addition to supporting previous findings and in contrast to immune scoring, this data suggests a continuous progression of neuropathology specifically in the areas of neurotransmitter production and function (Supplementary Table 1).

GSA and pathway analyses also reveal an increase in pathways associated with myelination (Figures 4A, D). The myelination pathway experiences consistent upregulation as infection progresses through chronicity (Figures 4A, D). It is well known that myelination of neuronal axons is a critical process not only for neuronal signaling, but also for continued supply of required metabolites to neurons for their survival and function and the process of re-myelination has been seen in various instances of CNS injury and disease (Saab and Nave, 2017; Wang F. et al., 2018). Throughout all stages of infection, the increase in the myelination pathway is driven by the genes Hexb, Tgfb1, and Cxcr4 (Figure 4D). These results demonstrate an increase in genes associated with myelination and support increased attempts at repair of neuropathology.



Kinetics of Toxoplasma gondii Infection Reveals Significant Alteration of Novel Genes

In addition to changes in expression of canonical T. gondii infection-associated genes, differential expression analysis also identified significant changes in several genes previously not associated with this parasitic infection. Of the 25 most significantly upregulated genes from all time points compared to Naïve controls, 4 of these genes were determined to be novel in the context of T. gondii infection, and their Log2 scores were analyzed further (Figure 5A).




Figure 5 | Kinetics of T. gondii infection reveals significant alteration of novel genes. (A, B) log2 score plots of specific novel genes from merged Neuropathology, Neuroinflammation, and InflammationPLUSCustomCodeset panels compared to naïve time point control. (A) Violin plot results of most highly upregulated non-canonical genes C4A, CTSS, IFITM3, and PSMB8 as determined by differential expression analysis. (B) Results of most highly downregulated non-canonical genes ATF2 and NRG3 as determined by differential expression analysis. All genes shown are expressed above background threshold of 5 (shown by dashed line) and are significantly altered during infection based on differential expression analysis statistics (p-value<0.01). All graphs shown as fold change over background. Significance between timepoints determined by One-Way ANOVA using Multiple Comparisons (*p-value <0.05, **p-value <0.01, ***p-value < 0.001, ****p-value < 0.0001).  ns, not significant.



C4A gene expression increases compared to naïve controls beginning at the early stage of chronic infection, and while this expression does not change significantly between 14dpi and 28dpi or 28dpi and 56dpi, expression increases by approximately 1.5 fold overall between the early and late chronic stages (Figure 5A). This gene is primarily known for activation of the complement pathway along with C3A and C5A (Liesmaa et al., 2018; Melbourne et al., 2018; Prasad et al., 2018; Ji et al., 2019). CTSS is a member of the peptidase C1 family that encodes for cathepsin S which is expressed by neurons in the CNS (Ji et al., 2018). Similar to C4A, CTSS expression experiences >1.5 fold change over the course of infection, but this gene is also significantly increased at each chronic time point (Figure 5A). IFITM3, commonly known for its anti-viral functions, experiences a similar pattern of upregulation as CTSS, and over the course of chronic infection is upregulated >1.5 fold overall (Figure 5A). PSMB8 expression increases 2-fold overall and follows the trend of a step-wise increase between each time point (Figure 5A). This gene has the greatest fold change in expression compared to naïve controls.

While the majority of novel differentially expressed genes are upregulated over the course of infection, a handful of previously unreported genes are significantly downregulated compared to naïve controls (Figure 5B). One such gene is ATF2, activating transcription factor 2, which is required to regulate the transcription of the pro-inflammatory cytokine TNFα (Falvo et al., 2000; Tsytsykova and Goldfeld, 2002). ATF2 decreases significantly from 28dpi to 56dpi after an initial decrease at 14dpi (Figure 5B). NRG3 belongs to the NRG gene family and is the second most common form of NRG found in the adult brain (Paterson et al., 2017). NRG3 experiences a similar decrease in expression as ATF2 over the course of chronicity (Figure 5B). Taken together, the consistent pattern of change in these newly analyzed genes over the course of infection point to additional targets for understanding the complexity of chronic infection.



BALB/c Mice Exhibit Differences in Timing and Expression of Genes, Immune Cell Recruitment, and Pathway Activation Compared With C57BL/6 Mice Suggesting Decreased Neuropathology and Enhanced Repair

Host genetics influence the outcome of Toxoplasma infection even if they do not prevent chronic infection. Thus, C57BL/6 mice are considered susceptible with high cyst burden that levels off around 30 days post infection (Burke et al., 1994) while BALB/c mice, another commonly used mouse strain, are more resistant (Supplementary Figure 1) (Mukhopadhyay et al., 2020). While the increased resistance to infection in BALB/c mice has previously been linked to enhanced immune response specifically via MHC gene expression (Brown et al., 1995), less is known regarding how neuropathology signatures differ between resistant BALB/c mice and the more susceptible C57BL/6 model over the course of chronic infection.

To compare neuropathology and neuroinflammatory signatures in BALB/c and C57BL/6 mice during chronic infection, NanoString analysis was conducted on BALB/c mouse brain RNA using the same time points of infection as before. Results of merged BALB/c vs. C57BL/6 analysis demonstrate initial differences in gene expression between naïve mice (Figure 6A) consistent with previous analysis (Sellers et al., 2011; Yuan et al., 2020). In contrast to B6 mice which generally show a continued increase in gene change over the course of infection, BALB/c mice exhibit the largest change at 14dpi which then returns to patterns similar to naïve at chronic infection. (Figure 6A). Principal component analysis (PCA) shows little variation between biological replicates and no divergent point between BALB/c and C57Bl/6 instead gene expression in these different hosts at all time points remain separated. Based on PC1 and PC2 clustering of day 28 and day 56 post infection on the BALB/c background are almost identical (Figure 6B). When comparing DEGs between naïve C57BL/6 and BALB/c mice, there is an initial difference in gene expression (Figure 6C). While most DEGs (582) are conserved between the 2 strains, the majority of BALB/c genes are downregulated compared to naïve C57BL/6 mice, and there are notably less DEGs that are specific to BALB/c mice (24 BALB/c compared to 230 C57BL/6). At each infection time point, there are between 350-420 genes that remain shared between the 2 mouse strains suggesting conserved gene expression changes relating to neuropathology and neuroinflammation across different mouse species (Figure 6D). However, despite this shared number of altered genes, there is a much higher number of DEGs in C57BL/6 mice (368, 543, and 436 genes respectively) compared to BALB/c mice (94, 31, and 27 genes) at each time point. It is important to note that BALB/c mice also have lower numbers of DEGs overall at each time point compared to C57BL/6 mice (Supplementary Table 2). The underlying genetic difference between these two strains of mice is observed in the expression of MHC II (H2-Ea-ps) and dominates the genes that are upregulated in BALB/c mice (Figure 6D). It is not apparent in baseline differences as little MHC II expression occurs in a naïve brain. The overall downregulation of genes following infection of BALB/c mice is dominated by Mpeg1 and Pttg1 (Figure 6D). These genes are primarily responsible for innate immune responses and apoptosis via the p53 pathway (Zhang X. et al., 1999; Bernal et al., 2002; Bai et al., 2018; McCormack et al., 2020; Ni et al., 2020).




Figure 6 | BALB/c mice exhibit differences in timing and expression of genes compared to B6 mice during chronic infection. (A) Heat map of all genes from B6vsBALB/c merged Neuropathology, Neuroinflammation, and InflammationPLUSCustomCodeset panels. Gene expression depicted from low expression (blue) to high expression (orange). Heat map generated from normalized gene expression data using Basic nSolver software. (B) PCA plot of B6 and BALB/c biological replicates at all time points. Numbers on axes represent percentage of variation in that component. (C, D) BALB/c differential expression analysis results and overlap between differentially expressed genes of Naïve (C) and infection timepoints (D) (14dpi, 28dpi, and 56dpi) compared to B6 control values. Top 3 genes identified based on fold change (x-axis) vs. p-value (y-axis). 4 adjusted p-value cutoffs in each plot are as follows from bottom (dashed line) to top (solid line): <0.50, <0.10, <0.05, <0.01. Numbers and percentages in Venn diagrams based on genes significantly upregulated with adjusted p-value cutoff <0.05.



Based on the differences in differential gene expression between BALB/c mice and C57BL/6 mice, cell type profiling and pathway analyses were conducted to determine effects of cell composition and pathway activation on differences in BALB/c vs. C57BL/6 neuropathology signatures. Cell type profiling demonstrates notable differences in cell composition in the brain across chronic infection between these strains (Figure 7A). At each stage, BALB/c mice demonstrate drastically different cell composition overall compared to those of C57BL/6 mice at the same infection stage after comparison to control “Tumor Infiltrating Leukocyte” (TIL) expression as well as other cell types. While not all cell types are consistently up- or downregulated in BALB/c mice at each time point, CD4+ and CD8+ T cells show patterns of decreased and increased amounts respectively (Figure 7A) corresponding with previous research demonstrating decreased importance of CD4+ T cells and increased dependence on CD8+ T cell activity in BALB/c chronic infection (Parker et al., 1991; Deckert-Schlüter et al., 1994; Harris et al., 2010). In addition, there are significantly elevated macrophages at 56dpi in BALB/c mice compared to C57BL/6 mice. Notably, total TILs are predominantly downregulated in BALB/c at 28 and 56dpi suggesting less absolute numbers of immune cells and therefore immune cell recruitment overall while TILs are relatively comparable at 14dpi between the mouse strains. This is consistent with increased control of parasite replication in BALB/c (Supplementary Figure 1).




Figure 7 | Differences in cell recruitment, pathway activation, and specific regulatory genes demonstrate enhanced control of infection in BALB/c mice. (A) Cell type summary plots of recruited cells shown in BALB/c mice vs. B6 mice per time point. (B) Pathway score summary plot of BALB/c Vs. B6 mice depicted from downregulation (blue) to upregulation (orange). Summary plot generated by clustering pathways based on similar scores. Samples are arranged in plot according to similarity of pathway score profiles. (C) log2 score plots of specific genes relating to neuronal health and repair, specifically GABRA1, GABRG2, MAGEE1, and LPAR1 compared to naïve time point control (* = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, **** = p-value < 0.0001). All genes checked for expression above background level of 5 (shown by dashed line). Gene selection significance determined via differential expression analysis statistics (p-value<0.05). All graphs shown as fold change over background Significance between mouse strains at each time point determined by Unpaired Two-Tailed Student’s t-Test (* = p-value <0.05, ** = p-value <0.01, *** = p-value < 0.001, **** = p-value < 0.0001). ns, not significant..



To compare pathway score profiles between mouse strains, the heatmap of overall pathway scores was analyzed. This summary plot clusters pathways together based on similar expression patterns and arranges samples based on similarity of pathway expression profiles. When evaluating pathway activation associated with neuropathology, BALB/c mice demonstrate downregulation of neuropathological and inflammatory pathways such as “Disease Association,” “Cellular Stress Response,” “Interleukin Signaling,” “Interferon Signaling,” and “MHC II Presentation” when compared to the same C57BL/6 time points (Figure 7B). In addition to decreased neuropathology and inflammatory pathway activation, BALB/c mice also demonstrate upregulation of pathways associated with neurological health and function such as “Transmitter Synthesis and Storage,” “Neural Connectivity,” “Transmitter Release,” “Axon and Dendrite Structure,” and “Transmitter Response and Reuptake” at later chronic time points compared to C57BL/6 mice. While pathway activation patterns are comparable between BALB/c and B6 mice at Naïve and 14dpi, there is a switch in up- and downregulated pathways associated with neuropathology, inflammation, and neurological health at later chronic time points.

To determine if the contrasting pathway activation between BALB/c and C57BL/6 mice are driven by differences in neurological DEGs at each time point, Log2 scores for specific neurological signaling (GABRA1 and GABRG2) and repair (MAGEE1 and LPAR1) genes were compared between BALB/c and C57BL/6 mice (Figure 7C). GABRA1 expression is comparable at both naïve and 14dpi timepoints and significantly increases compared to C57BL/6 mice at both 28 and 56dpi (Figure 3C). In contrast, neuronal signaling GABRG2 expression is significantly elevated in BALB/c mice at all time points (Figure 7C). Neuronal signaling and repair genes MAGEE1 and LPAR1 also follow similar patterns of expression at each time point and are significantly elevated in BALB/c mice at each stage of infection (Figure 7C). Taken together, these results collectively demonstrate differences in timing and expression of genes, immune cell recruitment, and pathway activation in resistant BALB/c mice compared to B6 mice indicating decreased neuropathology and enhanced repair.




Discussion

In this study, we utilized a targeted approach to analysis of gene expression and investigated >1500 genes associated with neurological and immunological processes by direct counting of RNA transcripts without the need for amplification via NanoString technology (Geiss et al., 2008). We determined the changes in these host genes over time in parallel with changes in T. gondii developmental-specific genes. While much is known about changes in gene expression at specific stages of infection via commonly used sequencing techniques like RNAseq, there is a gap in knowledge regarding how gene expression fluctuates as infection progresses through chronicity and how these changes relate to development of the parasite (Montoya and Liesenfeld, 2004; Jia et al., 2013; Ngô et al., 2017). In addition, we compared gene expression changes between susceptible and resistant mouse strains with specific focus on differences in neuropathology and neuroinflammatory signatures. Results demonstrate a dramatic shift in both previously demonstrated and novel gene expression relating to neuropathology and neuroinflammation as chronic infection progresses and reveals possible pathways of inflammation resolution.

The establishment and maintenance of chronic infection involves complex changes as infection progresses from parasite entry and formation of cysts early during infection to long-term control of encysted parasites via immune cell recruitment and cytokine production leading to subtle worsening of neuropathology as infection progresses through the mid- and late chronic stages (Liesenfeld et al., 1996; Denkers, 1999; Lee and Kasper, 2004; Lachenmaier et al., 2011; Feustel et al., 2012; Lilue et al., 2013; Hong et al., 2017; Radke et al., 2018; Graham et al., 2020; Mukhopadhyay et al., 2020). Our chosen timepoints represent each of these stages to capture as much directional change in gene expression as possible. Initial results demonstrate that despite the establishment of chronic infection seen by stabilization of Toxoplasma genes by 28dpi, there continue to be changes in overall gene expression relating to neuropathology, neuroinflammation, and inflammation at varying stages of chronicity. The multitude of signature changes suggests an initial activation of neuropathology and neuroinflammation phenotypes by 14dpi. This switch becomes more pronounced as chronicity progresses even while immune parameters between 4 and 8 weeks post infection steady. 454 DEGs remain shared between time points indicating conserved transcriptomic changes as chronic infection progresses, with fewer specific genes for each time point.

Previous analyses of parasite genes at different developmental stages have established some developmental specific gene signatures of the parasite as it transitions from disseminating tachyzoite to cyst-forming bradyzoite (Hong et al., 2017; Radke et al., 2018; Garfoot et al., 2019; Goerner et al., 2020; Krishnan et al., 2020; Waldman et al., 2020). Evaluating selected genes whose expression corresponds with either constitutive, tachyzoite, or immature/mature bradyzoite phenotypes using ToxoDB, we identified gene expression during chronic infection that supports the phenotype of maturing cysts and little reactivation to tachyzoite replication even in a susceptible mouse model. The genes were selected based on their percentile of expression in each growth stage of T. gondii, for example, BAG1 is expressed at the 91st and 100th percentile in ME49 early and late-stage bradyzoites but only at the 15th percentile in tachyzoites making it a bradyzoite associated gene. The variability between biological replicates is greater during analysis of Toxoplasma specific genes (Supplementary Figure 2). This likely reflects the non-homogeneous pattern of cyst location in the brain as well as technical limitations due to overabundance of host material compared to parasite. Our results show that the constitutively expressed tachyzoite genes ROP18, GDA1/CD39, and ADF remain lowly expressed throughout the course of chronic infection. The transitional gene GRA12 is upregulated at 56dpi indicating possible continued cyst formation in line with a general low level increase in cyst numbers overtime (Sinai et al., 2016). Even though neuropathology scores worsen in the C57BL/6 strain, these data do not suggest that significant parasite reactivation is the cause. Most bradyzoite-specific genes such as SRS35A, BAG1, and LDH2 accumulate over time and remain dominant as infection progresses with increased presence of late-stage bradyzoites and support a maturation of cysts in the brain (Watts et al., 2015; Garfoot et al., 2019; Goerner et al., 2020).

Our results confirm previous research demonstrating immune response and canonical T cell activation while also showing accumulation of macrophages and continued proliferation and activation of CNS microglia. While cell type profiling and pathway analyses used in this study identify the most significantly changed cell types and broad pathway changes, other cell types and more specific pathways can be excluded or overlooked due to low probe counts. In the future, additional genes relating to cell types and pathways of interest such as neurons and astrocytes could be added and analyzed. We confirm classical immune pathway activation that demonstrates possible stabilization over time. Recent work has demonstrated similar increases in these pathways between the acute and chronic stage of infection after infection with T. gondii oocysts following GO analysis of RNAseq (Hu et al., 2020). In addition, we provide new in-depth analysis of IFNγ expression and downstream IFNγ-signaling genes STAT1, GBP2, and ZBP1 in the context of chronic infection in the brain. Specifically, the differences in timing of expression of these genes suggests stage-specific, IFNγ-dependent mechanisms of parasite control.

While our results offer further insight into the kinetics of expression for genes previously associated with chronic T. gondii infection, our analysis also reveals novel genes associated with neuropathology and neuroinflammation that have not been explored. Specifically, results demonstrate significant upregulation of the genes C4A, CTSS, IFITM3 and PSMB8 and downregulation of ATF2 and NRG3 across all stages of chronic infection. C4A works in conjunction with C3A and C5A to activate the complement cascade and together, these genes trigger the degranulation of mast cells and basophils and increase vascular permeability in the context of the inflammatory immune response. In addition, C4A has been associated with roles in schizophrenia (Liesmaa et al., 2018; Melbourne et al., 2018; Prasad et al., 2018; Ji et al., 2019). While complement activation has been previously demonstrated in the brain during Toxoplasma infection, the common functions of C4A point toward a possible role in increasing vascular permeability gradually during chronic infection for the continued infiltration of peripheral immune cells into the brain (Xiao et al., 2016; Huang et al., 2019). Interestingly, BALB/c mice experience significantly less expression of C4A at each infection time point compared to C57BL/6 mice which is an indication that there is decreased vascular permeability in these mice compared to B6. CTSS encodes for cathepsin S that is expressed by neurons and is required for elastase activity in alveolar macrophages (Ji et al., 2018; Doherty et al., 2019). It has also been demonstrated that CTSS participates in both the production of pro-inflammatory cytokines interleukin 6 (IL-6), interleukin 8 (IL-8), tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β) during ocular inflammation (Klinngam et al., 2018) as well as the degradation of antigenic proteins to peptides during antigen presentation (Hughes et al., 2016; Klinngam et al., 2018). The pattern of CTSS expression at each stage of chronic infection suggests a potential role for this gene in pro-inflammatory cytokine production, neuronal function, and continued antigen presentation as part of the immune response to T. gondii infection. There are no known functions of IFITM3 during T. gondii infection, but is important for anti-viral effector functions via inhibition of viral protein synthesis and shuttling incoming virus particles to lysosomes for degradation (Lee et al., 2018; Appourchaux et al., 2019; Bedford et al., 2019; Kenney et al., 2019; Spence et al., 2019). IFTIM3 plays a role in viral infections through IFN signaling, indicating possible novel anti-parasitic functions of this gene during T. gondii infection. PSMB8 is involved in the degradation of cytoplasmic antigen processing to generate MHC I binding proteins via stimulation by IFNγ production, provides instructions to make one subunit of immunoproteasomes responsible for helping in response to infections, and also regulates glioma cell migration proliferation and apoptosis (Agarwal et al., 2010; Basler et al., 2018a; Basler et al., 2018b; Yang et al., 2018). While previous work on PSMB8 has produced minimal data in relation to Toxoplasma infection (Agarwal et al., 2010), further research specifically relating to chronic infection could elaborate on anti-parasitic functions in the CNS. In addition to regulating TNFα production, ATF2 is a cAMP- or activator protein-dependent transcription factor that regulates the transcription of various genes involved in anti-apoptosis, cell growth, and DNA damage response (Falvo et al., 2000; Tsytsykova and Goldfeld, 2002; Watson et al., 2017; Meijer et al., 2020). While the effect of T. gondii infection on the transcription of TNFα has been studied in the past, the specific role of ATF2 in the context of chronic T. gondii infection in the CNS has not been elucidated, and this gene may play a vital role in regulating TNFα production specifically in the brain or by CNS-resident cells (Leng et al., 2009). NRG3 is well-known for aiding in the development and survival of neurons and oligodendrocytes in the brain in addition to aiding in excitatory and inhibitory synapse formation and controlling glutamate release by neurons (Müller et al., 2018; Wang Y. N. et al., 2018). While it has not been explored previously in T. gondii infection, the significant decrease in NRG3 may be partly responsible for some infection-induced neuropathology such as increases in extracellular glutamate concentration and excess neuronal firing.

Our results demonstrate a progressive worsening of neuropathology and increased attempted repair of this pathology via upregulated angiogenesis genes as infection becomes more chronic in a susceptible mouse model. While most of these directional changes are not as dramatic as those associated with the immune response (Figure 3), these changes support previous research demonstrating neuropathology caused by infection (Cabral et al., 2016; David et al., 2016; Ngô et al., 2017), and a small group of pathways such as Cytokines, Activated Microglia, and Angiogenesis experience drastic changes as infection progresses to the late chronic stage. It is important to note that this worsening neuropathology is unlikely to be caused by reactivation of cysts in the brain even at the late stage of infection as seen by the low expression of tachyzoite genes and instead suggests more indirect neurological consequences of infection. However, the limitations in sensitivity of measuring parasite genes in samples dominated by host material means that we cannot rule out low level cyst activation despite a consistent late-stage bradyzoite phenotype over the duration of infection. Analysis results of astrocytic activation marker GFAP and neuronal signaling gene GABRA1 support this idea of progressive worsening neuropathology. While the initial increase in astrocytic GFAP is expected as part of the initial response to CNS infection, what isn’t expected is the significant increase in expression that takes place in the late stage of infection after chronicity has been well established. GABRA1, along with GABRB3, is vital for the formation of GABAA receptors and plays a pivotal role in GABAergic signaling that protects neurons in the brain from over-signaling, which can often lead to diseases such as epilepsy (McKernan et al., 1991; Tozuka et al., 2005). The significant drop in GABRA1 expression during the mid- and late chronic stage could be a major target for treatment of infection-induced neuropathology and chronic infection in the future. In addition to supporting previous findings, our data also suggests a continuous progression of neuropathology specifically in the areas of transmitter production, function, and response, areas that were previously lacking in the context of chronic infection. However, while our results indicate progressive neuropathology as seen via decreased overall neural connectivity, we also see increases in genes and pathways such as myelination that suggest enhanced attempts at repairing and resolving this neuropathology.

Neuroprotective and repair mechanisms in other non-infectious models of CNS injury include remyelination to increase conductivity between previously damaged neurons, synaptic pruning by microglia to limit over-signaling, regeneration of axons, and various others. Recent work by the Harris lab indicates a role for local release of the DAMP IL-33 either by oligodendrocytes or astrocytes that is then required for protection against Toxoplasma (Still et al., 2020). Such innate sensing mechanisms may be needed not just for parasite recognition but also as a trigger to activate neural repair during late infection. The process of myelination has been explored extensively in the context of other models of CNS disease and injury (Gonsette, 2010; Kapitein and Hoogenraad, 2015; Felten et al., 2016; Li et al., 2017; Pałasz et al., 2017; Saab and Nave, 2017; Wang F. et al., 2018; Avila et al., 2020). The myelination pathway in this analysis is driven by several genes that are also associated with immune modulation. Throughout all stages of infection in the susceptible C57BL/6 strain, the increase in the myelination pathway is driven by the genes Hexb, Tgfb1, and Cxcr4. Hexb encodes enzymes in lysosomes that break down toxic substances and act as recycling centers (Mahuran, 1999; Ogawa et al., 2018). Tgfb1 has been shown to promote remyelination in the adult CNS in addition to its classical pro-inflammatory role (Hamaguchi et al., 2019; Mota et al., 2020). Cxcr4 is a known regulator of remyelination in other models of infection and CNS inflammation (Carbajal et al., 2011; Tian et al., 2018; Beigi Boroujeni et al., 2020). The steady increase in myelination genes throughout the kinetics of chronic T. gondii infection demonstrates a possible role of myelination in maintaining neuronal signaling and function to prohibit worsening of neuropathology as well as the possibility of remyelination to heal pathology or reorganize neuronal circuits (David et al., 2016). Thus, further experiments need to be conducted to determine if there is an increase in myelin or attempts at remyelination during infection which are now warranted following this data.

In contrast, the use of resistant BALB/c mice in these experiments reveals enhanced repair and resolution during infection allowing for insights into the role of neurological repair mechanisms in the context of resistance to chronic Toxoplasma infection. BALB/c mice exhibit differences in pathway activation of neuropathology and neurological health and function. Specifically, BALB/c mice experience downregulation in neuropathological and inflammatory pathways and upregulation in neurological transmitter function and neuronal structure compared to C57BL/6. This indicates that BALB/c mice may have differences in specific neurological genes that aid in maintaining neurological signaling and repairing damage done by infection. The differentially expressed neuronal signaling genes GABRA1 and GABRG2 and the repair genes MAGEE1 and LPAR1 were analyzed in BALB/c mice to answer this question. GABRA1 and GABRG2 are both critical for the formation of GABAA receptors that regulate neuronal signaling (McKernan et al., 1991; Tozuka et al., 2005; Li X. et al., 2020), and these receptors are significantly upregulated in BALB/c mice compared to C57BL/6 mice indicating possible enhanced GABAergic signaling in BALB/c mice brains enabling better control of neuropathology caused by infection. MAGEE1, also known as melanoma-associated antigen E1 (MAGE Family Member E1) or DAMAGE, is plays roles in neuronal signaling and functions in tissue growth and repair (Albrecht and Froehner, 2004). LPAR1 induces downstream signaling cascades that are essential for normal brain development and function of the nervous system and functions as intrinsic axon growth modulators for neurons after injury (Fink et al., 2017; Plastira et al., 2019). Both of these genes are also significantly upregulated in BALB/c mice at all chronic time points suggesting enhanced neuronal signaling, DNA repair, and regulation of regrowth of neurons during infection.

It is known that host background is a factor in resistance to T. gondii infection. While increased resistance to infection in BALB/c mice has previously been linked to enhanced immune response, less is known regarding how neuropathology signatures differ between resistant BALB/c mice and the more susceptible C57BL/6 model over the course of chronic infection. Results of merged BALB/c vs. C57BL/6 analysis demonstrate differences in gene expression at each stage of chronic infection. BALB/c mice exhibit their largest change in gene expression at 14dpi which then plateaus by 56dpi while the opposite is true for C57BL/6 mice. This indicates that BALB/c mice may experience pathological changes in the brain early during infection which are then at least partially rescued as indicated by the plateauing of gene expression at the later chronic stages. While 350-420 neuropathology and neuroinflammation genes are conserved between the mouse species during infection, BALB/c mice exhibit more downregulated DEGs compared to C57BL/6 mice. This indicates a definitive difference in neuropathology signatures between BALB/c and C57BL/6 mice that indicates less neuropathology in the resistant BALB/c strain.

In conclusion, the results of absolute RNA counts of inflammatory and neuropathology genes support previously published whole genome RNAseq data sets while demonstrating novel gene expression relating to neuropathology and neuroinflammation as chronic Toxoplasma infection progresses. It reveals possible pathways of resolution through the use of a targeted transcriptomic approach in a susceptible and resistant mouse model of infection. The use of this technology presents an additional analysis tool in the T. gondii scientific field with the possibility for more strategic analysis in the future. These results also open a doorway to a multitude of potential gene candidates that can be explored to elucidate possible therapeutic targets and to further the vital understanding of the kinetics of chronic infection in the brain.
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Background

Angiostrongylus cantonensis (A. cantonensis), is a food-borne zoonotic parasite that can cause central nervous system (CNS) injury characterized by eosinophilic meningitis. However, the pathogenesis of angiostrongylosis remains elusive. Natural killer cells (NK cells) are unique innate lymphocytes important in early defense against pathogens. The aim of this study was to investigate the role of NK cells in A. cantonensis infection and to elucidate the key factors that recruit NK cells into the CNS.



Methods

Mouse model of A. cantonensis infection was established by intragastric administration of third-stage larvae. The expression of cytokines and chemokines at gene and protein levels was analyzed by qRT-PCR and ELISA. Distribution of NK cells was observed by immunohistochemistry and flow cytometry. NK cell-mediated cytotoxicity against YAC-1 cells was detected by LDH release assay. The ability of NK cells to secrete cytokines was determined by intracellular flow cytometry and ELISA. Depletion and adoptive transfer of NK cells in vivo was induced by tail vein injection of anti-asialo GM1 rabbit serum and purified splenic NK cells, respectively. CX3CL1 neutralization experiment was performed by intraperitoneal injection of anti-CX3CL1 rat IgG.



Results

The infiltration of NK cells in the CNS of A. cantonensis-infected mice was observed from 14 dpi and reached the peak on 18 and 22 dpi. Compared with uninfected splenic NK cells, the CNS-infiltrated NK cells of infected mice showed enhanced cytotoxicity and increased IFN-γ and TNF-α production ability. Depletion of NK cells alleviated brain injury, whereas adoptive transfer of NK cells exacerbated brain damage in A. cantonensis-infected mice. The expression of CX3CL1 in the brain tissue and its receptor CX3CR1 on the CNS-infiltrated NK cells were both elevated after A. cantonensis infection. CX3CL1 neutralization reduced the percentage and absolute number of the CNS-infiltrated NK cells and relieved brain damage caused by A. cantonensis infection.



Conclusions

Our results demonstrate that the up-regulated CX3CL1 in the brain tissue recruits NK cells into the CNS and aggravates brain damage caused by A. cantonensis infection. The findings improve the understanding of the pathogenesis of angiostrongyliasis and expand the therapeutic intervention in CNS disease.
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Introduction

Angiostrongylus cantonensis (A. cantonensis), is a food-borne zoonotic parasite that can cause damage to the central nervous system (CNS) (Wang et al., 2012). With the development of global logistics transportation and climate warming, A. cantonensis has spread from its traditional endemic regions of Southeast Asia and the Pacific islands to the American continent, Europe, Africa and Australia (Gelis et al., 2011; Iwanowicz et al., 2015; Liu et al., 2018; Rael et al., 2018; Barbosa et al., 2020; Federspiel et al., 2020). Angiostrongyliasis has become a potentially fatal globally emerging infectious disease.

Humans and mouse are both non-permissive hosts of A. cantonensis and become infected via ingestion of raw or undercooked intermediate hosts including snails or slugs, or vegetables or water contaminated by the infective third-stage larvae (Barratt et al., 2016). After penetrating the intestinal wall, the larvae migrate in the body with the flow of blood, and finally settle in the CNS. These larvae in non-permissive hosts cannot develop into adults, but can survive in the form of larvae for a long time (Lv et al., 2017). Most patients when infected with A. cantonensis develop eosinophilic meningitis and common clinical symptoms include headache, fever, neck stiffness, paresthesia and vomiting (Martins et al., 2015). However, the pathogenesis of angiostrongyliasis is not fully understood. Mechanical damage to the CNS caused by the larvae’ movements, inflammation and immune response induced by the larval secretion and excreta, may be involved (Gosnell and Kramer, 2013; Martins et al, 2015; Mengying et al., 2017).

Natural killer cells (NK cells) are a special type of lymphocyte critical to the innate immune system. They are able to rapidly kill target cells by cytotoxicity without antigen presentation and regulate immune response by secreting various cytokines and chemokines (Vivier et al., 2011). NK cells are one of the earliest cell types to arrive at target organs of inflammation. It was reported that NK cells could migrate to the CNS under several pathological conditions, such as brain ischemia, traumatic injury, or infections (Hao et al., 2010; Gan et al., 2014; Zhang et al., 2014; Li et al., 2020). However, very little is known about whether NK cells are involved in the brain injury caused by A. cantonensis infection. NK cells derived from bone marrow and migrate through the blood to the spleen, liver, lung and many other organs (Abel et al., 2018). They can respond to a large array of chemokines and be recruited to distinct sites during physiological and pathological conditions. For example, CCL2 attracts CCR2+ NK cells to the liver during murine cytomegalovirus (MCMV) infection (Hokeness et al., 2005), CX3CL1 recruit CX3CR1+ NK cells into the CNS of experimental autoimmune encephalomyelitis (EAE) mice (Huang et al., 2006), CXCL10 attracts CXCR3+ NK cells accumulate into the ischemic brain tissues (Zhang et al., 2014), CCL3/CCL4/CCL5 attracts CCR5+ NK cells to the synovial fluid of rheumatoid arthritis (RA) patients (Parolini et al., 2007). The mechanism of recruitment of NK cells across the blood-brain barrier (BBB) into the CNS needs to be studied.

The aim of this study was to investigate the role of NK cells in the brain injury caused by A. cantonensis infection and to elucidate the key factors that recruit NK cells into the CNS. Our findings will be helpful to further understand the pathogenesis of angiostrongyliasis and expand therapeutic intervention in CNS disease.



Materials and Methods


Animal Experiments

A total of 300 female BALB/c mice (6–8 weeks old and weighing 18-20 g) were purchased from the Animal Core Facility of Nanjing Medical University (China), maintained in a specific pathogen-free environment, and provided unlimited access to food and water. All experiments were performed in strict compliance with the institutional guidelines and were approved by the Institutional Animal Care and Use Committee of Nanjing Medical University (Approval No. IACUC-1812040). Each mouse was infected with 20 A. cantonensis third-stage larvae (L3) by intragastric administration. L3 were isolated from A. cantonensis-infected Biomphalaria glabrata using the method described previously (Mengying et al., 2017). The mice were euthanized on 10, 14, 18, 22, and 26 days post-infection (dpi).



Experimental Grouping

The experiment was grouped according to different objectives.

To detect the effect of A. cantonensis infection on mice and the percentage and absolute number of NK cells, the mice were divided into five groups according to the time of infection with twelve mice per group: 0, 10, 14, 18 and 22 dpi.

When detecting the phenotypic and functional changes of NK cells, cells were isolated from mice on 18 dpi and divided into three groups with three to four mice per group: splenic NK cells of uninfected mice (uninfected sNK), splenic NK cells of infected mice (infected sNK) and brain NK cells of infected mice (infected bNK).

In the experiment of NK cell depletion, NK cell adoptive transfer and CX3CL1 neutralization, the mice were euthanatized on 18 dpi and divided into four groups with twelve mice per group: uninfected group, infected group, NK depleted/NK transferred/CX3CL1 neutralized group and depleted/transferred/isotype control group.



Neurological Impairment Evaluation

Longa’s score, Clark’s general score and Clark’s focal score were used to evaluate the neurological impairment of mice infected with A. cantonensis. Longa’s score is based on a five-point scale, where 0 point indicates no neurologic deficit, 1 point (failure to extend forepaw fully) a mild focal neurologic deficit, 2 point (circling to one side) a moderate focal neurologic deficit, 3 point (falling to one side) a severe focal deficit, and animals with 4 point cannot walk spontaneously or lose consciousness (Clark et al., 1997). Clark’s general score includes hair, ears, eyes, posture, autonomous movement, and epileptic seizures. Clark’s focal score comprises of body symmetry, gait, climbing, rotation test, forelimb symmetry and beard reactivity (Longa et al., 1989). Clark’s general score and Clark’s focal score are between 0 and 28. The higher the score, the more serious the neurological impairment is. The mice were scored by two technicians using a blind method.



Histopathological Examination

Mice were perfused transcardially with 0.9% sodium chloride followed by 4% paraformaldehyde after anesthetized with 2% pentobarbital sodium (Sigma-Aldrich, USA). Brain samples were collected, fixed in 10% neutral formalin, embedded in paraffin, and cut into 3 μm-thick sections. Brain sections were then de-paraffinized in xylene, rehydrated via graded alcohols and stained with hematoxylin and eosin (H&E) (Biosharp, Wuhan, China). The sections were observed and photographed under a light microscope (Leica, Heidelberg, Germany).

For immunohistochemistry (IHC) analysis, brain sections were subjected to antigen retrieval by boiling the slices in citrate buffer (pH 6.0) with high heat for 15 min. Then sections were treated with 3% H2O2 for 10 min to remove endogenous peroxidase, blocked with 5% rabbit serum at room temperature for 20 min, and incubated with rabbit anti-mouse CD49b monoclonal antibody (mAb) (Abcam, Cambridge, UK) at 4°C overnight. After being washed in PBS, the sections were incubated with an HRP-conjugated secondary antibody (DAKO, Glostrup, Denmark) at room temperature for 15 min and then stained with 3, 3’-diaminobenzidine (DAB) for 10 min. Haematoxylin was used for cell nuclei detection. The sections were visualized and digitally scanned with a light microscope.



Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA was extracted from mouse brains and NK cells using TRIzol Reagent (Thermo Fisher Scientific, USA) and reverse-transcribed to cDNA using a PimerScript™ RT Master Mix (TaKaRa, Kusatsu, Japan). qRT-PCR was performed on the LightCycler480® Real-Time PCR System (Roche, Reinach, Switzerland) with the RealUniversal Color PreMix (SYBR Green) (Tiangen, Beijing, China), in accordance with the manufacturer’s instructions. The primer sequences were shown in Table S1. The mRNA levels of these genes were measured by the Ct value (threshold cycle), and the relative expression levels were calculated with the 2-ΔΔCt method.



Detection of Cytokine Expression in Brain Tissue

Each brain tissue was added into 4 mL tissue lysate (RayBiotech, USA) and 20 μL protease inhibitor (Merck, Germany) and homogenized in a gentle MACS separator (MiltenyiBiotec, Bergisch Gladbach, Germany). The total protein concentration in each sample was detected by BCA Protein Assay Kit (Tiangen, Beijing, China) according to the manufacturer’s instructions. And then, the levels of cytokines (IL-1β, IL-6 and TNF-α) and chemokines (CCL1, CCL2, CCL3, CCL4, CCL5, CXCL10 and CX3CL1 in brain tissue homogenate samples were determined with commercial ELISA Kits (MultiSciences, Hangzhou, China) according to the manufacturer’s manuals.



Cell Isolation

Blood was collected by eyeball bleeding and gathered in tubes with 1% heparin sodium (Sigma-Aldrich, USA). The mice were anesthetized and perfused as described previously. And then, the brain, spleen, tibia, and femur were collected from the mice respectively.

Brain tissues were homogenized in grinders and filtered through a 70-μm cell strainer. And then cell pellets were resuspended in 30% Percoll (GE Healthcare, Pittsburgh, USA) and centrifuged against 70% Percoll. The cells between the 30–70% Percoll interfaces were collected as the brain mononuclear cells. Spleen was grinded with a syringe core and filtered through a nylon membrane. Erythrocytes were lysed and removed using Red Cell Lysis Buffer (Beyotime, Shanghai, China). Blood was double diluted and layered on the Ficoll-Paque (GE Healthcare, Pittsburgh, USA). After centrifugation, peripheral blood mononuclear cells (PBMCs) were distributed between plasma and Ficoll-Paque. PBMCs were transferred and resuspended in PBS. The tibia and femur bones were used to prepare bone marrow cells. The medullary cavity was washed repeatedly with RPMI-1640 (Gibco B, Gaithersburg, MD, USA) by syringe and bone marrow cells were collected and separated from erythrocytes.

NK cells were purified from brain mononuclear cells and splenic lymphocytes using a magnetic cell sorting system (MACS) incorporating anti-mice CD49 MicroBeads (MiltenyiBiotec, Bergisch Gladbach, Germany), following the manufacturer’s instructions. The purity of CD3-CD49+ NK cells after sorting was over 90% detected by FCM (Figure S1).



Flow Cytometry (FCM)

Cells isolated from the brain, spleen, peripheral blood, and bone marrow were prepared to single cell suspension and resuspended in FCM buffer (0.5% BSA in PBS). For Cell surface marker detection, cells were incubated with TruStain FcX™ anti- CD16/32 (Biolegend, San Diego, USA) to block Fc-receptor for 5 min at 4 °C and then stained with the following specific antibodies: anti-CD45-percp-cy5.5, anti-CD3-FITC, anti-CD49b-APC, anti-CD122-PE, anti-CD69-PE, anti-NKp46-PE, anti-NKG2D-PE, anti-NKG2A-PE, anti-CD107a-PE mAbs or isotype controls (Biolegend, San Diego, USA) for 30 min at 4 °C. Cells were then detected on a Verse flow cytometer (BD Biosciences, San Jose, CA, USA). Data analysis was performed using FlowJo software (TreeStar, Ashland, USA). Gating strategy for the mouse CD45+CD3-CD49b+ NK cell population was shown in Figure S2.

For intracellular cytokine analysis, cells were cultured at a density of 2 × 106/ml densities in 12-well plates and stimulated with 2 μL/mL Leukocyte Activation Cocktail plus GolgiPlug (BD Biosciences, San Jose, CA, USA) for 5 h. Cells were collected and stained with anti-CD45-percp-cy5.5, anti-CD3-FITC, anti-CD49b-APC mAbs for 30 min at 4 °C. After washing, cells were fixed and permeabilized using Cytofix/Cytoperm™ Fixation/Permeabilization Kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer’s instructions. And then cells were incubated with anti-TNF-α-PE, anti- IFN-γ-BV421 mAbs or isotype controls (Biolegend, San Diego, USA) for 30 min at 4 °C. Cells were detected and data were analyzed as described previously.



NK Cell Cytotoxicity Assays

NK cell-mediated cytotoxicity was determined using the Cytotoxicity Detection KitPLUS (Roche, Reinach, Switzerland) based on the measurement of LDH released from damaged cells according to the manufacturer’s manual. Purified NK cells (as effector cells) were incubated with YAC-1 cells (as target cells) at various effector cell/target cell ratios (1:1, 5:1, 10:1, 20:1) in 96-well plates for 3.5 h. All test samples were prepared in triplicate. Reaction mixture and stop solution were added into each well in turn. The absorbance of the samples was measured at 490 nm by an ELISA reader. The percentage of NK cell-mediated cytotoxicity was calculated by ODs using the following equation: Cytotoxicity (%) = (effector/target cell mix - effector cell control - low control)/(high control - low control) × 100.



Detection of NK Cells Cytokine Secretion

Freshly purified NK cells were cultured in 24-well plates at a density of 1 × 106/mL in the presence of 1 ng/mL IL-12 (PeproTech, Rocky Hill, NJ, USA). After 24 h of incubation, the culture supernatants were harvested. The concentrations of TNF-α and IFN- γ in supernatants were detected using Mouse TNF-α or IFN- γ High Sensitivity ELISA Kits (MultiSciences, Hangzhou, China) according to the instructions of the manufacturer.



Depletion of NK Cells

5-7 Ganglio-N-tetraosylceramide (asialo GM1) is a glycolipid expressed on NK cells in mice, rats, and humans. Depletion of NK cells in vivo in infected mice was induced by tail vein injection of anti-asialo GM1 rabbit serum (Wako Pure Chemical Industries, Japan) according to the instructions from manufacturer and other researchers (Nishikado et al., 2011; Golic et al., 2016). Injection time and dose were shown in Table 1. Normal rabbit serum (Abbkine, CA, USA) were given to the infected mice at the same time as control. To evaluate the effect of NK cell depletion, the mice were euthanatized at 18 dpi and the percentage and absolute number of NK cells in brain and spleen were analyzed by FCM.


Table 1 | Injection time and dose of anti-asialo GM1.





Adoptive Transfer of NK Cells

The splenic NK cells from normal mice were purified using MACS and were suspended in PBS. The NK cells (1 × 106/mouse in 200 μL PBS) were transferred to the infected mice by tail vein injection on 12 dpi according to the protocols published by other investigators (Voynova et al., 2015). The respective diluents were injected to the control mice simultaneously. To evaluate the effect of adoptive transfer, the mice were euthanatized at 18 dpi and the percentage and absolute number of NK cells in brain and spleen were analyzed by FCM.



In Vivo CX3CL1 Neutralization Experiment

To neutralize CX3CL1 in vivo, A. cantonensis-infected mice were injected intraperitoneally with anti-CX3CL1 rat IgG (R&D Systems, MN, USA) or isotype anti-rat IgG (R&D Systems, MN, USA) (4 μg/mouse) once a day from 10 dpi to 17 dpi according to the instructions from manufacturer and other researchers (Mills et al., 2012; Okuma et al., 2017). The mice were euthanatized and detected at 18 dpi to evaluate the effect of CX3CL1 neutralization.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software, San Diego, USA). Survival curve comparison was determined using Log-rank Test. Comparison of the neurological impairment scores was performed using non-parametric test. The difference between two groups was compared using independent-samples T test. Multiple comparison procedures were carried out with one-way analysis of variance (ANOVA). The correlation between the percentage and absolute number of NK cells in different tissues was analyzed by linear correlation. The data are presented as the mean ± standard deviation (SD). A P value < 0.05 was considered statistically significant.




Results


NK Cells Infiltrate Into the CNS of Mice Infected With A. cantonensis

We constructed a mouse model of A. cantonensis infection by intragastric administration of third-stage larvae. To evaluate the pathological damage caused by A. cantonensis infection, the survival rate, body weight, neurological function, histological changes and cytokine levels in brain tissue were detected on 0, 10, 14, 18 and 22 dpi. As shown in Figure S3, infected mice showed decreased survival rate, reduced body weight, increased neurological dysfunction, aggravated tissue damage, and elevated levels of inflammatory cytokines (IL-1β, IL-6 and TNF-α) on 18 and 22 dpi, compared with that of 0 dpi.

And then, we prepared the brain tissue sections with H&E staining. We observed that the meninges were damaged and more and more inflammatory cells infiltrated under the meninges from 14 to 22 dpi (Figure 1A). In order to detect the presence of NK cells in these infiltrating inflammatory cells, we performed IHC staining on brain tissue sections using anti-CD49b mAb as NK cell marker. Figures 1B, C showed that almost no NK cell was observed in the CNS on 0 dpi and 10 dpi. On 14 dpi, a small number of NK cells staining brown appeared under the meninges indicating that NK cells began to infiltrate into the CNS. On 18 dpi, more NK cells appeared in the CNS and the number of CNS-infiltrated NK cells peaked on 22 dpi. To monitor NK cells quantitatively, brain mononuclear cells were isolated and analyzed by FCM. As shown in Figures 1D–F, few NK cells were detected in the brain tissue at 0 dpi and 10 dpi. From 14 dpi to 22 dpi, the percentage and absolute number of CNS-infiltrated NK cells increased gradually with the extension of infection time. The highest percentage of CNS-infiltrated NK cells appeared on 22 dpi (22 dpi vs 0 dpi: 17.47 ± 6.11% vs 0.45 ± 0.12%, P < 0.001) and the maximum number of CNS-infiltrated NK cells were found on 18 dpi (18 dpi vs 0 dpi: 1.92 ± 0.43 × 105 vs 696.90 ± 617.20 cells/mouse, P < 0.001).




Figure 1 | NK cells infiltrated into the CNS after A. cantonensis infection. (A) Representative histopathological sections of brain tissue in infected mice with H&E staining. The meninges of infected mice were damaged and inflammatory cells infiltrated under the meninges (yellow arrow) from 14 to 22 dpi. Images are shown at 100 × magnification (Scale bar, 100 µm). (B, C) Representative histopathological sections of brain tissue in infected mice with IHC staining. Brain sections were incubated with rabbit anti-mouse CD49b monoclonal antibody and stained with DAB. From 14 dpi to 22 dpi, more and more NK cells (stained brown) appeared under the meninges. Images are shown at 200 × and 400×magnification (Scale bar, 100 µm). (D–F) The percentage and absolute number of NK cells in brain mononuclear cells of infected mice. NK cells in brain mononuclear cells were detected by FCM. Data shown represent analysis from two independent experiments with three mice per group. Significance was determined by one-way ANOVA. **P < 0.01; ***P < 0.001, compared with that of 0 dpi.



We further analyzed the distribution of NK cells in the spleen, peripheral blood and bone marrow of A. cantonensis-infected mice. The results showed that the percentage and absolute number of NK cells in splenic lymphocytes decreased on 14, 18 and 22 dpi (Figures 2A, C, D). So did the absolute number of NK cells in PBMCs from 10 dpi to 22 dpi (Figures 2B, E, F). Furthermore, the percentage and absolute number of sNK (NK cells in spleen) were negatively correlated with those of bNK (NK cells in brain) (r =−;0.79, P < 0.01; r =−0.85, P < 0.01) (Figures 2G, H). The percentage and absolute number of pbNK (NK cells in PBMCs) and bNK were also negatively correlated, but there was no statistical significance (Figures 2I, J). However, the percentage of total NK cells (bmNK, CD122+), NK precursor cells (NKP, CD49b-CD122+) and mature NK cells (mature NK, CD49b+CD122+) in bone marrow all significantly increased on 18 and 22 dpi (Figures 3A–D). And the ratio of NKP to mature NK in bone marrow was up-regulated (Figure 3E). In addition, the percentage of total NK cells in bone marrow was positively correlated with that of bNK (r = 0.87, P < 0.001) (Figure 3F). Our results also showed that the percentage of T cells in splenic lymphocytes increased (22 dpi vs 0 dpi: 48.62 ± 6.65% vs 33.61 ± 2.23%, P < 0.01), while the absolute number of splenic T cells decreased with the extension of infection time (22 dpi vs 0 dpi: 9.77 ± 4.22 × 106 vs 16.97 ± 2.74 × 106 cells/mouse, P < 0.05) (Figure S4).




Figure 2 | The percentage and absolute number of NK cells in spleen and peripheral blood decreased after A. cantonensis infection. (A, C, D) The percentage and absolute number of NK cells in splenic lymphocytes of infected mice. (B, E, F) The percentage and absolute number of NK cells peripheral blood mononuclear cells of infected mice. NK cells in the splenic lymphocytes and peripheral blood mononuclear cells were detected by FCM. (G, H) The correlation between the percentage and absolute number of NK cells in spleen and brain. (I, J) The correlation between the percentage and absolute number of NK cells in peripheral blood and brain. Data are expressed as the means ± SD. Data shown represent analysis from two independent experiments with three mice per group. Multiple comparisons of the percentage and count of NK cells at different time-points of infection were performed by one-way ANOVA. The correlation between the percentage and absolute number of NK cells in different tissues was analyzed by linear correlation. *P < 0.05; **P < 0.01; ***P < 0.001, compared with that of 0 dpi. sNK, NK cells in spleen; bNK, NK cells in brain; pbNK, NK cells in peripheral blood.






Figure 3 | The percentage of NK cells in bone marrow increased after A. cantonensis infection. (A–D) The percentage of NK cells in bone marrow lymphocytes of A. cantonensis-infected mice. NK cells in bone marrow (CD122+) were divided into NK precursor cells (CD122+CD49b-) and mature NK cells (CD122+ CD49b+) detected by FCM. (E) The ratio of NK precursor cells to mature NK cells in bone marrow. (F) The correlation between the percentage of NK cells in bone marrow and brain. Data are expressed as the means ± SD. Data shown represent analysis from two independent experiments with three mice per group. Multiple comparisons of the percentage of NK cells at different time-points of infection were performed by one-way ANOVA. The ratio of different time points was analyzed by nonparametric test. The correlation between the percentage and number of NK cells in different tissues was analyzed by linear correlation. **P < 0.01; ***P < 0.001, compared with that of 0 dpi. bmNK, NK cells in bone marrow; NKP, NK precursor cells; mature NK, mature NK cells.





CNS-Infiltrated NK Cells of A. cantonensis-Infected Mice Have Elevated Cytotoxicity and Secretory Ability

We further detected the phenotypic and functional changes of NK cells after A. cantonensis infection. We measured the expression of activation marker CD69, activated receptor NKp46 and NKG2D, and inhibitory receptor NKG2A on NK cells by FCM. Figure 4 revealed that infected bNK and infected sNK expressed lower levels of CD69, NKp46 and NKG2D, but higher levels of NKG2A, compared with uninfected sNK. Although the phenotypic changes of infected bNK were greater than those of infected sNK, there was no statistical difference between them.




Figure 4 | The phenotypes of NK cells changed after A. cantonensis infection. The expression of activation marker CD69 (A, B), activated receptor NKp46 (C, D) and NKG2D (E, F), and inhibitory receptor NKG2A (G, H) on the surface of sNK and bNK were detected by FCM. Gating strategy for the mouse CD45+CD3-CD49b+ NK cell population was shown in Figure S2. Representative dot plots stained with isotype controls was shown in Figure S5. Data are expressed as the means ± SD. Data shown represent analysis from two independent experiments with three mice per group. Multiple comparisons of phenotypes between uninfected sNK, infected sNK and infected bNK were performed by ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001. sNK, NK cells in spleen; bNK, NK cells in brain.



Then we detected NK cell-mediated cytotoxicity against YAC-1 cells by LDH release assay. As shown in Figure 5A, infected bNK and infected sNK had enhanced cytotoxicity, compared with uninfected sNK (infected bNK vs infected sNK vs uninfected sNK: 19.37% vs 10.59% vs 8.35%, as Effect cells: Target cells = 20:1). Furthermore, the expression of CD107a, a surface marker of NK cell degranulation, on infected bNK and infected sNK was up-regulated compared with that of uninfected sNK (Figures 5B, C).




Figure 5 | The cytotoxicity and secretory ability of NK cells elevated after A. cantonensis infection. (A) NK cell-mediated cytotoxicity against YAC-1 cells. Purified sNK and bNK (as effector cells) were incubated with YAC-1 cells (as target cells) at various effector cell/target cell ratios (E:T = 1:1, 5:1, 10:1, 20:1). NK cell-mediated cytotoxicity was detected by LDH release assay. (B, C) The expression of CD107a on NK cells. Splenic lymphocytes and brain mononuclear cells were isolated and detected by FCM. Gating strategy for the mouse CD45+CD3-CD49b+ NK cell population was shown in Figure S2. (D) The concentrations of TNF-α and IFN-γ in the culture supernatants of NK cells. Purified sNK and bNK were stimulated with IL-12 and the concentrations of TNF-α and IFN-γ in the culture supernatants were detected using ELISA. (E, F) The expression of intracellular cytokine TNF-α and IFN-γ in NK cells. Splenic lymphocytes and brain mononuclear cells were isolated and stimulated with Leukocyte Activation Cocktail. The percentage of TNF-α+ cells and IFN-γ+ cells in CD45+CD3-CD49b+ NK cells was detected by FCM. Data are expressed as the means ± SD. Data shown represent analysis from two independent experiments with four mice per group. Multiple comparisons were performed by one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001. sNK, NK cells in spleen; bNK, NK cells in brain.



The ability of NK cells to secrete cytokines was determined by two methods: ELISA (secretory levels) and FCM (intracellular levels). Firstly, we detected the concentrations of TNF-α and IFN-γ in the culture supernatant of NK cells after IL-12 stimulation using ELISA. The levels of TNF-α and IFN- γ secreted by infected bNK and infected sNK were significantly higher than those of uninfected sNK (Figure 5D). Subsequently, purified NK cells were stimulated and measured for intracellular cytokine by FCM. The percentage of IFN-γ+ cells in infected bNK was higher than that of uninfected sNK, while the percentage of TNF-α+ or IFN-γ+ cells in infected sNK did not change (Figures 5E, F).



NK Cells Aggravate Brain Injury of Mice Caused by A. cantonensis Infection

We designed NK cell depletion and adoptive transfer experiments to elucidate the role of NK cells in brain injury induced by A. cantonensis infection. Firstly, NK cells were depleted by tail vein injection of anti-asialo GM1 serum to infected mice. The percentage and absolute number of NK cells in brain and spleen of infected mice significantly decreased after NK cell depletion (Figures 6A–D, J). Survival rate of the NK-depleted mice increased (P < 0.01), body weight elevated (NK-depleted vs infected: 17.35 ± 1.38 g vs 15.61 ± 1.10 g, P < 0.05), neurological impairment score decreased slightly, brain tissue inflammation alleviated, and the expression levels of inflammatory cytokines in brain tissue reduced (NK-depleted vs infected: IL-1β 25.88 ± 2.38 pg/mg vs 30.75 ± 2.83 pg/mg, IL-6 12.88 ± 1.23 pg/mg vs 15.08 ± 1.13 pg/mg, TNF-α 57.17 ± 4.20 pg/mg vs 64.68 ± 4.34 pg/mg, P < 0.05), compared with the infected mice (Figures 6E–P).




Figure 6 | Depletion of NK cells alleviated brain injury in A. cantonensis-infected mice. Depletion of NK cells in infected mice was induced by tail vein injection of anti-asialo GM1 rabbit serum. The percentage and absolute number of NK cells in brain (A, B) and spleen (C, D) were detected by FCM to evaluate NK cell depleting efficiency. After NK cell depletion, the survival rate of infected mice increased (E), body weight elevated (F), while neurological impairment scores did not have significant changes (G–I). Representative histopathological sections of brain tissue with H&E and IHC staining showed alleviated inflammation and fewer infiltrating NK cells in the brain of NK-depleted mice (J). Images are shown at 100 ×, 200 × and 400 × magnification (Scale bar, 50-100 µm). The gene (K–M) and protein levels (N–P) of inflammatory cytokines IL-1β, IL-6 and TNF-α in brain tissue reduced after NK cell depletion measured by qRT-PCR and ELISA. Data are expressed as the means ± SD. Data shown represent analysis from two independent experiments with three to twelve mice per group. Survival curve comparison was determined by Log-rank Test. Comparison of the neurological impairment scores was compared by non-parametric test. Multiple comparisons of the percentage and absolute number of NK cells, body weight and expression of cytokines were performed using one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001. Uninfected, normal mice; Infected, mice infected with A. cantonensis; NK Depleted, infected mice depleted NK cells by injection of anti-asialo GM1 rabbit serum; Depleted Control, infected mice given normal rabbit serum as control.



And then, purified splenic NK cells were transferred to infected mice by tail vein injection. The percentage of NK cells in brain and spleen of infected mice increased significantly after adoptive transferring NK cells (Figures 7A–D, J). Compared with the infected mice, survival rate, body weight and neurological impairment score of the NK-transferred mice did not change significantly, but brain tissue inflammation aggravated, and the expression levels of inflammatory cytokines in brain tissue elevated (NK-transferred vs infected: IL-1β 36.36 ± 1.89 pg/mg vs 30.75 ± 2.83 pg/mg, P < 0.05; IL-6 18.08 ± 0.55 pg/mg vs 15.08 ± 1.13 pg/mg, P < 0.01; TNF-α 76.84 ± 1.21 pg/mg vs 64.68 ± 4.34 pg/mg, P < 0.01) (Figures 7E–P).




Figure 7 | Adoptive transfer of NK cells exacerbated brain damage in A. cantonensis-infected mice. Purified splenic NK cells from normal mice were transferred to infected mice by tail vein injection. The percentage and absolute number of NK cells in brain (A, B) and spleen (C, D) were detected by FCM to evaluate NK cell adoptive transferring efficiency. After adoptive transferring NK cells, the survival rate of infected mice (E), body weight (F) and neurological impairment score (G–I) did not change significantly. Representative histopathological sections of brain tissue with H&E and IHC staining showed aggravated inflammation and more infiltrating NK cells in the brain of NK- transferred mice (J). Images are shown at 100 ×, 200 × and 400 × magnification (Scale bar, 50-100 µm). The gene (K–M) and protein levels (N–P) of inflammatory cytokines IL-1β, IL-6 and TNF-α in brain tissue elevated after NK cell adoptive transferring measured by qRT-PCR and ELISA. Data are expressed as the means ± SD. Data shown represent analysis from two independent experiments with three to twelve mice per group. Survival curve comparison was determined by Log-rank Test. Comparison of the neurological impairment scores was compared by non-parametric test. Multiple comparisons of the percentage and absolute number of NK cells, body weight and expression of cytokines were performed using one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001. Uninfected, normal mice; Infected, mice infected with A. cantonensis; NK Transferred, infected mice transferred NK cells by tail vein injection; Transferred Control, infected mice injected with PBS as control.





CX3CL1 Recruits NK Cells Into the CNS of Mice After A. cantonensis Infection

To elucidate the key factors that recruited NK cells into the CNS of A. cantonensis-infected mice, we detected the expression of various chemokines in brain tissue. As shown in Figures 8A–N, the expression levels of CCL3, CCL5, CXCL10 and CX3CL1 in the brain tissue of infected mice was elevated with the extension of infection time. Among them, CX3CL1 showed the most significant change. The gene and protein expression levels of CX3CL1 were both significantly increased on 18 dpi compared with those of 0 dpi (18 dpi vs 0 dpi: mRNA 138.00 ± 13.3 vs 1.11 ± 0.59, protein 441.40 ± 118.70 vs 112.60 ± 13.38 pg/mg, P < 0.001). And then, we analyzed the expression of chemokine receptors on NK cells. The gene expression levels of CCR1(the receptor of CCL5), CCR8 (the receptor of CCL1) and CX3CR1 (the receptor of CX3CL1) on infected bNK was significantly elevated, compared with that of uninfected sNK or infected sNK (Figures 8O–V). Taken together, the expression of CX3CL1 in the brain tissue and its receptor CX3CR1 on the CNS-infiltrated NK cells were both upregulated after A. cantonensis infection.




Figure 8 | The expression of CX3CL1 in the brain tissue and CX3CR1 on the CNS-infiltrated NK cells were elevated after A. cantonensis infection. The gene (A–G) and protein levels (H–N) of various chemokines (CCL1, CCL2, CCL3, CCL4, CCL5, CXCL10 and CX3CL1) in brain tissue were measured by qRT-PCR and ELISA. (O–V) The gene expression levels of chemokine receptors (CCR1, CCR2, CCR3, CCR4, CCR5, CCR8, CXCR3 and CX3CR1) on NK cells were detected by qRT-PCR. Multiple comparisons were performed by ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001. sNK, NK cells in spleen; bNK, NK cells in brain.



To determine if CX3CL1 activity is important for the recruitment of NK cells into the CNS, A. cantonensis-infected mice were given daily intraperitoneal injections of anti-CX3CL1 IgG (neutralizing antibody) or an isotype control antibody starting at 10 dpi (before the increase of CX3CL1 in brain tissue of infected mice shown in Figures 8G, N) and euthanatized at 18 dpi. After CX3CL1 neutralization, the percentage and absolute number of NK cells in brain of infected mice significantly decreased (CX3CL1 neutralized vs infected: 5.38 ± 1.49% vs 12.90 ± 1.91%, P < 0.001; 9.88 ± 5.78 × 103 vs 1.96 ± 0.24 × 105 cells/mouse, P < 0.001), while the percentage and absolute number of NK cells in spleen significantly increased (CX3CL1 neutralized vs infected: 3.32 ± 0.43% vs 2.22 ± 0.32%, P < 0.05; 1.73 ± 0.16 × 106 vs 0.52 ± 0.05 × 106 cells/mouse, P < 0.001) (Figures 9A–D, J). The CX3CL1 neutralized mice showed elevated survival rate (P < 0.05), increased body weight (CX3CL1 neutralized vs infected: 17.13 ± 1.26 g vs 15.22 ± 0.75 g, P < 0.01), slightly decreased neurological impairment score, alleviated brain tissue inflammation, and reduced expression levels of inflammatory cytokines (CX3CL1 neutralized vs infected: IL-1β 21.36 ± 0.77 pg/mg vs 28.37 ± 1.58 pg/mg, P < 0.05; IL-6 12.97 ± 0.19 pg/mg vs 15.45 ± 0.95 pg/mg, P < 0.01; TNF-α 60.76 ± 4.28 pg/mg vs 79.41 ± 11.15 pg/mg, P < 0.05), compared to the infected mice (Figures 9E–P).




Figure 9 | CX3CL1 neutralization reduced the infiltration of NK cells into CNS and relieved brain damage caused by A. cantonensis infection. Infected mice were given daily intraperitoneal injections of anti-CX3CL1 IgG or isotype control IgG from 10 dpi to 17 dpi and euthanatized at 18 dpi. After CX3CL1 neutralization, the percentage and absolute number of NK cells in brain (A, B) of infected mice significantly decreased, while the percentage and absolute number of NK cells in spleen (C, D) significantly increased detected by FCM. The CX3CL1 neutralized mice showed elevated survival rate (E), increased body weight (F), slightly decreased neurological impairment score (G–I), compared with the infected mice. Representative histopathological sections of brain tissue with H&E and IHC staining showed alleviated inflammation and fewer infiltrating NK cells in the brain of CX3CL1 neutralized mice (J). Images are shown at 100 ×, 200 × and 400 × magnification (Scale bar, 50-100 µm). The gene (K–M) and protein levels (N–P) of inflammatory cytokines IL-1β, IL-6 and TNF-α in brain tissue reduced after CX3CL1 neutralization measured by qRT-PCR and ELISA. Data are expressed as the means ± SD. Data shown represent analysis from two independent experiments with three to twelve mice per group. Survival curve comparison was determined by Log-rank Test. Comparison of the neurological impairment scores was compared by non-parametric test. Multiple comparisons of the percentage and absolute number of NK cells, body weight and expression of cytokines were performed using one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001. Uninfected, normal mice; Infected, mice infected with A. cantonensis; CX3CL1 Neutralized, infected mice inject with anti-CX3CL1 IgG; Isotype Control, infected mice given isotype control IgG.






Discussion

Angiostrongylosis, a food-borne parasitic disease, is caused by the larvae of A. cantonensis in the host’s central nervous system (Martins et al., 2015). NK cells are important innate immune effector cells. They can be swiftly mobilized by danger signals and are among the earliest arrivals at target organs against pathogen infection (Cruzmunoz and Veillette, 2010). However, the role of NK cells in the CNS damage caused by A. cantonensis infection remains elusive. Our previous work has reported that NK cells in the spleen and peripheral blood showed quantitative reduction and functional changes in an A. cantonensis-infected mice model (Chen et al., 2014). In the current study, we focused on the NK cells in the CNS. We found a large number of NK cells infiltrated into the CNS of mice after A. cantonensis infection and these CNS-infiltrated NK cells had elevated cytotoxicity and secretory ability. Moreover, we demonstrated that the increased expression of CX3CL1 in the brain tissue recruited NK cells into the CNS and aggravated brain injury of mice caused by A. cantonensis infection.

Mice and humans are both non-permissive hosts of A. cantonensis, and the pathogenic process is comparatively similar (Ouyang et al., 2012). Consistent with other reports (Guo et al., 2008; Wang et al., 2015; Chen et al., 2016), we successfully constructed a mouse model infected with A. cantonensis and observed serious neurological damage from 18 dpi to 22 dpi. What is noteworthy in this study is that we confirmed that NK cells infiltrated into the CNS after A. cantonensis infection. The results of IHC and FCM showed that NK cells began to appear in the brain tissues at 14 dpi. The percentage and absolute number of NK cells increased gradually with the extension of infection time until 22 dpi. The CNS, including the brain and spinal cord, is considered as an immune privileged organ because of the low permeability of the BBB. However, it is conceivable that peripherally activated lymphocytes, including NK cells, might also be able to penetrate the BBB and infiltrate into the CNS under several pathological conditions. In human ischemic brain tissue and a permanent middle cerebral artery occlusion (pMCAO) mouse model, infiltration of NK cells into the ischemic infarct region are observed (Gan et al., 2014; Zhang et al., 2014; Li et al., 2020). NK cells are activated in the periphery and then migrated into the CNS of EAE mice (Hao et al., 2010). NK cells can be detected in mouse CNS tissues during a variety of infections, including Semliki Forest virus (SFV) (Alsharifi et al., 2006), murine coronavirus (Hayashi et al., 2009) and L. monocytogenes (Trifilo et al., 2004). NK cells are also recruited to the CNS in glioma-bearing mice and constitute approximately 50% of all leukocytes in the CNS (Alizadeh et al., 2010). We further examined the distribution of NK cells in the spleen, peripheral blood and bone marrow of A. cantonensis-infected mice. The results showed that the percentage and absolute number of NK cells in spleen and in peripheral blood both decreased, consistent with our previous study (Chen et al., 2014), while the percentage of NK cells in bone marrow increased after A. cantonensis infection. In addition, the percentage and absolute number of splenic NK cells were negatively correlated with those of brain NK cells, while the percentage of NK cells in bone marrow was positively correlated with brain NK cells. It was suggested that the CNS-infiltrated NK cells probably were related with the increased hematopoiesis of bone marrow and migration of peripheral NK cells after A. cantonensis infection.

To identify the characteristics of the CNS-infiltrated NK cells, we detected the phenotype and function of NK cells after A. cantonensis infection. The results showed that the expression of activation molecule CD69, activating receptor NKp46 and NKG2D on the CNS-infiltrated NK cells of infected mice was decreased compared with the splenic NK cells of uninfected mice, while the expression of inhibitory receptor NKG2A increased. Consistent phenotypic changes were observed in the splenic NK cells of infected mice. CD69, as an early activation marker on NK cells, is also a novel immune regulator, which can inhibit the cytotoxicity of NK cells by inducing the production of TGF-β. It was demonstrated that the administration of anti-CD69 mAbs can activate resting NK cells, resulting in a substantial increase in both NK-cell cytolytic activity and IFN-γ production (Esplugues et al., 2005). NK cells express an array of inhibitory and activating receptors recognizing self-ligands or microbial molecules on infected and tumor cells. Coordinated acquisition of these inhibitory and activating signals regulates the effector functions of NK cells (Vivier et al., 2011). Some studies have reported the phenotypic changes in the CNS-infiltrated NK cells under pathological conditions. In the EAE mice, the CNS-infiltrated NK cells upregulate the inhibitory receptor NKG2A and kill reactive CD4+T cells (Hao et al., 2010). In a mouse model of cerebral ischemia, NK cells in the ischemic hemisphere have increased expression of NKG2D, an activation receptor, while similar expression of NKG2A, an inhibitory receptor. Of note, expression of the MHC-Ib molecule Qa1, the ligand for NKG2A, decreased significantly on ischemic neurons (Gan et al., 2014). NK cell-mediated neuronal damage is associated with the loss of self-identity for ischemic neuron-modulated NK cell tolerance and the activation of NK cells. The down-regulation of CD69 and activating receptors and up-regulation of inhibitory receptors on NK cells following A. cantonensis infection might imply the changes of their effector functions.

NK cells have a variety of biological functions, with the most important role being cytotoxicity (Abel et al., 2018). In our study, we found that the CNS-infiltrated NK cells of infected mice had an enhanced cytotoxicity against YAC-1 cells with higher expression of CD107a. CD107a, also known as Lysosome associated membrane protein-1 (LAMP-1), is a marker for degranulation of NK cells and its expression correlates with NK cell-mediated lysis of target cells (Alter et al., 2004; Aktas et al., 2009). NK cells can also produce a variety of cytokines in response to activation signaling to regulate immune response. Our results showed that compare with the splenic NK cells of uninfected mice, the CNS-infiltrated NK cells of infected mice produced higher levels of TNF-α and IFN-γ, which are both proinflammatory cytokines and involved in mediating anti-pathogen immune responses (Schoenborn and Wilson, 2007; Zou et al., 2010). Taken together, the CNS-infiltrated NK cells in A. cantonensis-infected mice showed stronger activity with enhanced cytotoxicity and elevated production of TNF-α and IFN-γ. There are no NK cells in the steady-state CNS, but NK cells might migrate into the CNS under certain pathological conditions. After homing to the inflamed CNS, NK cells become receptive to an array of cellular components that they have not encountered in the periphery. These include astrocytes, microglia, neurons and other cells, which release numerous soluble factors with diversified and perhaps coordinated effects on NK cells (Shi et al., 2011). The fate and function of NK cells are determined by focal environmental factors (Li et al., 2020). The exact cellular and molecular interactions that shape the phenotype and function of NK cells in the CNS still need to be determined.

We then investigated the role of NK cells in the brain damage caused by A. cantonensis infection using NK cell depletion and adoptive transfer experiments. We found that after NK depletion, the survival rate and body weight increased, nerve injury and brain inflammation decreased in A. cantonensis-infected mice. On the contrary, the inflammation in brain aggravated after adoptive transfer of NK cells. These results indicated that the CNS-infiltrated NK cells might exacerbated the brain injury after A. cantonensis infection. Many studies have reported that NK cells can rapidly accumulated into the CNS under pathological conditions (Alsharifi et al., 2006; Hayashi et al., 2009; Hao et al., 2010; Gan et al., 2014; Li et al., 2020). However, the role of NK cells in brain injury diseases remains is complex and sometimes paradoxical. Li et al. (2020) identified, NK cells infiltrate into the CNS during early stages of intracerebral hemorrhage (ICH), express up-regulated CD69 and perforin and exacerbate brain edema via cytotoxicity toward cerebral endothelial cells and recruitment of neutrophils. Gan et al. (2014) reported NK cells with the increased expression of NKG2D and IFN-γmediate exacerbation of brain infarction after ischemia via the disruption of NK cell tolerance, augmenting local inflammation and neuronal hyperactivity. Alsharifi et al. (2006) found that NK cells exert both disease-exacerbating and protective effects in the CNS of SFV-infected in mice. The cytolytic activity of NK cells is detrimental, while IFN-γ production is beneficial for recovery from SFV infection. However, Hao et al. (2010) demonstrated that the CNS-resident NK cells have a protective role in the brain of EAE mice, as they inhibit the activation of autoimmune T cells through the killing of activated microglia. Jiang et al. (2017) disclosed that acetylcholine-producing NK cells attenuate CNS inflammation of EAE model via modulation of infiltrating monocytes/macrophages. NK cells play different roles in brain injury, which may be related to the initial factors of the primary disease, the time of immune response, and the overall inflammatory process (Gan et al., 2014).

NK cells originate from bone marrow, are mainly distributed in peripheral blood and spleen, and some lymphatic tissues (Abel et al., 2018). However, the distribution of NK cells is not static because these cells can recirculate between organs. NK cells can respond to a large array of chemokines and be recruited to distinct sites in several pathological circumstances (Shi et al., 2011). The detailed trafficking patterns of NK cells are not very well characterized. Nevertheless, it appears that chemokines produced by cells that are unique to specific organs may have a role in orchestrating NK cell migration to each organ (Shi et al., 2011). It was reported that NK cells might be recruited to the CNS by chemokines such as CX3CL1 produced by neurons (Gan et al., 2014; Hertwig et al., 2016) and CCL2 and CXCL10 produced by microglia, astrocytes or infiltrating inflammatory cells (Hao et al., 2011; Zhang et al., 2014). We examined the expression levels of various chemokines (CCL1, CCL2, CCL3, CCL4, CCL5, CXCL10 and CX3CL1) in brain tissue and their corresponding receptors on NK cells of A. cantonensis-infected mice. The upregulation of CX3CL1 in the brain tissue and its receptor CX3CR1 on the CNS-infiltrated NK cells of infected mice indicated that CX3CL1 might be involved in the recruitment of NK cells into the CNS after A. cantonensis infection.

CX3CL1, also known as fractalkine (in human) and neurotactin (in mouse), is a large cytokine protein of 373 amino acids and is the only member of the CX3C chemokine family (Poniatowski et al., 2017). CX3CL1 have two forms: membrane-bound and soluble type. Soluble CX3CL1 potently chemoattracts T cells, monocytes, NK cells and other lymphocytes, while the membrane-bound CX3CL1 promotes strong adhesion of leukocytes to activated endothelial cells, where it is primarily expressed (Lee et al., 2018). CX3CL1 discloses its biological properties through interaction with one dedicated chemokine receptor CX3CR1 (Sheridan and Murphy, 2013). Some studies have reported the CX3CL1/CX3CR1 signal mediates NK cell migration from the periphery to the CNS. Huang et al. (2006) firstly reported that chemokine CX3CL1 selectively recruits NK cells to the CNS and modify experimental autoimmune encephalomyelitis. Hertwig et al. (2016) showed that mature NK cells are mobilized from the periphery and accumulate in the inflamed CNS of EAE mice in a CX3CR1-dependent way and contributes to control autoimmune neuroinflammation. Gan Y (Gan et al., 2014) demonstrated that ischemic neurons are the major source of CX3CL1 in the brain and the neuron-derived CX3CL1 recruits CX3CR1-expressing NK cells to the infarct sites, determining the sizes of brain lesions in a mouse model of cerebral ischemia. In our study, we found that the neutralization of CX3CL1 reduced the percentage and absolute number of NK cells in the CNS of A. cantonensis-infected mice, whereas increased the percentage and absolute number of the splenic NK cells. NK cells are a special heterogeneous population. The NK cells in different tissues and organs have divergent phenotypic and functional features, and are recruited by different chemokines (Shi et al., 2011). CX3CL1 neutralization only reduced the migration of brain NK cells in A. cantonensis-infected mice but did not inhibit the recruitment of splenic NK cells. After the neutralization of CX3CL1, infected mice had elevated survival rate, increased body weight, slightly decreased neurological impairment score, alleviated brain tissue inflammation, and reduced expression levels of inflammatory cytokines. These results suggest that CX3CL1 plays an important role in the recruitment of NK cells into the CNS and the progression of brain injury caused by A. cantonensis infection. We hypothesize that A. cantonensis larvae enter the brain tissue and induce mechanical damage and inflammatory response. Worm antigen and excretory-secretory antigens stimulate neurons to produce CX3CL1, which recruits CX3CR1+ NK cells in peripheral blood across the damaged BBB into the CNS. The inflammatory environment in the brain shapes NK cell new features with enhanced cytotoxicity and increased cytokine secretion ability, which causing immunopathologic damage while clearing pathogens, and eventually exacerbate brain injury.

Currently, the treatment for angiostrongyliasis includes supportive treatment and corticosteroid therapy (Graeff-Teixeira et al., 2018). The use of anthelmintic drugs, such as albendazole and mebendazole, to kill worms remains controversial. The dead worm lysis in the CNS might cause severe inflammatory response and further damage (Lv et al., 2017). Meanwhile, Patients under the treatment of high-dose corticosteroids would experience immune suppression (Cowie, 2017). Therefore, it is urgent to develop new therapeutic interventions for angiostrongyliasis. Recently, the selective blockage of disease-relevant chemokines/chemokines receptors has become a new treatment strategy and has been proved to be effective in various diseases (Miao et al., 2020). Three chemokine antagonists have been approved: Maraviroc (a CCR5 antagonist) for anti-HIV treatment (Xu et al., 2014), Plerixafor (a CXCR4 antagonist) for the treatment of multiple myeloma or non-Hodgkin’s lymphoma (Uy et al., 2008), and Mogamulizumab (a CCR4 antagonist) for the treatment of mycosis fungoides or Sézary syndrome (Sato et al., 2018). Moreover, clinical trials are ongoing to evaluate many potent candidates. For example, E6011 is a novel humanized anti-CX3CL1 monoclonal antibody being developed as a therapeutic target for Crohn’s disease, RA, and primary biliary cholangitis (Tabuchi et al., 2019). We speculated that selective blockage of NK cell infiltration into the CNS may help to alleviate the brain injury caused by A. cantonensis infection or other pathogens, which need to be further investigated in our future work.

In conclusion, our study demonstrates that NK cells infiltrate into the CNS of A. cantonensis-infected mice. These CNS-infiltrated NK cells display enhanced cytotoxicity and secretory ability. The up-regulated CX3CL1 in the brain tissue recruits NK cells into the CNS and aggravates brain damage caused by A. cantonensis infection. Our findings not only enrich the understanding of the pathogenesis of angiostrongylosis but also provide a clue to novel potential therapeutic strategies against CNS disease.
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Supplementary Table 1 | Primer sequences used for qRT-PCR.

Supplementary Figure 1 | Representative flow cytometry plots of NK cell purity before and after magnetic cell sorting. NK cells were purified from brain mononuclear cells and splenic lymphocytes using a magnetic cell sorting system (MACS) incorporating anti-mice CD49 MicroBeads. The purity of CD3-CD49+ NK cells in brain and spleen after sorting was over 90% detected by FCM. sNK; NK cells in spleen; bNK, NK cells in brain.

Supplementary Figure 2 | Gating strategy for the mouse CD45+CD3-CD49b+ NK cell population by FCM. (A) NK cells in spleen of uninfected mice. (B) NK cells in spleen of infected mice. (C) NK cells in brain of infected mice. Firstly, R1 was gated according to cell size presented by FSC and SSC. Next, CD45+ cells in R1 were gated as R2 representing lymphocytes. Then, CD3-CD49b+ cells in R2 were gated as R3 and identified as the mouse NK cell population. sNK; NK cells in spleen; bNK, NK cells in brain.

Supplementary Figure 3 | Construction of a mouse model of A. cantonensis infection. Mice were infected with 20 A. cantonensis third-stage larvae by intragastric administration and detected at 0, 10, 14, 18 and 22 dpi, respectively. (A, B) Survival rate and body weight of mice at different infection time points. (C) Representative images of infected mice with neurologic deficit symptoms including erect hair, arched back, falling to one side when walking, blindness. (D–F) Neurological impairment scores of infected mice evaluated by Longa’s score, Clark’s general score and Clark’s focal score. (G) Representative images of brain tissue in infected mice. The brains tissue of infected mice displayed obvious hemorrhage and fourth-stage larvae (blue arrow) from 14 to 22 dpi. (H–N) Expression of inflammatory cytokines IL-1β, IL-6 and TNF-α in brain at different infection time points detected by qRT-PCR and ELISA. Data are expressed as the means ± SD. Data shown represent analysis from two independent experiments with four to twelve mice per group. Survival curve comparison was determined by Log-rank Test. Comparison of body weight was carried by independent-samples T test. Comparison of the neurological impairment scores was compared by non-parametric test. Multiple comparisons of gene and protein levels of cytokines at different infection time-points were performed using one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 4 | The percentage and absolute number of splenic T cells in A. cantonensis-infected mice. (A) The percentage T cells in splenic lymphocytes. (B) The absolute number of splenic T cells. Splenic T cells were identified as CD3+CD49b- cells and detected by FCM. Data are expressed as the means ± SD. Data shown represent analysis from two independent experiments with three mice per group. Multiple comparisons of the percentage and count of T cells at different time-points of infection were performed by one-way ANOVA. *P < 0.05; **P < 0.01, compared with that of 0 dpi.

Supplementary Figure 5 | Representative dot plots stained with isotype controls of anti-NKG2D-PE (A) and anti-NKG2A-PE (B). The cells isolated from the brain and spleen were stained with anti-NKG2D-PE, anti-NKG2A-PE or their isotype controls and detected by FCM.
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Infection with Japanese encephalitis virus (JEV) induces high morbidity and mortality, including potentially permanent neurological sequelae. However, the mechanisms by which viruses cross the blood-brain barrier (BBB) and invade into the central nervous system (CNS) remain unclear. Here, we show that extracellular HMGB1 facilitates immune cell transmigration. Furthermore, the migration of immune cells into the CNS dramatically increases during JEV infection which may enhance viral clearance, but paradoxically expedite the onset of Japanese encephalitis (JE). In this study, brain microvascular endothelial cells (BMECs) were utilized for the detection of HMGB1 release, and leucocyte, adhesion, and the integrity of the BBB in vitro. Genetically modified JEV-expressing EGFP (EGFP-JEV) and the BBB model were established to trace JEV-infected immune cell transmigration, which mimics the process of viral neuroinfection. We find that JEV causes HMGB1 release from BMECs while increasing adhesion molecules. Recombinant HMGB1 enhances leukocyte-endothelium adhesion, facilitating JEV-infected monocyte transmigration across endothelia. Thus, JEV successfully utilizes infected monocytes to spread into the brain, expanding inside of the brain, and leading to the acceleration of JE onset, which was facilitated by HMGB1. HMGB1-promoted monocyte transmigration may represent the mechanism of JEV neuroinvasion, revealing potential therapeutic targets.




Keywords: transmigration, adhesion, monocyte, HMGB1, Japanese encephalitis virus (JEV), neuroinvasion



Introduction

Japanese encephalitis virus (JEV) is a mosquito-borne, positive-sense single-stranded RNA virus (Misra and Kalita, 2010). JEV is an epidemic virus in the southern and eastern regions of Asia (Solomon et al., 2000; Misra and Kalita, 2010). The overall incidence of Japanese encephalitis (JE) is about 1.8 per 100,000. Approximately 20% of JE patients succumb to infection, and 50% of the survivors present with permanent neuropsychiatric sequelae (Solomon et al., 2000; Misra and Kalita, 2010). Numerous neurotropic pathogens affect blood-brain barrier (BBB) integrity, such as West Nile virus (WNV) and dengue virus (DENV) (Spindler and Hsu, 2012; Koyuncu et al., 2013). Pathologically, it has been suggested that impairment of the BBB is conclusively correlated with neuroinflammation. During JEV infection, dramatic BBB damage occurs, which is associated with Guillain-Barre syndrome (Wang et al., 2020). Currently, there are no effective therapeutics against JE (Misra and Kalita, 2010). Therefore, it is essential to investigate the pathways and mechanisms of JEV neuroinvasion.

As a dynamic interface of the central nervous system (CNS), the BBB is composed of closely packed fenestrated BMECs, supported by pericytes, astrocyte end-feet, neurons, and the extracellular matrix (Spindler and Hsu, 2012; Obermeier et al., 2013). The BBB manages transport and metabolism as a physical and physiological barrier, restricting the infiltration of immune cells into the brain (Obermeier et al., 2013; Li et al., 2015). The Transwell monolayer model mimics the BBB in vitro, and the integrity of the model can be reflected by the resistance measurement (TEER, transendothelial electrical resistance) in vitro (Eigenmann et al., 2013; Chen et al., 2014). During JEV infection, highly expressed proinflammatory cytokines and chemokines contribute to pathogenesis (Li et al., 2015). Increasing evidence suggests that recruitment and transmigration of leukocytes from the bloodstream to the CNS are involved in encephalitis (Man et al., 2007; Lim et al., 2011; Terry et al., 2012). Besides, cell adhesion molecules and their ligands promote immune cell trafficking, which has been confirmed by specific blockade assays or gene-deficient animal models (Miner and Diamond, 2016; Varatharaj and Galea, 2017).

There are several possible routes by which viruses invade the CNS: infection of BMECs, spread from the olfactory bulb, and immune cells acting as “Trojan horses” (Koyuncu et al., 2013; Suthar et al., 2013; Miner and Diamond, 2016). Infiltrated leukocytes present a paradoxical character in different diseases, especially monocytes, which can act as virus carriers disseminating the virus in the tissues or act as virus cleaner via activating immune responses. Nonetheless, the appearance of infected monocytes might act as an indicator of the severity of CNS disease (Charlier et al., 2009; Terry et al., 2012). Many viral infection models have shown that monocytes are well-suited viral vectors and exhibit the ability of transmigration as “Trojan horses” for viruses such as HIV-1, WNV, and ZIKV (Koyuncu et al., 2013; Ayala-Nunez et al., 2019; de Carvalho et al., 2019).

High-mobility group box 1 (HMGB1) is the most extensively studied HMG protein; normally located in the nucleus as a DNA chaperone (Romani et al., 1979; Muller et al., 2001; Stros, 2010). HMGB1 can actively translocate and be released from cells responding to stimuli (Kang et al., 2014; Hosakote et al., 2016). HMGB1 participates in cell recruitment, adhesion and migration as an adhesion molecule and a chemoattractant, and it is a damage-associated molecular pattern (DAMP) protein that initiates the immune response (Scaffidi et al., 2002; Rouhiainen et al., 2004; Kang et al., 2014). It has been confirmed that extracellular HMGB1 contributes to monocyte migration (Rouhiainen et al., 2004; Kang et al., 2014). Furthermore, extracellular HMGB1 initiates inflammatory pathways, leading to the production of multiple inflammatory factors (Scaffidi et al., 2002; Hosakote et al., 2016; Rayavara et al., 2018), which may damage the BBB.

In this study, JEV infection led to human brain microvascular endothelial cells (HBMECs) producing abundant HMGB1, which promoted JEV-infected monocytes transmigration, acting as “Trojan horses”, resulting in JEV neuroinvasion. These data provide insights into the correlation of leucocytes transmigration and JEV dissemination and may assist in JE treatment.



Materials and Methods


Mice and Virus

C57BL/6 mice were supplied by the Laboratory Animal Center of Huazhong Agricultural University, Wuhan, China. All work was performed following the Committee for Protection, Supervision, and the Control of Experiments on Animals guidelines of Huazhong Agricultural University. The JEV-P3 strain was employed in our previous research (Li et al., 2015) and 15 μl (5 × 104 PFU) of viral inoculum was injected into the brains of 1-day suckling mice. After euthanization, the mouse (symptoms exhibition) brain was removed. Homogenized brains were suspended in Dulbecco’s modified Eagle’s medium (DMEM) at a concentration of 10% (wt/vol). After centrifugation, the debris was discarded and the supernatant was stored at −80°C until use. The baby hamster kidney fibroblast cell line (BHK-21) was used for viral titration by plaque assay.



Viral Infection

Female C57BL/6 mice aged 6–8 weeks were classified into two groups: the control group (n = 6), which was injected with 50 μl of DMEM. In the JEV-infected group (n = 6), the mice were injected in the footpad with 105 PFU or infected via intravenous injection (i.v.) with 5 × 106 PFU of JEV. Mouse tissues were collected for tissue sectioning and RNA extraction.

Primary splenocytes and BMECs (HBMECs and bEnd.3 cells) were exposed to JEV at an MOI of 1 and incubated in DMEM at 37°C with 5% CO2 for 2 h. The cells were washed with PBS and then grown in culture medium. Virus-free cells were served as control.



Cell Culture and Coculture

HBMECs were maintained in our laboratory and grown in DMEM containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and endothelial cell growth supplement containing nonessential amino acids (Sigma, Ronkonkoma, NY, USA), minimum essential medium (Sigma, USA) vitamins, sodium pyruvate (Sigma, USA), 100 U/ml penicillin, and 100 mg/ml streptomycin sulfate at 37°C with 5% CO2. BHK-21 cells and bEnd.3 cells were maintained in our laboratory and grown in DMEM containing 10% FBS (Gibco, USA), 100 U/ml penicillin, and 100 mg/ml streptomycin sulfate at 37°C with 5% CO2. C6/36 cells were obtained from the Wuhan Institute of Virology, Chinese Academy of Sciences, cultured at 28°C with 5% CO2, using the same culture medium was used for the BHK-21 cells.

Primary splenocytes and peripheral blood mononuclear cells (PBMCs) were collected from healthy adult mice. After spinning down the red blood cells, cells were cultured at a density of 1 × 106 cells/ml in DMEM containing 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin sulfate.

Primary splenocytes and PBMCs were treated with rHMGB1 (100 ng/ml, Sino Biological, Beijing, China) or infected with JEV (MOI = 1) and cultured at 37°C with 5% CO2. And RNA samples were collected at indicated times.

Primary splenocytes (treated or untreated) were incubated with the BMEC monolayer (JEV-infected or uninfected) in a 12-well plate for 2 h at 37°C with 5% CO2. Then the samples were collected for analysis at the indicated times. JEV-free or rHMGB1-free cells were served as control.



Western Blotting

Cells were lysed in RIPA buffer containing protease inhibitor cocktail, homogenized, and centrifuged at 12,000×g and 4°C for 5 min. The protein concentration was determined by a BCA protein assay kit (Beyotime, Shanghai, China). Protein samples were separated by SDS-PAGE with 12% polyacrylamide gel. The proteins were transferred to polyvinylidene difluoride membranes (Bio-Rad, Richmond, CA, USA). Then, the proteins on the membranes were blocked for 2 h at room temperature in Tris-buffered saline with Tween 20 (TBST) containing 5% nonfat dry milk. The membranes were incubated overnight at 4°C with JEV-E protein monoclonal antibody (preserved in the laboratory) and the following antibodies: anti-ICAM-2, anti-beta-catenin, and anti-E-selectin (Proteintech, Wuhan, China); anti-HMGB1 (Novus Biologicals, Centennial, CO, USA); anti-VE-cadherin and anti-VCAM-1 (Abcam, Cambridge, MA, USA); and anti-Lamin A/C and anti-beta-actin (ABclonal, Wuhan, China). The membranes were washed with TBST and then incubated with horseradish peroxidase-conjugated (HRP) secondary antibodies. Enhanced chemiluminescence reagents (Bio-Rad, USA) were utilized to visualize the HRP-induced signal.



Injection of Immune Cells Into the Brain

Purified CD3+ T cells, CD19+ B cells, and Ly6C+ monocytes were infected with JEV (MOI = 1) in DMEM for 2 h. The cells were then washed with PBS and incubated with JEV antiserum. Then, 1 × 105 cells (virus-infected or uninfected) were injected into normal mouse brains. The JE onset time data were registered, and the JE mouse brains were removed for virus detection.



Immunofluorescence

Ketamine-xylazine and PBS were used for the anesthetization and perfusion of symptomatic mice. The collected tissues were immediately fixed with 4% paraformaldehyde in an aseptic environment. All fixed tissues were embedded in paraffin for sectioning. In addition, the antigen was thermally retrieved in 0.01 M sodium citrate solution buffer.

Tissue sections were blocked in 5% BSA sealing fluid for 30 min at room temperature and incubated with anti-JEV-E protein monoclonal antibody overnight at 4°C. The sections were washed with PBS, incubated with the Alexa Fluor 488 labeled secondary antibody (Invitrogen, Grand Island, NY, USA) for 1 h, and nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 3 min at room temperature. The tissue sections were sealed with glycerin. A fluorescence microscope was used to observe the sealed sections.

Highly express GFP-LFA-1 (ICAM-1 ligand) yeast cells were used to detect the ICAM-1 in the JEV-infected bEnd.3 cells (Zhang et al., 2018). The amount of the fluorescence (GFP) yeast cell represents the expression of ICAM-1 in the BMEC monolayer.



BBB Monolayer Transwell Model

The BBB monolayer Transwell model (12-well, 3.0 μm pore size, Corning, NY, USA) was adopted in this study. Two hundred microliters of rat tail collagen (50 μg/ml, Sigma, USA) was used to enclose the upper Transwell chamber at room temperature for 1 h. After washed with PBS, 500 μl of DMEM (without phenol red, Sigma, USA) was added to the upper chamber for pre-equilibration at 37°C for 1 h. BMECs (5 × 105 bEnd.3 cells) were cultured in the upper chamber with a total volume of 500 μl of culture medium (without phenol red, Sigma, USA) at 37°C and 5% CO2 for approximately 24 h. Monolayer leakage was monitored for 4 h, and FITC-dextran (10 kD and 70 kD, Sigma-Aldrich, USA) was added for the permeability measurement of the BBB monolayer model.



Electric Cell-Substrate Impedance Sensing (ECIS)

Electrode plates were equilibrated in 500 µl DMEM overnight at 37°C. Then, 350 µl of bEnd.3 cells was added to each well at a density of 2 × 106/ml. Until the impedance stabilization, real-time impedance changes were measured (Applied BioPhysics, Troy, NY, USA).



Cell Transmigration

Virus was added to the upper Transwell chamber to infect the bEnd.3 cells (MOI = 1) for 2 h in DMEM (without phenol red, Sigma, USA). In addition, primary splenocytes were infected with virus or treated with rHMGB1 (100 ng/ml). After washing by PBS, the Transwell chamber was refreshed with new culture medium. The treated splenocytes (5 × 105 cells) were added to the upper chamber and cocultured with the monolayer of infected bEnd.3 cells for 24 h at 37°C and 5% CO2. Then, the transmigrated cells were collected in the lower chamber and analyzed by flow cytometry.

Transendothelial electrical resistance (TEER; ohm.cm2) (Millicell, ERS-2,Millipore, Billerica, MA), a criterion used to evaluate the permeability of monolayer models in vitro, was monitored and recorded at the indicated times (0 h, 6 h, 12 h, 18 h, and 24 h).



Flow Cytometry and Quantitative Real-Time PCR Analysis

Splenocytes were stained with the combination of mAbs conjugated with FITC, PE, PE-Cy7, APC-Cy7, PB, and APC. For cell surface marker staining, splenocyte suspensions were incubated with the appropriate Abs, anti-CD3, anti-CD11b, anti-Ly6C, and anti-CD19 in PBS buffer (pH = 7.4) containing 0.2% BSA (BioSharp, China), at 4°C for 30 min. PBS was provided for double washing (400×g, 5 min, 4°C), and cell suspension. Cell identification and separation were achieved by flow cytometry with FACS Calibur (BD Biosciences, Billerica, MA, USA) system or Beckman CytoFlex (Beckman Coulter, Carlsbad, CA, USA), and CytExport 2.0 CellQuest Pro software were used for data analysis. The EGFP-JEV is utilized is to intracellular JEV detection.

Total RNA was extracted with TRIzol reagent (Invitrogen, USA). One microgram of RNA was used to synthesize cDNA with a ReverTra Ace RT-PCR RT kit (Toyobo, Osaka, Japan) following the manufacturer’s instructions. SYBR Green (Invitrogen, USA) was employed for quantitative real-time PCR using StepOne Plus and StepOne Software v2.2.2 (Applied Biosystems, Foster City, CA, USA). The relative expression of the JEV-C gene was normalized to the level of the beta-actin. The pcDNA3.0-HA/JEV-C gene plasmid served as a template for generating a standard curve to quantify JEV copy numbers. The real-time PCR primers were listed in Supplementary Table S1.



Statistical Analysis

All experiments were repeated at least three times. The data are expressed as the means ± SEM. The data were analyzed by Student’s t-test or one-way analysis of variance followed by Tukey’s post-hoc tests. Graphs were plotted and analyzed using GraphPad Prism software (v7.0; GraphPad, La Jolla, CA, USA).




Results


JEV Infection Caused HMGB1 Cytoplasmic Translocation and Secretion From HBMEC

HBMECs were infected with JEV at an MOI of 1, and the expression of JEV-E protein was measured by Western blotting. JEV replicated in HBMECs (Figure 1A), and abundant intracellular JEV-E protein was observed at 24 and 48 h (Figure 1B). JEV infection caused a dramatic increase in HMGB1 expression at both the mRNA and protein levels (Figures 1C, D). In addition, HMGB1 was upregulated in mouse BMECs (bEnd.3 cell line) during JEV infection (Figure S1A). These results demonstrate that JEV infection induced upregulation of HMGB1 expression in BMECs.




Figure 1 | JEV-induced fluctuation of HMGB1 in HBMECs. HBMECs were infected with JEV-P3 at an MOI of 1, and total cell protein and RNA samples were collected at the indicated times to measure JEV replication in HBMECs by real-time PCR (A) and Western blotting using an anti-JEV-E protein monoclonal antibody (B). HMGB1 expression was measured by real-time PCR (C) and Western blot (D) at the indicated times during JEV infection. JEV free cells were served as control. (E) Total cytoplasmic and nuclear proteins were extracted from JEV-infected HBMECs at 0 h (Control), 6 h, 12 h, 24 h, and 48 h postinfection. HMGB1 protein expression was measured by Western blotting, with beta-actin as the internal control for protein integrity and Lamin A/C was assessed in the nuclear extract, and quantitatively analyzed as the fold change relative to the control. (F) HBMEC culture supernatant was collected at indicated times after virus infection (24 h, and 48 h). Supernatant HMGB1 was measured by Western blotting and quantitatively analyzed as the fold change relative to the control (JEV-free cell culture supernatant). The experiments are repeated at least three times. The data are expressed as the means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.



The biological functions of HMGB1 are dominated by its expression and subcellular localization (Deng et al., 2019). Thus, the cellular distribution and release of HMGB1 were determined. HMGB1 was mainly located in the nucleus of uninfected HBMECs and expressed at a low level, but its expression was significantly increased in the cytoplasm of JEV-infected HBMECs at 24 h (Figure S1B), suggesting the translocation of HMGB1 from the nucleus to the cytoplasm. To confirm this translocation, the protein was extracted separately from the nucleus and cytoplasm, and the HMGB1 level was detected (Figure 1E). The results showed a significant increase of HMGB1 in the cytoplasm after JEV infection, reaching a peak at 12 h and then gradually declining from 24 h to 48 h. The expression of HMGB1 in the nucleus was increased at 6 h. Accumulation of HMGB1 in the cytoplasm may actively initiate HMGB1 secretion. The detection of secreted HMGB1 revealed approximately 2- and 3.5-fold increase in HMGB1 released from JEV-infected cells at 24 and 48 h, respectively (Figure 1F).

Taken together, these data suggested that JEV induces the upregulation and translocation of HMGB1, which is subsequently released from cells.



JEV Infection Induced the Activation of BMECs and an Increase in the Expression of Adhesion Molecules

BMECs are critical to the formation of the BBB and the maintenance of its barrier function. High expression of adhesion molecules and integrin ligands is necessary for circulating cell adhesion to the BBB endothelium, which may facilitate cell infiltration into the CNS. In this study, yeast cells that highly express GFP-LFA-1 (ICAM-1 ligand) were used to detect ICAM-1 expression and LFA-1-ICAM-1-mediated interactions between yeast cells and JEV-activated endothelial cells (Zhang et al., 2018). The JEV-infected bEnd.3 monolayer accommodated more GFP+ LFA-1 yeast cells than the control monolayer (Figures 2A, B), which suggested that JEV induced upregulation of ICAM-1 in the bEnd.3 cells. Western blotting confirmed the increase in adhesion molecules on endothelial cells following infection, including VCAM-1, ICAM-2, E-selectin, VE-cadherin, and beta-catenin (Figures 2C, D). Since HMGB1 is released from BMECs, which may affect circulating immune cells, rHMGB1 was used to treat the isolated splenocytes in vitro, and the expression of adhesion molecules was measured. As expected, treatment with rHMGB1 (100 ng/ml) upregulated LFA-1 and VLA-4 on mouse splenocytes (Figures 2E, F), which act as receptors of ICAM-1 and VCAM-1.




Figure 2 | JEV infection upregulated adhesion molecules expression in bEnd.3 cells, and rHMGB1 increased the expression of integrin ligands in splenocytes. (A) ICAM-1 expression level was detected in the JEV-infected bEnd.3 cells at 6 h. Representative images showing the binding of highly expressed GFP+ LFA-1 yeast cells. (B) Statistical analysis of fluorescence was performed, and the result represents the expression levels of ICAM-1 in bEnd.3 cells. (C) Detection of ICAM-2, VCAM-1, E-selectin (CD62E), VE-cadherin, and beta-catenin expression levels in JEV-infected bEnd.3 cells were determined by Western blotting. Protein samples were collected at 0 h (Control), 6 h, 12 h, and 24 h. (D) The protein expressions reported in panel (C) were normalized to that of beta-actin and quantitatively analyzed as the fold change relative to the control. The expression levels of LFA-1 (CD11a and CD18) (E) and VLA-4 (CD49d and CD29) (F) in rHMGB1-treated (100 ng/ml) mouse splenocytes, determined by real-time PCR at 0 h (Control), 3 h, 6 h, 12 h, 24 h, 48 h. Untreated cells were served as control. The scale bar for (A) is 50 μm. The experiments were repeated at least three times. The data are expressed as the means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.



In addition, the expression of ICAM-1 and VCAM-1 in HBMECs was increased after JEV infection (Figures S2A, B). With the treatment of rHMGB1, an upregulation was also observed in the expression of LFA-1 (CD11a and CD18) and VLA-4 (CD49d and CD29) in human THP-1 cells (Figures S2C, D). Furthermore, upregulation of ICAM-1 and VCAM-1 was found in JEV-infected mouse brains (Figures S3A, B) and was coupled with an increase of LFA-1 and VLA-4 expression in the PBMCs (Figures S3C, D).

All these results suggested that JEV infection upregulated adhesion molecules on BMECs and that HMGB1 also induced an increase in integrin ligands on circulating immune cells, which may contribute to immune cells binding to the BBB endothelium.



Extracellular HMGB1 Promoted the Adhesion of Immune Cells to the Endothelium

Leukocyte-endothelium adhesion is indispensable for the infiltration of cells into the CNS. bEnd.3 monolayers were primed with live JEV-P3 or UV-deactivated JEV-P3. More GFP+ splenocytes, isolated from GFP-transgenic mice, were bound to the JEV-infected monolayer group compared with the control (uninfected monolayer) and UV-deactivated virus groups (Figures 3A, B). Moreover, HMGB1 was overexpressed in 293T cells (data not shown). The supernatant from these HMGB1-overexpressing 293T cells was collected to treat THP-1 cells. More supernatant HMGB1-treated THP-1 cells were adherent to the virus-infected HBMECs compared with the untreated THP-1 cells (Figure S4A). To investigate whether HMGB1 stimulate immune cell adherence to the BBB endothelium, mouse splenocytes were treated with only rHMGB1 and then added to a bEnd.3 monolayer. After 2 h of incubation, the cells were gently washed and subjected to flow cytometry analysis. The results showed that rHMGB1 treatment led to more Ly6C+CD11b+ monocytes binding to the monolayer, but there were no significant effects on CD3+ T cells or CD19+ B cells (Figures 3C, D). Additionally, rHMGB1 treatment stimulated more CD3+ T cells and Ly6C+CD11b+ monocytes adhering to the JEV-primed endothelial monolayer (Figures 3C, D). Furthermore, CD3+ T cells and CD11b+ monocytes were sorted from the JEV-infected mice at 3 dpi and then added to a BMEC monolayer. JEV infection dramatically enhanced the adherence of CD11b+ monocytes but not CD3+ T cells to the BMECs (Figures 3E, F). These results indicated that the upregulation of adhesion molecules triggered by JEV and the extracellular HMGB1 can promote monocyte binding to the BBB, which may potentiate monocyte crossing the BBB.




Figure 3 | HMGB1 promoted immune cell adhesion to the BMEC monolayer. (A) GFP+ splenocytes were incubated with JEV-P3/UV-P3-infected bEnd.3 cell monolayers for 2 h; the GFP+ splenocytes were obtained from transgenic mice. After washing with PBS, the cells were fixed with 4% paraformaldehyde and then observed by fluorescence microscopy. The fluorescence represents the number of adherent splenocytes. JEV free monolayers were served as control. (B) Statistical analysis of the GFP+ splenocytes binding to the bEnd.3 cell monolayer of (A). (C) Mouse splenocytes were treated with rHMGB1 (100 ng/ml) for 2 h. Then, splenocytes (rHMGB1 treated or untreated) were incubated with the bEnd.3 cell monolayers (JEV infected or uninfected) for 2 h. After gentle washing with PBS, the adherent splenocytes were collected, and the amount of CD19+ B cells, CD3+ T cells, and Ly6C+CD11b+ monocytes was analyzed by flow cytometry. Untreated splenocytes and uninfected monolayers were served as control. (D) Statistical analysis of the binding splenocytes to the bEnd.3 cell monolayer as reported in (C). (E) Purified CD3+ T cells and CD11b monocytes (obtained from JEV-infected mice, tail vein injection (F), 3 dpi) were inoculated onto the virus-infected bEnd.3 cell monolayer and incubated for 2 h. After washing with PBS, the bound cells were detected by flow cytometry. The right panels show the results of the statistical analysis of CD3+ T cells and CD11b monocytes binding to the bEnd.3 cell monolayer of (E). JEV free bEnd.3 cell monolayers were served as control. The scale bar for (A) is 100 μm. These experiments were repeated at least three times. The data are expressed as the means ± SEM. p > 0.05 (ns, no significant difference), *p < 0.05, **p < 0.01, and ***p < 0.001.





Extracellular HMGB1 Facilitated Transendothelial Migration of JEV-Infected Monocytes

Notably, JEV infection did not have a significant effect on the integrity of the endothelium in vitro, and there was no difference between the virus and the UV-inactivated virus treatments (Figure 4A). However, treatment with JEV-infected mouse brain supernatant (10%) led to a loss of integrity in the BMEC monolayer (Figure 4A), which suggested that JEV does not disrupt the BBB, but the subsequent inflammatory reactions may result in BBB damage.




Figure 4 | HMGB1 facilitated immune cell transmigration during infection. (A) Real-time measurement of the JEV-P3/UV-P3 effect on the tight junction between bEnd.3 cells in vitro. The electrical resistance value represents the tight junction integrity of the bEnd.3 cells. TEER was measured at 4 kHz. bEnd.3 cells were exposed to JEV-P3, UV-P3, and 10% BS (the supernatant of JEV-infected mouse brain). Each line represents experimental repeats as measured in three wells of cells. Increased resistance is positively correlated with the barrier function of bEnd.3 cells. (B) bEnd.3 cells were cultured in the collagen-covered upper Transwell chamber in culture medium (without phenol red) for 24 h. Then, the permeability and TEER of the BMEC monolayer models were measured. Mouse splenocytes (5 × 105) were added to the upper chamber and cocultured with the monolayer for 24 h. Then, the transmigrated cells in the lower chamber were collected and counted by flow cytometry. The TEER value of control (splenocytes cocultured with monolayer), JEV-P3 (JEV infected splenocytes cocultured with JEV infected monolayer) and rHMGB1+JEV-P3 (rHMGB1 was added in the cocultured system of JEV infected splenocytes and JEV infected monolayer) models were measured at the indicated times (0 h, 6 h, 12 h, 18 h, and 24 h). (C) After splenocytes were cocultured with the bEnd.3 cell monolayer for 24 h, the transmigrated cells (obtained from the lower chamber), including CD19+ B cells, CD3+ T cells, and Ly6C+CD11b+ monocytes, were collected and analyzed by flow cytometry. rHMGB1 free and JEV free groups were served as control. (D) Statistics of transmigration cells in the lower chamber of panel (C). The experiments were repeated at least three times. The data are expressed as the means ± SEM. p > 0.05 (ns, no significant difference), *p < 0.05, **p < 0.01, and ***p < 0.001.



To further elucidate the role of extracellular HMGB1 in leucocyte migration during JEV infection, a Transwell insert was covered with bEnd.3 cells (Figure S5A). The cells formed a tight monolayer, as expected, reaching the standard level of confluence. Few FITC-dextran (10 kD and 70 kD) was detected in the lower chamber compared with the upper chamber, indicating robust membrane impermeability (Figure S5B). The integrity of the BBB, evaluated by TEER, remained stable over 24 h (>200 ohm.cm2) in the control monolayers (Figure 4B). Quantification of the TEER showed that the exposure to rHMGB1 exacerbated the destruction of the monolayer during JEV infection compared with the effect on the virus-infected cells (Figure 4B). To confirm that HMGB1 promotes leucocyte migration, the Transwell model was used for a transmigration assay. Flow cytometry analysis indicated that JEV infection triggered the transmigration of Ly6C+CD11b+ monocytes, CD3+ T cells, and CD19+ B cells (Figures 4C, D), accompanied by a decrease in the TEER (Figure 4B). Moreover, rHMGB1 led to significantly more Ly6C+CD11b+ monocyte transmigration upon JEV infection but had no effects on CD3+ T cells and CD19+ B cells compared with the effect on the virus-infected cells (Figures 4C, D). These results indicated that HMGB1 can exacerbate BBB fluctuation and monocyte transmigration during JEV infection.

To discover which cells act as virus carriers, JEV with an EGFP tag (EGFP-JEV) was applied to visualize cell transmigration. There was an increased percentage of EGFP-positive Ly6C+CD11b+ monocytes, CD3+ T cells, and CD19+ B cells that transmigrated, compared with the control cells (Figures 5A–C). Furthermore, there were significantly more transmigrated JEV-positive (EGFP+Ly6C+CD11b+) monocytes than transmigrated JEV-positive T cells (EGFP+CD3+) or B cells (EGFP+CD19+) (Figure 5D).




Figure 5 | Virus-carrying splenocyte transmigration in vitro. (A–C) JEV-infected bEnd.3 cell monolayers were cocultured with EGFP-JEV-infected splenocytes (5 × 105) for 24 h, and the transmigrated cells (lower chamber) were collected and measured by flow cytometry. An enhanced sensitivity measure at 488 nm was performed for the detection of intracellular EGFP-JEV in CD19+ B cells, CD3+ T cells, and Ly6C+CD11b+ monocytes by flow cytometry. EGFP-JEV free cells were the nonspecific control. (D, E) The statistical analysis of EGFP-positive cells in the transmigrated cells in the lower chamber reported in (A–C). The experiments were repeated at least three times. The data are expressed as the means ± SEM. p > 0.05 (ns, no significant difference), *p < 0.05 and **p < 0.01.



These data suggested that extracellular HMGB1 promotes cell transmigration, especially monocytes, which serve as “Trojan horses” during JEV neuroinvasion.



JEV-Infected Immune Cells Disseminate JEV to the was Brain Correlated With JE in Mouse

Mouse splenocytes were isolated and subjected to JEV infection. Real-time PCR showed that JEV replication reached a peak at 24 h (Figure 6A). The purified Ly6C+ monocytes, CD3+ T cells, and CD19+ B cells were exposed to JEV and assessed by Western blot. The findings showed the ability of the virus to replicate in the purified cells (Figure 6B). The results in Figure 5 indicated monocyte could carry JEV across the BBB in vitro. To study virus-infected leucocyte and virus CNS dissemination, virus-infected cells were incubated with the anti-JEV serum to neutralize nonspecifically adhering viruses. Thus, 1 × 105 cells were intracranially injected into the brain to simulate cell-associated JEV dissemination in vivo. As expected, the injection of virus-infected cells caused mouse disease symptoms (emaciation, seizures, motion disorders, and paralysis), same as that in the group injected with the virus via the tail vein. Furthermore, the initial appearance of JE was earlier in the mice with the intracranial injection of JEV-infected Ly6C+ monocytes and CD3+ T cells than in the mice injected with JEV-infected CD19+ B cells (Figure 6C). All types of virus-infected cells induced JE in mice and caused greater virus replication in the brain compared with the control (PBS injection) and mock groups (virus-free cell injection) (Figures 6D–F). Moreover, the onset time of JE was positively associated with the quantity of JEV-infected immune cells injected (data not shown). These data indicated that cell-associated JEV promotes viral dissemination, and eventually leads to neurological disease.




Figure 6 | JEV-infected immune cells facilitating virus dissemination in the CNS were affiliated with JE in mice. (A) The replication of JEV in mouse splenocytes from 0 h (Control) to 72 h was measured by real-time PCR. (B) Purified CD3+ T cells, CD19+ B cells, and Ly6+ monocytes were exposed to JEV-P3, which was detected by Western blotting using an anti-JEV-E protein antibody. JEV free cells were served as control. (C) The statistical analysis of JE onset after JEV-infected CD19+ B cells, CD3+ T cells, and Ly6C+ monocytes were injected into healthy adult mice brains, compared with the JE onset in the tail vein injection group. After the intracranial injection of PBS (Control), JEV-infected (Infected cells) or uninfected (Mock) Ly6C+ monocytes (D), CD3+ T cells (E), and CD19+ B cells. (F) Immunofluorescence images of the JE mice brains, which showed cells stained for DNA (blue, DAPI) and JEV (green, JEV-E protein). JEV replication in mouse brains was measured by real-time PCR. The scale bar for (D–F) is 100 μm. The experiments were repeated at least three times. The data are expressed as the means ± SEM. p > 0.05 (ns, no significant difference), *p < 0.05, **p < 0.01, and ***p < 0.001.



The natural route of infection was also mimicked by JEV injection in the footpad of C57BL/6 mice. Tissue samples were collected from mouse cerebrum, olfactory bulb, and spinal cord after infection, and the viral loads were determined by real-time PCR and immunofluorescence. The results showed that there was a higher number of the JEV particles in the cerebrum than in the olfactory bulb or spinal cord (Figures S6A–C). These results suggested that CNS dissemination of JEV presumably occurs through the blood.

Together, these data indicated that JEV-infected immune cells, especially monocytes, serves as “Trojan horses” carrying JEV to the brain and contribute to JE onset in mouse.




Discussion

HMGB1 is a DNA-binding, intracellular transcription-regulating protein (Kang et al., 2014). Cell activation or necrosis induces HMGB1 translocation to the cytoplasm and its release into the extracellular space (Hosakote et al., 2016), which has been described as a DAMP factor that initiates inflammatory responses and regarded as a cell migration mediator (Lotze and Tracey, 2005; Kang et al., 2014). In this study, we demonstrated that JEV infection triggered HMGB1 release from BMECs. BMEC-derived HMGB1 promoted immune cells binding to the BBB endothelium and transmigrating into the CNS as “Trojan horses”. Therefore, HMGB1, as a mediator of intercellular adhesion and transmigration, promotes virus neuroinvasion and contributes to the pathogenesis of JEV, which was associated with JEV-infected monocytes.

Previous studies have reported that viral infection induces the translocation and secretion of HMGB1 (Wang et al., 2006; Hosakote et al., 2016). Additionally, HMGB1 is important to cell migration, particularly monocyte transmigration (Rouhiainen et al., 2004; Kang et al., 2014). This investigation primarily illustrated that JEV infection induced the release of HMGB1 from BMECs. JEV infection also induced the initiation of cell activation and upregulated the expression of adhesion molecules, such as ICAM-1 and VCAM-1. In addition, HMGB1 upregulated the expression of LFA-1 and VLA-4 in immune cells. Increase in adhesion molecules and HMGB1 level facilitates leukocyte binding to virus-infected monolayers and can promote immune cell CNS transmigration (Ley and Reutershan, 2006; Lai et al., 2012; Ayala-Nunez et al., 2019). However, the interaction between virus-infected leukocytes and BBB homeostasis remains unclear. Our results from a previous study revealed that JEV itself is not the leading cause of the tight junction loss between endothelial cells during early infection. In contrast, supernatant of JE brain, containing proinflammatory factors, dramatically destroyed the integrity of the BBB monolayer in vitro, supporting the idea that a systemic inflammatory response disrupts the BBB (Li et al., 2015; Mustafa et al., 2019).

It has been shown that during HIV/WNV infection, as the virus carriers, immune cells (T cells, monocytes) are recruited to the BBB surface for CNS infiltration (Terry et al., 2012; Koyuncu et al., 2013). Similarly, monocytes also act as JEV carriers and transmigrate to the CNS, causing neuroinfection. It has been suggested that extracellular HMGB1 may activate immune cells to produce inflammatory cytokines (Rayavara et al., 2018). Moreover, previous evidence has shown that HMGB1 is directly associated with the breakdown of the BBB in vitro (Festoff et al., 2016). Monocyte migration is probably different from that of T cells in response to HMGB1, which showed a distinct difference in transmigration efficiency in our model. Furthermore, our data suggested that HMGB1 accelerates the breakdown of the BBB and immune cell infiltration during JEV infection, which was reflected by a decrease in the TEERs and an increase in the amount of migrating cells. All the results from our study suggest that HMGB1 facilitates the endothelial adhesion and transmigration of monocytes during JEV infection, including specific and nonspecific binding and migration cells. However, neither the BBB monolayer model nor the in vitro Transwell model could fully represent the intact BBB in vivo (Helms et al., 2016). More comprehensive in vivo or in vitro BBB models are being developed or sought for the study of JEV-infected monocytes with HMGB1-mediated effects in the early stage of viral neuroinvasion.

Neurotropic viruses may spread through multiple pathways to achieve CNS invasion, including endothelial cell infection and the “Trojan horses”. The intracranial injection of virus-infected cells is performed to link that cell-associated JEV could promote viral dissemination in the brain. However, direct evidence of cell migration in vivo is still lacking, and further in vivo studies using JEV infection models to explore the mechanism of natural infection are necessary. It has been reported that virus-infected monocytes acting as Trojan horse-like carriers contribute to virus dissemination in the CNS, enhancing viral persistence (O'Connor et al., 2018; Ayala-Nunez et al., 2019). Notably, it has been suggested that the migration of T cells into the CNS may be regulated by the transmigration of monocytes (Savarin et al., 2010; Man et al., 2012; Netland and Bevan, 2013). Therefore, monocytes may act as an important mediator in viral spread towards neural tissues, and further study is needed to evaluate the relative contribution of monocytes to JEV neuroinvasion.

In summary, our results suggest that JEV infection induces the release of HMGB1 from BMECs, enhancing virus-associated leucocyte adhesion and transendothelial migration and promoting viral dissemination, leading to neuroinfection and neuroinflammation (Figure 7). Our findings have important implications for the current understanding of JEV-host interactions by highlighting that HMGB1 and monocyte transmigration can be specifically targeted for the treatment of JE.




Figure 7 | Schematic description of BMEC-derived HMGB1 contributing to JEV-infected monocyte transendothelial migration. JEV induced HMGB1 release from BMECs and upregulated the expression of adhesion molecules, which showed enhanced leukocyte-endothelium adhesion accompanied by promoted JEV-infected monocyte transendothelial migration and BBB fluctuation. JEV-infected monocytes acted as “Trojan horses,” inducing a positive effect on JE and glia activation and subsequently expanding neuronal infection, causing uncontrolled inflammatory cytokine production and neuronal damage, resulting in the appearance of JE symptoms.
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Primary Findings.

‘Across smal stuckes and anecdotal benafts, s reasonabio o acmister ystemic
Corcosterods 10 aoiats Unvesponsie nfammatory efcts.

‘Stucd use of adunciive doxametnasons stercd thoapy i combination with antiungal
reatments, amphaterin B and fuconazol, for sx weeks. Mottty rate of 47% wilh
‘dexamethasons reatment and 41% i the pacebo group (10 weeks) and 57% mortalty
wih dexamatfiasons eatment n comparison 1 the placeb of 47% (6 moris). Disabiy
and adverso ofocts Hghar in dexamethasono-leated roups by 10 weoks of eatment.
n CMHIRIS major compications, such s CNS inflammation wih increased intracranil
pressure, cortostexoids (0.5-1.0 Mg per day of prechisons equivalent) shoukd be:
acimiistored and possy dexamethasons at igher doses for severe ONS signs and
Symptoms, with a concomitant antungal egire.

Repeatod ambar punciures and ortosterod herapy o 10 mprovamant of severd
Peadachos and intracranial pressuro decroase.

Data supports use of abendazolo and mebondazoe st eatmont. Anthomintc
reatment adminisration no recommended without adkcie steroid eatment,

‘Smal outoreak data supports corcosterids eatment n combination with anhelmintcs.
‘Gases of Gifuss encephas and expansive lesions with a mass efect i the bran are
recommended adunctive coricosterod therapy.

Analyzed patients with HIV and the outcomo of acunctive stero therapy. Wi the use of
pyrimethamine-sulfaaziotratmant, adknctie staroids o trea cerebral edoma
‘associted wih focal lesions ar0safe bunot associled ilh battar neurdlogc outcomes.
Disappearance of esions at 3-manth folow up Nigher (62.9%) i corcostercd vreatment
with albendazole group compared to abendazol reatment done (62.6%). Chiden i the.
‘concosterod group had sgnicantly hgher Seizue recurence whie on AEDS.

Higher resokion i group tha receted predrisone alons (63.1%) compared o reatment
with antepieptc monoterapy (50.9%) (><0.05)

Guidelnes fo the reament of Newrocystoercoss n Amerca. Cortiostercids shoud bo
sed nvible parenchymal NCG fo recton in sezurs requency.Coriostercds shoud
bo given vith antparasiic wih sgle enhancing lesion NCC. Corioosteroids shoud bo.
used, wi¥ auoiding antiparasic reatmant i cystosrcal encepnaits (i s
crebral edama). Cortcosteraids shoukd not b routingy used fo calcfed parenchymal
NG with or without peiesiona edma ce 1o the dovelopment o caGcatons with
peilesional edema in some cases
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Caso seres
Caso seres

Meta analysis
Meta analysis

Otsenvatonal
sty

RoT
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Primary Findings.

Adutstreated with dexemethasane compared o plaoebo. Unfavorable outcome in 26% of the
dexamethasons group and 525 of the placebo group (Reltive sk, 0.50; 9 percent confidence
inteval 0.30 10 0.8 P=0,006). Dexamethasone associted wih a reduction i risk o
unfavorable Outcomes rsatve sk, 0.59; 5 percent confince ntenval, 037 10 0.94; P=0.03)
‘and recuction in mortay (v risk of deah, 0.48; 95 percent confdence tenvl, 024 0
096)

(Conort of dexamethasons treaiment n 84% of es0dss (2006-2009) compared 1o conar of
dexamethasons treatment in 3% (1998-2000]. Rates of death (20% vs. 30%; p = 0.001) and
earng loss (129 vs. 223 p = 0.001) were ower i 2006-2008 cohort.

Incidence and inpaient Mortalty decreased betvieen 2005 (0.049 per 100 000 people) and 2008
(0024 por 100 000 peopl) comparec with batwoon 2002 (D073 per 100.000 people) and 2004
0063 por 100 000 poopl: AR 0:5720, 95% O 0-4303-0-7582). Temporal associton of
improved outcomes with recormmendations of corcosterodsin circal practco Snce 2004
‘Aduts trated with corticosterods compared 1 hose not iven corosteraids showed ower
mortaty (10.2% vs. 21.3%, p <0.001). Recovery ithout sequee obsenved increased in
ortioosteroidreated compared wih non-coricosterod realed patents (16.2% v, 35.1%,
<005

Signifcanty rediosd mortalty wih the use of aunctive inlravenous sterods. 6.679% wit and
12:5% wihous stecids, (P=0.0249),

‘Corticostorod eatment efcts i 25 stuses showed mortaly reducton fom 36% 10.29.9%.
(RR084,96% C10.7210.0.98).

Adjunctive steroids withn 4 houes were more kel ghven 1o 1hoss with Gelayed ceretea ny 5/
5, 100% vs, 43115, 37.6% p=0.01) Adverse efec of dlyed cerebral nury found in a higher
prevalenca (.156) n patients with preumococcal maningiis, assocated wih acncive sted
adminsiraton.

Sinifcantrecucion i severe hearng oss with dexamethasons eatment in chiven (combined
‘odis rat [OR), 0.31; 95% conidence nterval (G, 0.14-0.69).

Cortcosterod eatment of across 25 stuckes showed signfcant reduction i th rate of hearing
foss overal inchidren fom 12% t0.4% afer aduncive coricosterod therepy. (R 0:34, 6% O
02010059 was found.

Doxamethasons acminstred i 7% of patients fom 19982002 and 90% pationts s ho 2006-
2011 cobort (p<0.001). R of arthis was lower in patints reated with dexamothasons (32 of
258 (1256 vs. 50196 (5%, p = 0.046). Aduncive dexameihascne ot ound 10 mprove cinical
outcomes sgnicanty.

Icreased suniial and fecovery wihout sequeas n coroostarod-reated Compared wih non-
‘conoosterodreated patients wih N, meringii (66.6% vs. 5.19%). Postive trend s observed,
ut there is o statstaly signifcant change.

Adunctive steroid herapy shawed worsened outcome rend compared t o stercid-rested
patients (485% vs. 40.0%.

Higher mortaty i patenis when given adkacive dexamethasons (OR 4158 1150-13:98).
p=0:008).
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Herpes Simplex Vius
Herpes Simplex Vius
Wost Nie Vi,
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N Primary Findings.

45 Eflcts of adiunctive steroids and acycovk stued. Beneficil impact on cinicaloutcome and
focuction 1 tho extent of HSE infection, wihout nhbiion of the anthealacton o acyclow.

41 Doxamethasono aduncive serd tharapy vith acyclovi versus acebo found 1o Sgnicant
flerences in prmary or secondary 0uicomes betveen QrXps.

1 71-year-0d woman with weakness, enephalts, cysphiaga and dysarthda, persistent delfu,
and stupor Mproved 10 wakefuness, after 5-day course of aunciive stercK eaiment

228 3/17 patints with cortostercids e (18%) whie 9448 ptints who 6d ot recshve
‘adiunciive cortcosterokd reatment ciad (19%).

Type of
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Case report

Obsenvatonal
Study
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Shnei, 2013 Aviommune 14 Patents wih LG1 anibodes as atarge prolein treated vith steids ke were more ey oreapse  Case Series

Encephalts and e loss favoratio outcomes than thoso eated wilhsteroids and Flavenous immunogobins (VIG).
Nosadi ot 2, 2015 Autoimmune 1390 Coricosterics \realment assocated wih cessaton of FBDS (acobrachial dystonic sezres) wihin 1 Meta anayss
Encephalts

ek i 30% (3/10)of patients, and wihin 2 morths 1 60% (/10 MRS mprovement consistently
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Primary Findings

Efocts of dexamothasons stercd reatments i patients ove 14 years of 290 with and wihout HIV
infocon. Dexamothasona veatment was assocatod with teduced sk of dath (9ato i, 0.60;
195 percent confdence itenval, 0.52 (0 0.92,P=0,01) and sigaiicanty fewer adkerss events than
placebo groups (26 of 274 patients vs. 45 f 271 patents, P=0.02], consistent 3056 Varous
‘rades of sease severty and HV stats.

‘Across sx randomized contrcsed studes, cotoosterid adkncive treatment reckced mortaty
rates and the iferences were sgniicant in 46 of e . Faster defervescence, ower
‘compicasons oftubercuomas, and fewer cinical compicatons f1om aniubercuos’s maciatons.
documentd,

Adjunctive corcostarod therapy efectvo in somo casas of TBHRIS for antinfammatory purposes
in alviating symptoms. Corboostaroids afecthngss often anccdoal, feauiing large systematc
stutos wordice.

Patints ith TB-IIS reated vith prechisons (. Smigieyay for 2 weeks then 0.75mgey/day for 2
weoks)for moxe apid improvement i tho steroidreted group ¥ at 2 weeks (p=0.001) and 4
ieeks (p=0.03), and redoe the number of days hospiaized (median cumuative of 0. 3 Gays:
(9=0.009).Ifections ocoured n 27 paricipants in the prechisons arm and 17 i the placsbo am
(p=0.05) ahough the majory of fectons vere mid.

Actoss e i, use of adkuncive Sercids n tubesculosis meringis (wih and wihout HI)
ecuoed deaths by amost one quartr aftr an 18-month fofow up,AR 0.75, 95% C1 065 10 057).
Roduction n the s of death or cisabing resicual neuxciogical deft with cortoosterods (AR 0.0,
95% C10.72 10 0,83; éght ria, 1314 partcipanis)
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