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Viral encephalitis, characterized by inflammation of the brain parenchyma, poses a significant threat to public health due to its high rates of morbidity and mortality. Microglia, the central nervous system’s resident immune cells, are crucial in the pathophysiology and development of this condition. These microglia exhibit a dual function, being involved in both neuroprotection and neurotoxicity during viral encephalitis. To address this complex interplay, targeted therapeutic strategies that modulate microglia activation state have emerged as a promising approach. These strategies aim to either inhibit excessive microglia activation or promote their neuroprotective functions. By targeting microglia, these therapies hold the potential to improve outcomes for patients with viral encephalitis. This review synthesizes current evidence revealing that microglial responses during viral encephalitis exhibit context-dependent heterogeneity that extends beyond traditional M1/M2 paradigms. Critically, our review reveals a significant translational gap, with no current clinical trials investigating microglial-targeted therapies for viral encephalitis despite promising preclinical evidence. This review provides a comprehensive framework for understanding microglial complexity in viral encephalitis and establishes research priorities for advancing these insights toward clinical application.
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1 INTRODUCTION
Viral encephalitis is an inflammatory condition in the central nervous system (CNS) that primarily affects the brain parenchyma (Venkatesan and Murphy, 2018; Venkatesan et al., 2013). It can be caused by a wide range of RNA and DNA viruses, including Japanese encephalitis virus (JEV), West Nile virus (WNV), herpes simplex virus (HSV) and enteroviruses (Venkatesan and Murphy, 2018; Costa and Sato, 2020; McMillan et al., 2023). The infection may manifest as a primary viral infection, a reactivation of latent viral infection, or as a result of viral dissemination (Granerod et al., 2010).
The global incidence of viral encephalitis varies depending on the virus and geographical location, with approximately 3.5–7.4 cases per 100,000 individuals annually (Venkatesan et al., 2013; Granerod et al., 2010; Vora et al., 2014). It poses significant public health challenges, particularly in developing countries, due to high morbidity and mortality rates (Solomon et al., 2012). Clinical manifestations of viral encephalitis can range from mild, nonspecific symptoms such as fever, headache, and lethargy to severe neurological complications, including seizures, cognitive difficulties, and altered consciousness (Venkatesan and Murphy, 2018; Whitley and Gnann, 2002). Despite the availability of antiviral therapies for some viral encephalitis etiologies, the prognosis remains poor, particularly for HSV encephalitis, which has a mortality rate of approximately 70% without treatment (Solomon et al., 2012).
Microglia, the resident immune cells of the CNS, are crucial not only for maintaining neuronal homeostasis but also in the context of infections, such as viral encephalitis (Ginhoux and Prinz, 2015; Nayak et al., 2014). Microglial activation and subsequent immune responses can both protect the host by limiting viral replication and spread or exacerbate the infection by causing neuroinflammation and neuronal damage (Nayak et al., 2014; Salter and Stevens, 2017). Therefore, understanding the role and functions of microglia during viral encephalitis is critical for the development of targeted therapeutics to modulate their neuroprotective functions while minimizing neurotoxic effects (Mariani and Kielian, 2009).
This review aims to provide a comprehensive overview of the current knowledge on microglial involvement in viral encephalitis, focusing on their roles in pathogen recognition, orchestrating antiviral immune responses, and their contribution to neuroinflammation and blood-brain barrier disruption. Additionally, we will discuss the dual role of microglia in viral encephalitis, delineating their neuroprotective and neurotoxic functions. Finally, prospective microglia-targeting treatment approaches and potential future research objectives in this area will be discussed.
2 OVERVIEW OF MICROGLIA
2.1 Origin and development
Microglia belong to the mononuclear phagocyte system, a group of myeloid cells that includes monocytes, macrophages, and dendritic cells (Borst et al., 2021; Prinz and Priller, 2014). Unlike other cell types in the CNS, microglia are relatively long-lived, maintaining their population through self-renewal rather than relying on the turnover of circulating precursors (Prinz and Priller, 2014). Microglia play a crucial role in immune surveillance, sustaining tissue homeostasis, and responding to injury or virus infection in the CNS (Prinz and Priller, 2014; Erny et al., 2015). They are highly dynamic cells that constantly survey their microenvironment and can rapidly respond to changes by altering their morphology and function (Nimmerjahn et al., 2005).
The origin of microglia has been a subject of debate, and Hortega’s classical view suggests that microglia originate from the mesoderm and enter the brain during late embryonic development when blood vessels form (Boullerne and Feinstein, 2020). During early embryonic development, microglia arise from primitive macrophages in the yolk sac and migrate to the developing brain (Ginhoux et al., 2010). Once they reach the CNS, they differentiate into ramified cells with highly branched processes that continuously survey their surroundings (Nimmerjahn et al., 2005). Microglia are characterized by their unique molecular signature, which includes various cell surface markers such as CD11b, CD45, and Iba1 (Ginhoux et al., 2010; Lan et al., 2017).
In addition to the role in immune surveillance, microglia also actively participate in shaping the developing brain. They contribute to neural circuit refinement, synaptic pruning, and the elimination of excess synapses during development (Paolicelli et al., 2011). Microglia also play a role in neurogenesis and neuroinflammation, and their malfunction is implicated in various neurological disorders, such as Alzheimer’s disease (AD) and multiple sclerosis (MS) (Prinz and Priller, 2014; Hickman et al., 2018).
2.2 Functions in the CNS
Microglia play multiple roles in the CNS, including maintenance of homeostasis, surveying the microenvironment, synaptic pruning, and mediating adaptive and innate immune responses (Nayak et al., 2014; Salter and Stevens, 2017). Under physiological conditions, microglia exhibit a ramified morphology characterized by a small cell body with numerous branched processes, allowing them to constantly monitor their surroundings for any potential threats (Nimmerjahn et al., 2005). In response to injury, infection, or other disruptions of CNS homeostasis, microglia undergo morphological and functional changes, becoming activated, phagocytic, and releasing cytokines and chemokines (Wolf et al., 2017; Garaschuk and Verkhratsky, 2019; Kettenmann et al., 2011).
Activated microglia can phagocytose cellular debris, pathogens, and damaged neurons, contributing to tissue repair and clearance of harmful substances (Salter and Stevens, 2017). They also release pro-inflammatory factors, such as interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha (TNF-α), which recruit immune cells to the site of injury and initiate an inflammatory response (Kettenmann et al., 2011). In addition to their immune functions, microglia actively participate in synaptic pruning and refinement of neural circuits during development (Paolicelli et al., 2011). They remove excess synapses, allowing for the proper wiring of neuronal connections and optimizing neural circuitry (Schafer et al., 2012). Dysfunction or dysregulation of microglial pruning processes has been implicated in neurodevelopmental disorders, such as autism spectrum disorders and schizophrenia (Schafer et al., 2012). Furthermore, microglia are involved in neurogenesis and neuroplasticity, influencing the formation and maintenance of new neurons and synaptic connections (Sierra et al., 2010). They release growth factors and neurotrophic factors that support neuronal survival, differentiation, and synaptic plasticity (Sierra et al., 2010).
However, excessive or prolonged activation of microglia can lead to more severe neuroinflammation and contribute to the pathogenesis of various neurological disorders (Nayak et al., 2014; Salter and Stevens, 2017; Hickman et al., 2018). Understanding the complex functions of microglia in both health and disease is crucial for developing targeted therapeutic strategies for neurological disorders.
2.3 Activation states and phenotypes
Microglia can be divided into 3 morphological forms, namely, branch-like, amoeboid and intermediate, according to their significant changes in morphology (Figure 1) (Savage et al., 2019). In turn, they can be classified into four types according to their functional state, namely, resting, intermediate, activated and aging states (Orihuela et al., 2016). In the resting state, microglia appear as small, branched cells with long protrusions. When the CNS is stimulated by inflammation or other injuries, microglia are activated and morphologically appear as amoeboid cells with larger cell bodies and shorter protrusions (Wolf et al., 2017; Orihuela et al., 2016).
[image: Diagram illustrating microglia phenotypes. Biomarkers are listed for resting (M0), M1, and M2 phenotypes. Microglia morphology shows the cell shape for each state. Functions include CNS surveillance for M0, inflammatory response for M1, and tissue repair and immunoregulation for M2.]FIGURE 1 | Biomarkers and diverse biological functions of microglia in different morphologies.Historically, microglial activation was simplified into two phenotypes: the “classic” pro-inflammatory M1 and “alternative” anti-inflammatory M2 states, representing extremes of microglial activation (Orihuela et al., 2016; Ransohoff, 2016a). However, it is now widely recognized that microglial activation is highly dynamic and context-dependent, with microglia adopting various activation states in response to different stimuli (Deczkowska et al., 2018). These activation states are characterized by specific gene expression profiles, functions, and secreted factors that can be either neuroprotective or neurotoxic (Bachiller et al., 2018; Spiteri et al., 2022). In general, resting-state microglia assist neuronal circuit formation and induce neuroactive synaptic plasticity by phagocytosing neuronal fragments (Nayak et al., 2014; Cornell et al., 2022). Microglia M1 are neurotoxic phenotype, as they release pro-inflammatory cytokines and various neurotoxins, such as IL-1β, IL-6, TNF-α, which may damage neurons and even induce neuronal death (Tang and Le, 2016). In M1 activation state, microglia can initiate a pro-inflammatory response, producing pro-inflammatory factors to eliminate foreign pathogens and promote an adaptive immune response (Tang and Le, 2016; Kwon and Koh, 2020). On the contrary, microglia M2 are neuroprotective phenotype, as they release neurotrophic factors promoting neuronal growth and tissue repair, such as IL-4, IL-10, BDNF, which protect neurons (Kwon and Koh, 2020). M2 forms can be further classified into M2a, M2b and M2c subtypes, where M2a could counteract neuroinflammation by secreting IL-10 and various neurotrophic factors to attenuate the pro-inflammatory response and stimulate tissue repair. M2b are associated with increased phagocytic and immunomodulatory activity and secrete large amounts of the anti-inflammatory factor IL-10 as well as the pro-inflammatory factors IL-1β, IL-6 and TNF-α. M2c secrete IL-10 and TGF-β and are associated with anti-inflammatory effects, tissue repair and neuronal debris removal (Orihuela et al., 2016; Pepe et al., 2014; Guo et al., 2022). During acute stimulation, the activation of microglia is primarily M2 phenotype, which is beneficial for neuronal survival. However, during chronic stimulation, the activation of microglia is primarily M1 phenotype, which promotes neuronal degeneration and death (Salter and Stevens, 2017; Mariani and Kielian, 2009; Orihuela et al., 2016).
In the context of viral encephalitis, microglial activation states are influenced by the type of virus, host-pathogen interactions, and host immune status (Waltl and Kalinke, 2022; Chen et al., 2019). The balance between the various activation states can determine the outcome of infection, with excessive pro-inflammatory responses leading to neuroinflammation and neuronal damage, whereas anti-inflammatory responses can promote tissue repair and maintain neuronal homeostasis (Waltl and Kalinke, 2022; Griffin et al., 1992; Smeyne et al., 2021).
3 MICROGLIAL INVOLVEMENT IN VIRAL ENCEPHALITIS
3.1 Recognition of viral pathogens
Microglia are crucial in the recognition and defense against viral infections in the CNS. Microglial recognition of viral pathogens is a critical step in the CNS immune response against viral encephalitis (Borst et al., 2021). This recognition is mediated by pattern recognition receptors (PRRs) expressed on microglial cells, includding RIG-I-like receptors (RLRs), Toll-like receptors (TLRs), and NOD-like receptors (NLRs), which can sense viral pathogen-associated molecular patterns (PAMPs) (Fitzgerald and Kagan, 2020; Kawai and Akira, 2011; Li et al., 2021). Upon recognizing a viral PAMP, these PRRs initiate downstream signaling pathways leading to the activation of transcription factors like NF-κB and IRF3/7, in turn promoting the production of pro-inflammatory cytokines, chemokines and type I interferons (IFNs) (Takeuchi and Akira, 2010).
One important group of PRRs involved in viral pathogen recognition is TLRs. TLRs can detect viral nucleic acids or proteins in the CNS. For example, TLR3 can recognize double-stranded RNA, a common viral genetic material, while TLR7 and TLR8 can recognize single-stranded RNA (Hornung et al., 2008). The immune response against viral infection is facilitated by the activation of TLRs, which also stimulate downstream signaling pathways that encourage the release of pro-inflammatory cytokines and chemokines (Zhang et al., 2007). In addition to TLRs, microglia also express other PRRs such as RLRs and NLRs (Kigerl et al., 2014). RLRs, including RIG-I and MDA5, can recognize viral RNA molecules and activate antiviral immune responses (Kato et al., 2006; Shen et al., 2021). NLRs, on the other hand, can detect viral components in the cytosol and activate inflammatory signaling pathways (Tuladhar and Kanneganti, 2020). Upon activation of these PRRs, microglia initiate downstream signaling cascades that involve transcription factors, like NF-κB and IRF3/7 (Newton and Dixit, 2012). Activation of NF-κB and IRF3/7 can lead to the generation of pro-inflammatory cytokines, chemokines, and type I IFNs, which are important for mounting an effective antiviral immune response in the CNS (Takeuchi and Akira, 2010). Overall, microglia play a crucial role in recognizing viral pathogens in viral encephalitis through the expression of various PRRs. These PRRs are activated, which triggers the synthesis of immune mediators that aid in the CNS’s immunological response to viral infections.
3.2 Antiviral immune response
The antiviral immune response is a complex process involving various cells and molecules that work together to eliminate viral infections. Microglia are key players in mounting an antiviral immune response in the CNS by producing type I IFNs, which possess potent antiviral activity and can limit viral replication and spread (González-Navajas et al., 2012; Reinert et al., 2021). Furthermore, microglia can phagocytose viral particles and infected cells, presenting viral antigens to T cells and promoting the recruitment of peripheral immune cells to the site of infection (Kettenmann et al., 2011; Moseman et al., 2020). Additionally, microglia can secrete a variety of cytokines that modulate the adaptive immune response, such as IL-12, IL-23, and IL-27, ultimately shaping the host defense against viral infections (Chen et al., 2019; Jeong et al., 2022).
3.3 Microglia-mediated neuroinflammation
Whereas microglial activation is essential for mounting an effective antiviral response, exaggerated or chronic activation can lead to neuroinflammation and subsequent neuronal damage and dysfunction (Mariani and Kielian, 2009; Borst et al., 2021). Activated microglia release a wide range of pro-inflammatory molecules, includingTNF-α, IL-1β, IL-6, and nitric oxide (NO). These molecules can induce a cascade of inflammatory responses, recruiting other immune cells to the site of infection and promoting the production of additional inflammatory mediators. This sustained inflammatory environment can exacerbate the neuronal injury and contribute to the progression of viral encephalitis (Dheen et al., 2007; Chauhan et al., 2017; Kajimoto et al., 2021). Furthermore, the unrestrained activation of microglia and the overproduction of inflammatory mediators can disrupt the blood-brain barrier (BBB). The BBB is a specialized barrier that tightly regulates the exchange of molecules between blood circulation and brain tissue. Disruption of the BBB allows the infiltration of immune cells and inflammatory molecules into the brain, further amplifying the neuroinflammatory response and aggravating the disease process (Ronaldson and Davis, 2020; Ghoshal et al., 2007).
3.4 Contribution to blood-brain barrier disruption
BBB acts as a physical and metabolic barrier that separates the CNS from the peripheral circulation, protecting it from harmful substances and pathogens (Zhao et al., 2015; Daneman and Prat, 2015). Microglia-mediated neuroinflammation can contribute to BBB disruption during viral encephalitis through the overproduction of pro-inflammatory cytokines and chemokines, which can enhance the permeability of the BBB and facilitate the infiltration of peripheral immune cells into the CNS (Varatharaj and Galea, 2017). Furthermore, activated microglia can upregulate the expression of matrix metalloproteinases (MMPs), which can further degrade the extracellular matrix and tight junction proteins, leading to increased BBB permeability and CNS damage (Behl et al., 2021; Almutairi et al., 2016).
In viral encephalitis, disruption of the BBB plays a significant role in disease progression and severity. For example, in JEV infection, microglial activation has been shown to induce BBB disruption by upregulating MMP-3 and MMP-9 expression, thereby exacerbating CNS infiltration of peripheral immune cells and neuroinflammation (Ashraf et al., 2021). Similarly, BBB disruption has been implicated in the pathogenesis of other viral encephalitides, such as HSV-1 and WNV (Daniels et al., 2017; Wang et al., 2003).
Taken together, microglial activation plays a complex and multifaceted role in viral encephalitis, contributing to both the antiviral defense and the potentially detrimental inflammatory response. The balance between these opposing roles of microglia may determine the outcome of viral encephalitis, and further research is required to better understand the precise mechanisms underlying microglial involvement in these disease processes.
4 DUAL ROLE OF MICROGLIA IN VIRAL ENCEPHALITIS
Recent studies have fundamentally transformed our understanding of microglial biology in viral encephalitis contexts, moving beyond traditional models to more clinically relevant human-based systems.Human microglial responses to neurotropic viral infections exhibit profound species-specific differences that cannot be captured by traditional mouse models (Figure 2) (McMillan et al., 2023; Hasselmann et al., 2019; Hasselmann and Blurton-Jones, 2020). The comprehensive analysis demonstrated that immortalized human microglial cell lines (C20 and HMC3) are transcriptionally distinct from primary human microglia, induced pluripotent stem cell-derived microglia (iMGs), and monocyte-derived macrophages (Hasselmann and Blurton-Jones, 2020; Rajab et al., 2021; Seah et al., 2025). This finding challenges the widespread reliance on mouse models and cell lines for understanding human microglial pathophysiology. Critically, some work established that human stem cell-derived microglial models reveal fundamentally different virus-host interactions compared to traditional approaches. For instance, while HIV-1 directly infects microglia and establishes latency through a Bim-dependent mechanism (Castellano et al., 2017; Huang et al., 2011), other viruses like SARS-CoV-2 and WNV do not productively infect microglia but still elicit robust proinflammatory responses through pattern recognition receptors (Jeffries and Marriott, 2017; Cheeran et al., 2005; Song et al., 2021). Studies across multiple neurotropic viruses (HIV-1, ZIKV, JEV, WNV, HSV, and SARS-CoV-2) revealed virus-specific patterns of microglial activation that provide essential foundations for developing targeted therapeutic interventions (McMillan et al., 2023; Lum et al., 2017; Kumar et al., 2020; Jacob et al., 2020). Furthermore, xenotransplanted human microglia (xMGs) express homeostatic microglial markers such as EGR1, P2RY12, TMEM119, CX3CR1, and SALL1, which are not expressed or substantially downregulated in vitro (Hasselmann et al., 2019; Mancuso et al., 2024). The xenotransplantation studies in CSF1-humanized mice showed higher transcriptional similarities between xMGs and ex vivo human microglia compared to iMGs and cultured primary microglia, providing a more accurate model of human disease biology (Hasselmann and Blurton-Jones, 2020; Tang C. et al., 2025; Fattorelli et al., 2021).
[image: Diagram showing dual roles of microglia in viral encephalitis. On the left, acute stimulation leads to anti-inflammatory microglia (M2a, M2b, M2c) promoting neuroprotective functions like tissue repair. On the right, chronic stimulation results in pro-inflammatory microglia (M1) leading to neurotoxic functions, such as recruiting immune cells and inducing oxidative stress.]FIGURE 2 | Dual roles of microglia in viral encephalitis.Through comprehensive analysis of transcriptomic data, microglial responses to viral CNS infections represent a spectrum of activation states rather than discrete polarization categories (Waltl and Kalinke, 2022). The critical temporal dynamics whereby microglia provide essential protective functions during acute viral encephalitis through pathogen recognition via Toll-like receptors, RIG-I-like receptors, and cGAS-STING pathways (Takeuchi and Akira, 2010), antiviral defense initiation through type I interferon production (Katzilieris-Petras et al., 2022), and T cell activation via MHC I and II antigen presentation (Moseman et al., 2020; Goddery et al., 2021). However, the prolonged microglial activation leads to chronic neuroinflammation through excessive production of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6, ultimately resulting in synaptic loss and long-term neurological sequelae (Moseman et al., 2020; Vasek et al., 2016). Critically, microglial-T cell crosstalk is essential for maintaining effective antiviral responses while preventing immunopathology (Herz et al., 2015). Microglia serve as local antigen-presenting cells that restimulate infiltrating virus-specific T cells, ensuring that only relevant antigen-specific T cells remain active within the CNS.
These studies converged on demonstrating pathogen-specific microglial responses that challenge previous generalizations. Primary human microglia infected with HSV-1 produce high levels of TNF-α, IL-1β, IP-10, and RANTES without viral amplification (Katzilieris-Petras et al., 2022), while ZIKV-infected microglia serve as viral reservoirs and transmit infectious particles to neurons (Lum et al., 2017). Similarly, microglia depletion during WNV infections leads to increased viral titers and mortality (Seitz et al., 2018), while during other viral infections, microglial activation may contribute more to pathology than protection. Together, these studies have shifted our understanding from viewing microglia as uniformly beneficial or detrimental toward recognizing their context-dependent, temporally dynamic, and virus-specific roles in viral encephalitis. This nuanced understanding provides the foundation for developing precision therapeutic approaches that can harness the protective functions of microglia while mitigating their pathological contributions, representing a significant advancement from the traditional binary view of microglial activation.
4.1 Neuroprotective functions
4.1.1 Phagocytosis and clearance of viral particles
One of the key neuroprotective functions of microglia in the context of viral encephalitis is their ability to phagocytose and clear viral particles, thereby preventing viral spread and limiting neuronal damage. Microglia express a variety of PRRs that can detect PAMPs present in viral particles (Deczkowska et al., 2017). Upon recognition of PAMPs, microglia become activated, undergo morphological changes, and subsequently phagocytose the viral particles (Deczkowska et al., 2017; Kreutzberg, 1996).
Studies have demonstrated the importance of microglial phagocytosis in clearing viral particles and limiting CNS damage in animal models of viral encephalitis. For instance, during WNV infection, microglia play a significant role in clearing the virus from the brain, limiting viral replication, and ultimately reducing mortality (Stonedahl et al., 2020; Stonedahl et al., 2022). Similarly, in a murine model of HSV-1 encephalitis, microglial phagocytosis is essential for removing replicating viral particles from CNS neurons, thereby providing neuroprotective effects (Reinert et al., 2016; Marques et al., 2006). Recent advances in single-cell RNA sequencing have fundamentally challenged the traditional M1/M2 polarization, revealing instead that microglia exhibit a spectrum of activation states during viral infections (Schwabenland et al., 2021; Ransohoff, 2016b; Huang and Sabatini, 2020; Syage et al., 2020). Under homeostatic conditions, microglia consist of at least two different subpopulations, but during viral neuroinflammation, they demonstrate remarkable plasticity and heterogeneity (Borst et al., 2021; Hammond et al., 2019; Li et al., 2019). Despite these transcriptomic complexities, functional studies continue to identify M2-like microglial responses associated with neuroprotective outcomes. Treatment with anti-inflammatory agents like minocycline can reduce M1-like markers while promoting M2-like phenotypes that provide neuroprotective effects during viral encephalitis (Quick et al., 2017). During acute viral encephalitis, microglia function as the first line of defense against viral invasion within the CNS (Prinz and Priller, 2017). They provide essential pathogen recognition through pattern recognition receptors and initiate antiviral defense mechanisms via robust type I interferon production (Chhatbar et al., 2018; Detje et al., 2015; Drokhlyansky et al., 2017). Critically, microglia form physiological immune barriers that prevent viral dissemination to uninfected brain regions, effectively compartmentalizing infection and limiting tissue damage (Chhatbar et al., 2018). This barrier function is particularly evident in vesicular stomatitis virus infections, where microglia respond to locally produced type I interferons and create protective cellular networks (Detje et al., 2015). The temporal dynamics of microglial activation reveal context-dependent shifts between protective and potentially detrimental functions. However, sustained microglial activation can transition toward complement-mediated synaptic elimination and cognitive dysfunction during the recovery phase (Vasek et al., 2016). This temporal duality emphasizes that the same microglial populations can exhibit dramatically different functional outcomes depending on the phase of infection and duration of activation.
The importance of microglial phagocytic function in controlling the viral spread and contributing to the survival of the host suggests that modulation of microglial activity may represent a potential therapeutic strategy for the treatment of viral encephalitis. However, it should be noted that microglial phagocytosis may not be solely beneficial, as excessive phagocytosis of healthy neurons or synaptic elements may contribute to detrimental effects observed during CNS infection.
4.1.2 Secretion of neurotrophic factors
Another neuroprotective function of microglia during viral encephalitis is the secretion of neurotrophic factors, which are capable of promoting neuronal survival, growth, and differentiation. During the early stages of CNS injury or infection, activated microglia have been shown to produce various neurotrophic factors such as NGF, BDNF, and GDNF (Rizzi et al., 2018; Prowse and Hayley, 2021; Zlotnik and Spittau, 2014).
For instance, BDNF secreted by microglia has been shown to enhance neuronal survival and neuroplasticity during viral infections such as HIV-1 encephalitis (Soontornniyomkij et al., 1998). In contrast, microglia often show a reduced capacity to produce neurotrophic factors during chronic inflammatory conditions, such as in neurodegenerative diseases and progressive viral infections. Dysregulated microglial function during these conditions may impair neuronal support and contribute to the progression of tissue damage (Calsolaro and Edison, 2016). Recent studies revealed unexpected neuroprotective effects of SARS-CoV-2 vaccination through enhanced microglial functions. Maternal SARS-CoV-2 vaccination during pregnancy enhances offspring hippocampal neurogenesis and working memory via IFN-γ–responsive microglia (Tang J. et al., 2025; Kumar et al., 2023). Inactivated SARS-CoV-2 vaccine administration during pregnancy led to transient enhancement of hippocampal neurogenesis in offspring at 1 month of age, mediated through microglial IFN-γR1 and CX3CR1 signaling pathways (Tang J. et al., 2025). The study revealed that microglia serve as critical mediators of vaccination-induced neuronal development through regulating microglial activation and chemotaxis. Conditional knockout experiments identified microglial IFNγR1 and CX3CR1 as key mediators, demonstrating that microglia activation following vaccination promotes neural precursor cell proliferation and neuronal differentiation through direct microglia-neuron interactions (Tang J. et al., 2025; Cserép et al., 2022). Importantly, the protective effects were temporally regulated and specific to the developmental period, with enhanced neurogenesis observed at 1 month but not at 2 months post-vaccination (Tang J. et al., 2025). This temporal specificity suggests that vaccination-induced microglial activation provides a beneficial developmental window for neuroplasticity without causing prolonged neuroinflammation.
The ability of microglia to secrete neurotrophic factors highlights the potential for stimulating their production as a therapeutic approach to promote neuronal survival and tissue repair during viral encephalitis. However, the precise mechanisms and signaling pathways involved in the regulation of neurotrophic factor secretion by microglia in the context of viral infections warrant further investigation.
4.1.3 Regulation of neurogenesis
Additionally, microglia are essential in regulating neurogenesis, the process through which neural stem cells and progenitor cells turn into new neurons. During viral encephalitis, microglia may promote neurogenesis and contribute to tissue repair and functional recovery (Ekdahl et al., 2003; Ziv et al., 2006).
There are several ways through which microglia can regulate neurogenesis, such as by producing several regulatory molecules and signaling factors that influence neural stem cell proliferation, differentiation, and survival. These factors include IL-6, TGF-β, and IGF (Lu et al., 2011; Araki et al., 2021). Microglia can phagocytize cellular debris and apoptotic cells, thereby contributing to the clearance of detrimental factors and facilitating the regenerative process (Sierra et al., 2010). Altogether, the regulation of neurogenesis by activated microglia during viral encephalitis may represent a potential therapeutic target for facilitating CNS recovery. A better understanding of the molecular mechanisms and signaling pathways involved is required to develop suitable therapeutic strategies.
4.2 Neurotoxic functions
4.2.1 Release of pro-inflammatory cytokines and chemokines
While microglia play a crucial role in the neuroprotective functions in viral encephalitis, they can also exert neurotoxic effects that contribute to neuronal damage and pathology progression. One of the primary neurotoxic mechanisms is the release of pro-inflammatory cytokines and chemokines during the activated state of microglia (Chen et al., 2019; González-Scarano and Baltuch, 1999; Rock et al., 2004).
Microglial activation resulting from viral infection or stimulation by viral components, such as viral proteins or nucleic acids, leads to the production and release of various pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6 (Dheen et al., 2007; Glass et al., 2010). These cytokines can contribute to neuronal dysfunction and death by exacerbating neuroinflammation, disrupting neuronal homeostasis, and enhancing oxidative stress (Allen and Barres, 2009; Lull and Block, 2010). Similarly, activated microglia can also release chemokines such as CCL2, CXCL10, and CX3CL1, that can mediate the recruitment of additional inflammatory cells, including peripheral immune cells, to the site of infection, thereby amplifying the inflammatory response and associated neurotoxicity (Errede et al., 2022; Kinuthia et al., 2020). In some cases, certain viruses can directly induce the production of these pro-inflammatory cytokines and chemokines by microglia, leading to augmented neurotoxic effects. For instance, infection with JEV in microglial cells has been shown to upregulate the expression of TNF-α, IL-6, and CCL2 (Ray and Ray, 2001; Verma et al., 2009). Similarly, HIV-1 proteins can stimulate the secretion of pro-inflammatory cytokines by activating microglia, thereby perpetuating neuroinflammatory damage (González-Scarano and Martín-García, 2005; Boerwinkle et al., 2021). Persistent SARS-CoV-2 spike protein components drive sustained neurodegeneration through pathological microglial activation. SARS-CoV-2 spike receptor-binding domain (RBD) drives sustained Parkinson’s disease progression via microglia-neuron crosstalk-mediated RTP801 upregulation (Wang et al., 2025a). RBD persistence in brain tissue accelerates dopaminergic neuron degeneration and α-synuclein aggregation through a pathogenic mtDNA-cGAS-STING-IFNβ/RTP801 feedback loop (Wang et al., 2025a; Wang et al., 2025b). RBD initially activates microglia, inducing neuronal RTP801 upregulation via IL-6 and IL-8 signaling (Wang et al., 2025a). Subsequently, RBD leads to microglial mitochondrial dysfunction, mtDNA release, and cGAS-STING pathway activation, establishing a self-perpetuating cycle of neuroinflammation and neurodegeneration. This pathogenic crosstalk between microglia and neurons amplifies PD pathology, with RTP801 serving as a critical mediator of RBD-induced neurodegeneration (Wang et al., 2025a). Targeting either RTP801 or microglial depletion significantly attenuated RBD-induced motor symptoms, cognitive impairment, and dopaminergic neuron loss (Wang et al., 2025a). Importantly, microglial depletion with PLX5622 prevented RBD-induced neurodegeneration, confirming the central role of pathological microglial activation in long-COVID neurological sequelae (Wang et al., 2025a; Solana-Balaguer et al., 2023).
Therefore, due to their capacity to release pro-inflammatory mediators, activated microglia can contribute to the pathogenesis of viral encephalitis by promoting neuroinflammation, neurotoxicity, and consequent neuronal damage.
4.2.2 Induction of oxidative stress
Another neurotoxic function of microglia in viral encephalitis is the induction of oxidative stress. Activated microglia can produce reactive oxygen species (ROS) and reactive nitrogen species (RNS), which can damage cellular structures, including lipids, proteins, and nucleic acids, resulting in neuronal dysfunction and death (Lull and Block, 2010; Vezzani et al., 2016).
The activation of microglia following viral infection or exposure to viral components leads to increased production of ROS, such as superoxide anion and hydrogen peroxide (H2O2), through the activity of oxidative enzymes such as NADPH oxidase (NOX) (Xu et al., 2023; Ghosh and Basu, 2017; Sharma et al., 2021). Additionally, microglial activation also results in an increased production of RNS, such as nitric oxide (NO) and peroxynitrite (ONOO-), through the upregulation of inducible nitric oxide synthase (Katzilieris-Petras et al., 2022; Espinosa-Gongora et al., 2023; Klein et al., 2019). Various studies have reported the involvement of oxidative stress in the pathogenesis of viral encephalitis. For instance, in mouse models of West Nile virus infection, increased expression of iNOS and oxidative damage to neuronal cells have been observed (Wang et al., 2003; Kumar et al., 2010). Similarly, infection with HIV-1 leads to oxidative stress in neurons both in vitro and in vivo, partly mediated by increased iNOS expression and NO production in activated microglia (González-Scarano and Martín-García, 2005; Turchan et al., 2001).
Thus, by inducing oxidative stress, microglia can contribute to the neurotoxicity and pathogenesis of viral encephalitis, leading to neuronal dysfunction and cell death.
5 MICROGLIAL FUNCTION IN ANIMAL MODELS OF VIRAL ENCEPHALITIS
Recent advances in microglial depletion techniques have revolutionized our understanding of microglial function in viral encephalitis, revealing their unambiguously protective role across multiple viral infections (Hatton and Duncan, 2019). Through systematic analysis of mouse models employing colony-stimulating factor 1 receptor (CSF1R) inhibition, particularly using PLX5622 and related compounds, consistent findings have emerged that challenge traditional assumptions about neuroinflammation in viral encephalitis.
Microglial depletion studies across diverse neurotropic viruses demonstrate remarkable consistency in outcomes. Depletion of microglia via CSF1R inhibition invariably results in enhanced viral replication, increased mortality, and more severe neurological disease (Seitz et al., 2018; Hatton and Duncan, 2019). In flavivirus models specifically, microglial depletion led to 100% mortality in WNV-infected mice compared to 25% mortality in controls, accompanied by significant increases in viral RNA levels within the central nervous system (Seitz et al., 2018). Similar protective effects were observed in JEV infections, where PLX5622-treated mice showed significantly increased mortality compared to untreated controls (Seitz et al., 2018). The protective mechanisms appear multifaceted and extend beyond simple viral clearance. Microglia serve as essential antigen-presenting cells that restimulate virus-specific CD8+ T cells, ensuring effective immune surveillance within the CNS (Funk and Klein, 2019). Furthermore, microglial phagocytosis of infected neurons and viral debris represents a critical clearance mechanism, with P2Y12-mediated phagocytosis being particularly important in controlling viral spread (Fekete et al., 2018). In pseudorabies virus infections, microglia were observed to be recruited toward virus-infected neurons and actively engulf them through P2Y12 signaling (Fekete et al., 2018). The loss of this phagocytic function in microglial-depleted mice resulted in overt neurological disease and increased viral replication (Fekete et al., 2018). Paradoxically, microglial depletion often leads to enhanced rather than reduced neuroinflammation, suggesting that microglia exert regulatory control over excessive immune responses (Seitz et al., 2018; Hatton and Duncan, 2019). In WNV-infected, PLX5622-treated mice, several proinflammatory genes including CCL2, CCL7, CXCL9, and CXCL10 were actually upregulated compared to infected controls (Seitz et al., 2018), indicating that other CNS cells can produce these inflammatory mediators and that microglia may normally provide immunoregulatory functions.
Despite consistent protective outcomes, significant heterogeneity exists in microglial responses to different viral pathogens. Japanese encephalitis virus models demonstrate substantial variability, with mouse strain, age, virus strain, and inoculation route accounting for considerable experimental variation (Bharucha et al., 2022). Meta-regression analysis of 127 JEV studies encompassing 5,026 individual mice revealed that these factors explain approximately 61% of experimental variability, while 39% remains unexplained (Bharucha et al., 2022). Critically, the relationship between viral tropism and microglial function varies considerably. While WNV does not productively infect microglia in vivo, JEV readily infects these cells (Seitz et al., 2018; Chen et al., 2012). Interestingly, despite this fundamental difference in viral tropism, microglial protection remains essential in both scenarios (Seitz et al., 2018). In JEV infections, only PLX5622-treated mice showing overt clinical illness had detectable viral titers in the brain, whereas no virus was detected in control-fed animals at equivalent time points (Seitz et al., 2018), suggesting that microglia provide protection even when they themselves are viral targets. The temporal aspects of microglial protection reveal complex dynamics throughout disease progression. In WNV models, significantly increased viral loads were detected in microglia-depleted mice at multiple time points (6, 9, and 10 days post-infection), indicating sustained protective functions throughout the infection course (Seitz et al., 2018). The protective effect was most pronounced during early CNS invasion, with microglia apparently controlling initial viral seeding and subsequent replication (Seitz et al., 2018). Evidence from complement-microglia interactions suggests that while microglial activation may contribute to acute protection, dysregulated responses might contribute to longer-term neurological sequelae (Vasek et al., 2016; Wang et al., 2012). In attenuated WNV models, complement C3-mediated microglial phagocytosis of presynaptic neurons was associated with spatial orientation defects in recovered animals (Vasek et al., 2016), highlighting the potential trade-off between acute survival benefits and chronic neurological damage.
The mechanisms underlying microglial protection extend beyond direct antiviral effects. Microglia coordinate complex cellular networks involving T cell responses, with depletion studies revealing variable effects on different T cell populations across viral models (Hatton and Duncan, 2019). In mouse hepatitis virus infections, microglial depletion significantly reduced CD4+ T cell recruitment and IFNγ expression, while paradoxically reducing regulatory T cell populations (Wheeler et al., 2018). These findings suggest that microglia orchestrate balanced immune responses that optimize viral clearance while limiting immunopathology. Interferon signaling represents another critical pathway through which microglia mediate protection (Drokhlyansky et al., 2017; Detje et al., 2009). Type I interferon responses within the CNS create an intrinsic antiviral network, with microglia serving as both sensors and effectors of this system (Nayak et al., 2014). Astrocytes have been identified as major producers of IFNβ upon infection with neurotropic RNA viruses (Detje et al., 2009; Pfefferkorn et al., 2016), yet the coordination between microglial sensing and astroglial interferon production requires further investigation.
Current animal models face significant limitations in translating to human disease. Species-specific differences in immune responses, transcriptional regulation, and genetic factors between mice and humans represent fundamental barriers to translation (Hatton and Duncan, 2019). The incomplete reduction of microglia in some depletion models further complicates interpretation of protective mechanisms (Hatton and Duncan, 2019). Additionally, systematic analysis reveals concerning gaps in experimental rigor. Among JEV studies, no investigations reported sample size calculations, temperature control during experiments was rarely documented, and fewer than 50% included statements regarding randomization or blinding (Bharucha et al., 2022). These methodological limitations significantly impact the reliability and reproducibility of findings. The median quality score was only 10 out of 17 across established CAMARADES criteria (Bharucha et al., 2022), indicating substantial room for improvement in experimental design and reporting.
The disconnect between robust preclinical evidence and clinical application remains stark. Despite compelling animal model data demonstrating microglial protection, no current clinical trials investigate microglial-targeted therapies for viral encephalitis. This translational gap reflects broader challenges in neurovirology research, where the complexity of human microglial biology cannot be fully recapitulated in rodent systems (Davis, 2008). Off-target effects of microglial depletion compounds represent another translational concern. PLX5622 has been shown to affect macrophage populations in various tissues (Spangenberg et al., 2016), and variable effects on circulating monocytes have been reported across studies (Seitz et al., 2018; Hatton and Duncan, 2019). For flavivirus models where systemic viral replication precedes CNS invasion, systemic myeloid cell depletion might confound results by enhancing peripheral viral loads (Seitz et al., 2018). Future research priorities must include development of more specific microglial targeting approaches, advanced in vivo imaging techniques for real-time microglial tracking, and standardization of experimental protocols to reduce inter-laboratory variability. The integration of single-cell multi-omics approaches with spatially resolved transcriptomics offers particular promise for dissecting the regulatory networks governing microglial state transitions during viral infections (Li and Barres, 2018).
6 THERAPEUTIC STRATEGIES TARGETING MICROGLIA IN VIRAL ENCEPHALITIS
6.1 Direct inhibitors of microglial activation
Targeting microglia and modulating their activation can be a promising approach for developing therapeutic strategies in viral encephalitis. Different approaches that have been explored include inhibiting the harmful effects of microglial activation, while promoting their neuroprotective functions.
Minocycline, a second-generation tetracycline, has been shown to possess anti-inflammatory and neuroprotective effects, partly by inhibiting microglial activation (Wang et al., 2020; Ansari et al., 2022). In animal models of viral encephalitis, treatment with minocycline was demonstrated to reduce microglial activation, neuronal damage, and improve neurological outcomes (Richardson-Burns and Tyler, 2005; Kumar et al., 2009). Furthermore, the drug’s ability to penetrate the BBB makes it a potential candidate for clinical trials in patients with viral encephalitis. Cannabinoids, the bioactive compounds found in Cannabis sativa, have shown potential in modulating microglial activation and exerting anti-inflammatory effects (Mecha et al., 2013). In a murine model of virus encephalitis, treatment with a cannabinoid receptor agonist led to reduced microglial activation and decreased neuroinflammation, resulting in improved survival and reduced neurological deficits (Zhang et al., 2009; Solbrig et al., 2013). However, further studies are required to evaluate the safety and efficacy of cannabinoids in treating viral encephalitis. Inhibition of Colony-stimulating factor 1 receptor (CSF1R), a receptor involved in microglial survival and proliferation, has been shown to reduce microglial activation and neuroinflammation in various neurodegenerative diseases (Elmore et al., 2014; Olmos-Alonso et al., 2016). Recent research has revealed strain-specific effects of the CSF1R-microglia axis in the context of neurotropic viral infection, along with innate abnormalities in microglial antigen presentation and subsequent T cell crosstalk that increase vulnerability to neurotropic picornavirus infection. CSF1R antagonist also limits the local restimulation of antiviral CD8+ T cells (Funk and Klein, 2019; Sanchez et al., 2021). Although the therapeutic potential of CSF1R inhibitors in viral encephalitis has not been directly tested in clinical, it could provide an avenue to modulate microglial activation and reduce neuroinflammation.
While these approaches hold promise, much remains to be understood about the specific roles of microglia in different stages of viral encephalitis and how best to modulate them without compromising their defensive roles. Furthermore, concerns about the potential side effects of long-term microglial inhibition, such as increased susceptibility to infections, need to be carefully considered. With more research, a better understanding of microglial biology and function in viral encephalitis will undoubtedly open new avenues for therapeutic intervention. Challenges aside, the potential rewards for patients with viral encephalitis are too significant to ignore. In conclusion, modulating microglial activation is a promising approach in developing therapeutic strategies for viral encephalitis. Further research is needed to understand the balance between the beneficial and harmful roles of microglia and to identify novel targets and strategies for the treatment of viral encephalitis (Table 1).
TABLE 1 | Therapeutic strategies targeting microglia in viral encephalitis.	Category	Therapeutic agent	Primary target/Mechanism	Site of action	Preclinical evidence	Clinical status	Ref
	Direct Microglial Inhibitors
		Minocycline	Microglial activation inhibition	Microglia	Reduced activation, neuronal damage, improved outcomes in viral encephalitis models	BBB-penetrant antibiotic; limited clinical trials in neurological conditions, none specifically for viral encephalitis	Quick et al. (2017), Prinz and Priller (2017), Chhatbar et al. (2018), Detje et al. (2015), Drokhlyansky et al. (2017), Rizzi et al. (2018), Prowse and Hayley (2021), Zlotnik and Spittau (2014), Soontornniyomkij et al. (1998), Calsolaro and Edison (2016), Tang et al. (2025b), Kumar et al. (2023), Cserép et al. (2022), Ekdahl et al. (2003), Ziv et al. (2006), Lu et al. (2011), Araki et al. (2021), González-Scarano and Baltuch (1999), Rock et al. (2004), Glass et al. (2010), Allen and Barres (2009), Lull and Block (2010), Errede et al. (2022), Kinuthia et al. (2020), Ray and Ray (2001), Verma et al. (2009), González-Scarano and Martín-García (2005), Boerwinkle et al. (2021), Wang et al. (2025a), Wang et al. (2025b), Solana-Balaguer et al. (2023), Vezzani et al. (2016), Xu et al. (2023), Ghosh and Basu (2017), Sharma et al. (2021), Espinosa-Gongora et al. (2023), Klein et al. (2019), Kumar et al. (2010), Turchan et al. (2001), Hatton and Duncan (2019), Funk and Klein (2019), Fekete et al. (2018)
		Cannabinoids (CBD, THC)	CB1/CB2 receptor modulation	Microglia, neurons	Reduced microglial activation, decreased neuroinflammation, improved survival in viral models	No clinical trials for viral encephalitis; regulatory challenges limit clinical investigation	Wang et al. (2012), Wheeler et al. (2018)
		CSF1R Inhibitors (PLX5622)	Colony-stimulating factor 1 receptor antagonism	Microglia	Microglial depletion, reduced neuroinflammation, strain-specific therapeutic effects	Preclinical research only; no clinical trials for viral encephalitis	Davis (2008), Spangenberg et al. (2016)
	Cytokine/Mediator Blockade
		Anti-IL-1β agents (Anakinra, Canakinumab)	Interleukin-1β signaling blockade	Microglia, immune cells	Reduced neuroinflammation, improved survival outcomes	FDA-approved biologics for autoimmune diseases; not tested in viral encephalitis	Ashraf et al. (2021)
		Anti-TNF-α agents (Infliximab, Etanercept)	Tumor necrosis factor-α neutralization	Microglia, immune cells	Decreased neuroinflammation, neuroprotection in viral models	FDA-approved biologics for rheumatoid arthritis/IBD; not tested in viral encephalitis	Li and Barres (2018), Wang et al. (2020)
		NF-κB Inhibitors (Bay 11–7,082, PDTC)	Nuclear factor κB pathway inhibition	Microglia, multiple cell types	Reduced pro-inflammatory gene expression, decreased microglial activation	Experimental compounds only; no clinical trials for any neurological indication	Richardson-Burns and Tyler (2005), Kumar et al. (2009), Mecha et al. (2013), Zhang et al. (2009), Solbrig et al. (2013)
		COX-2 Inhibitors (Celecoxib, Rofecoxib)	Cyclooxygenase-2 pathway inhibition	Microglia, inflammatory cells	Decreased prostaglandin production, anti-inflammatory effects	Most withdrawn from market due to cardiovascular risks; very limited current clinical use	Sköldenberg et al. (2006), Rubio-Perez and Morillas-Ruiz, (2012)
	Neuroprotective Enhancers
		PPAR-γ Agonists (Pioglitazone, Rosiglitazone)	Peroxisome proliferator-activated receptor γ activation	Microglia	M1→M2 phenotype shift, enhanced neuroprotection	FDA-approved for type 2 diabetes mellitus; investigational off-label use in neurological conditions	Oeckinghaus and Ghosh, (2009), Gu et al. (2012)
		Nrf2 Activators (Sulforaphane, Curcumin)	Nuclear factor erythroid 2-related factor 2 activation	Microglia, neurons	Enhanced antioxidant response, reduced ROS production	Available as dietary supplements only; no pharmaceutical formulations approved for neurological use	Tung et al. (2011)
		P2Y12 Agonists (2-MeSADP)	Purinergic receptor P2Y12 activation	Microglia	Enhanced microglial ramification, improved phagocytic function	Preclinical research stage only; no clinical development programs initiated	Chen et al. (2001), Ju et al. (2022), Chen et al. (2002), Bindu et al. (2020), Liu et al. (2021)
	Immune Modulators
		Corticosteroids (Dexamethasone, Prednisolone)	Glucocorticoid receptor activation	Microglia, immune cells	Broad anti-inflammatory effects, reduced microglial activation	Widely used clinically for various inflammatory conditions; limited evidence in viral encephalitis	Haynes et al. (2006), Suzuki et al. (2020)
		IVIG (Intravenous Immunoglobulin)	Multiple immune pathways modulation	Immune cells, microglia	Immunomodulation, reduced neuroinflammation	FDA-approved for various autoimmune conditions; case reports only in viral encephalitis	Burnstock, (2017), Imraish et al. (2023)
	Combinatorial Approaches
		Antiviral + Anti-inflammatory combinations	Multiple viral/immune targets	Virus, microglia, immune system	Enhanced therapeutic efficacy in JEV and other viral models	Individual components have regulatory approval for different indications; combinations not clinically tested	Omeragic et al. (2019), Ma, (2013)
		Glutamate Receptor Modulators (Memantine)	NMDA/AMPA receptor modulation	Neurons, microglia	Neuroprotection against excitotoxicity, reduced microglial activation	FDA-approved for Alzheimer’s disease; not tested in viral encephalitis	Cui et al. (2021)
		Neurotrophic Support (BDNF, GDNF, NGF)	Growth factor pathways	Neurons, microglia	Promoted neuronal survival, enhanced regeneration	Recombinant growth factors in early-phase clinical trials for other neurodegenerative diseases	Kraft et al. (2007), Schachtele et al. (2012)
		S1P Receptor Modulators (Fingolimod, Siponimod)	Sphingosine-1-phosphate signaling	Immune cells, CNS	Immunomodulation, reduced neuroinflammation, BBB protection	FDA-approved for multiple sclerosis; not investigated in viral encephalitis	Burnstock (2017)


6.2 Cytokine/mediator blockade
An alternative approach for developing therapeutic strategies in viral encephalitis is to inhibit the production or signaling of pro-inflammatory mediators that contribute to neuroinflammation and subsequent neuronal damage.
IL-1 and TNF-α are pro-inflammatory cytokines, produced primarily by activated microglia, that have been implicated in the pathogenesis of viral encephalitis (Sköldenberg et al., 2006; Rubio-Perez and Morillas-Ruiz, 2012). Inhibition of IL-1 and TNF-α has been reported to reduce neuroinflammation and improve outcomes in animal models of viral encephalitis (Ashraf et al., 2021; Niu et al., 2020; Zhang et al., 2017). Biological agents targeting these cytokines are in clinical use for other inflammatory conditions, thus providing a basis for their potential application in viral encephalitis. NF-κB signaling modulates the expression of genes encoding various pro-inflammatory mediators, including cytokines, chemokines, and adhesion molecules (Zhang et al., 2017; Oeckinghaus and Ghosh, 2009). Inhibition of NF-κB activation has shown promising results in reducing neuroinflammation in preclinical models of various neurological disorders, including viral encephalitis (Gu et al., 2012; Moniuszko-Malinowska et al., 2017; Wang et al., 2022). The development of specific inhibitors targeting key components of the NF-κB pathway may offer a novel therapeutic approach for viral encephalitis. Cyclooxygenase (COX) and lipoxygenase (LOX) enzymes mediate the production of pro-inflammatory lipid mediators, such as prostaglandins, thromboxanes, and leukotrienes, contributing to the neuroinflammation associated with viral encephalitis (Ghasemi et al., 2019; Tung et al., 2011; Chen et al., 2001). COX-2 inhibitors have been shown to decrease inflammation and improve outcomes in animal models of viral infection (Ju et al., 2022; Chen et al., 2002). However, given the cardiovascular side effects and organ damage associated with COX-2 inhibitors (Bindu et al., 2020), caution should be exercised in their application, and the development of more specific inhibitors targeting individual lipid mediators may hold therapeutic promise for viral encephalitis.
Hence, targeting pro-inflammatory mediators presents a potential therapeutic strategy for viral encephalitis. Further research is required to identify the most suitable candidates and determine their safety and efficacy in the context of viral encephalitis (Table 1).
6.3 Neuroprotective enhancers
Microglial activation during viral encephalitis can result in both detrimental and protective outcomes. Enhancing the neuroprotective functions of microglia, while limiting their neurotoxic effects, will inevitably be a promising approach for treating viral encephalitis.
Microglia display a spectrum of activation states that range between pro-inflammatory (M1 phenotype) and neuroprotective (M2 phenotype). Strategies that promote a shift from M1 to M2 phenotype have been shown to improve outcomes in various neurological disorders (Guo et al., 2022; Liu et al., 2021). In a model of HIV-1-associated brain inflammation, treatment with peroxisome proliferator-activated receptor gamma (PPAR-γ) agonists such as pioglitazone and rosiglitazone induced a neuroprotective M2 phenotype in microglia and reduced neuronal cell death (Omeragic et al., 2017; Omeragic et al., 2019). Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that regulates the expression of antioxidant and anti-inflammatory genes, which can improve the neuroprotective functions of microglia (Ma, 2013; Cui et al., 2021). Activation of the Nrf2 pathway has been shown to provide protection in various neuroinflammatory conditions, including neuroviral diseases such as ALS-like pathology in mice (Kraft et al., 2007). A study has revealed that sulforaphane treatment is effective in reducing neurotoxicity associated with HSV-stimulated microglia ROS production, as well as modulating neurotoxicity associated with experimental herpes encephalitis through sulforaphane treatment (Schachtele et al., 2012). The purinergic receptor P2Y12 has been identified as a potential target for modulating microglial function through the regulation of microglial ramification and motility (Haynes et al., 2006; Suzuki et al., 2020). Activation of P2Y12 receptors by selective agonists, such as ADP, reduces neuroinflammation and promotes phagocytosis of neuronal debris, conferring neuroprotection in various models of neurodegenerative diseases (Burnstock, 2017; Imraish et al., 2023; Liu et al., 2017). Further studies are required to investigate the role of P2Y12 receptor targeting in viral encephalitis.
To a certain degree, strategies that enhance the neuroprotective functions of microglia offer a promising therapeutic approach for viral encephalitis. Further research is required to validate these targets in the context of viral encephalitis and to identify additional strategies that may modulate microglial functions for neuroprotection (Table 1).
6.4 Combinatorial approaches
Combination therapies targeting multiple aspects of immune-inflammatory responses, including microglial modulation, viral replication, and neuronal support, could provide enhanced therapeutic benefits for viral encephalitis treatment in future clinical practice.
Antiviral treatments combined with anti-inflammatory drugs: The primary goal of treating viral encephalitis is to control and eliminate the underlying infection. Antiviral drugs such as acyclovir, ganciclovir, and foscarnet have proven effective against specific viral infections (Solomon et al., 2012; Wei et al., 2021). However, given the complex pathophysiology of viral encephalitis and the contribution of immune-mediated processes to tissue damage, combining antiviral agents with anti-inflammatory or immunomodulatory drugs could provide more comprehensive treatment strategies. For example, the combination of antiviral ribavirin with minocycline, an antibiotic with immunomodulatory properties, resulted in increased survival and reduced neuroinflammation during JEV infection (Topno and Khan, 2016; Joe et al., 2022).
Adjunctive therapies supporting neuronal survival: The prevention of neuronal loss is crucial for mitigating the neurological sequelae of viral encephalitis. Glutamate-mediated excitotoxicity is a common feature of many neuroinflammatory and neurodegenerative disorders, and targeting glutamate receptors with drugs such as memantine or riluzole could offer additional neuroprotection in viral encephalitis (Lipton, 2006). Furthermore, neurotrophic factors like BDNF and GDNF have shown potential in promoting neuronal survival and regeneration in various neurological conditions (Lima Giacobbo et al., 2019; Allen et al., 2013). Combining antiviral and anti-inflammatory agents with drugs supporting neuronal survival could represent a promising therapeutic approach in treating viral encephalitis.
Targeting endogenous neuroprotective signaling pathways: Besides directly targeting microglia, other endogenous neuroprotective pathways, such as Nrf2 (as mentioned above) and sphingosine-1-phosphate (S1P) signaling, could also be modulated to provide additional therapeutic benefits. S1P signaling has been shown to have a protective function in several neurological disorders by regulating immune cell trafficking, inflammatory gene expression, and cell survival (Czubowicz et al., 2019). Treatment with S1P receptor modulators, such as FTY720 (fingolimod), has demonstrated both immunomodulatory and neuroprotective effects in various preclinical models (Miron et al., 2010; McGinley and Cohen, 2021). Combination therapies incorporating S1P modulators and other targeted interventions might offer improved outcomes in viral encephalitis treatment.
Thus, combination therapies targeting multiple aspects of the immune response, viral replication, and neuronal support hold promise for the development of more effective therapeutic strategies for viral encephalitis. Further studies are needed to identify the optimal combinations of interventions and establish their safety and efficacy in treating various forms of viral encephalitis (Table 1).
7 PERSPECTIVES
Despite promising advancements in understanding the pathophysiology of viral encephalitis and the development of novel therapeutic strategies, several challenges and limitations remain, which impede the successful translation of these advancements into effective treatments for patients.
Microglia, the primary immune cells of the CNS, are essential players in the development and progression of viral encephalitis. Despite their importance, our understanding of microglial behavior during viral infection is still in its nascent stages due to several challenges and limitations. Primarily, the heterogeneity of microglia response to different viral pathogens adds to the complexity of the overarching mechanism. Microglia can adopt varied activation states, depending on the viral strain, each with distinct impacts on disease progression, which further complicates our understanding (Cherry et al., 2014). Besides, the lack of advanced in vivo imaging techniques for accurately visualizing microglia activation and interactions during disease progression is a notable limitation. This obstacle hinders real-time tracking of microglial behavior and disease progression within the CNS (Ransohoff and Perry, 2009). In addition, the successful treatment of viral encephalitis relies on a comprehensive understanding of host-pathogen interactions and immune responses (Jo, 2019; Jain et al., 2022). However, due to the complexity of these interactions and the diversity of causative pathogens, our knowledge remains limited, particularly regarding the underlying mechanisms that drive neurological damage and long-term sequelae. Further research is needed to interrogate host-pathogen interactions at the cellular and molecular levels to inform the development of targeted therapeutic strategies. Meanwhile, the development and optimization of therapeutic interventions for viral encephalitis rely on robust preclinical models that accurately recapitulate key aspects of the human disease. Although animal models have provided valuable insights into the pathophysiology of viral encephalitis, they often fail to recapitulate the full complexity of human disease due to differences in immune responses, transcriptional regulation, and genetic factors between species (Zschaler et al., 2014). Current clinical management of viral encephalitis relies primarily on antiviral agents and supportive care, with microglial-targeted therapies remaining largely theoretical despite promising preclinical evidence. Thus, the development of more accurate and representative preclinical models, including humanized mice and human organoid cultures, may facilitate the translation of promising therapeutic strategies into effective clinical treatments.
Single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics are fundamentally transforming our understanding of microglial heterogeneity during viral encephalitis. These technologies have revealed unprecedented diversity in microglial transcriptional states that extend far beyond the traditional M1/M2 paradigm (Schwabenland et al., 2021; Huang and Sabatini, 2020), while spatial transcriptomics enables mapping of region-specific activation states within anatomical contexts (Han et al., 2024; Mallach et al., 2024). Future single-cell multi-omics approaches promise to reveal the regulatory networks governing microglial state transitions during viral infections. Additionally, a critical challenge is the significant disparity between microglial behavior in vitro and in vivo systems. Traditional microglial cultures fail to recapitulate the complex brain environment and crucial cell-cell interactions. While brain organoids and “brain-on-chip” models offer improved cellular interactions (Park et al., 2023; Zhang et al., 2023; Nandi et al., 2024), they still lack the full complexity of blood-brain barrier function and systemic inflammatory responses. Future research must develop hybrid approaches combining mechanistic insights from simplified systems with physiologically relevant in vivo validation.
Given the challenges, there is a need for strategic development and planning for future research directions. Improved in vivo imaging techniques to track the activation and interaction of microglia during disease progression would be pivotal in addressing the current limitations (Ransohoff and Perry, 2009). High-throughput single-cell analysis techniques can be employed to dissect the complex microglial heterogeneity and better understand the varied responses to different viral pathogens. Additionally, developing better animal models would be advantageous for simulating human viral encephalitis and studying the roles of microglia in the disease (Korin et al., 2017). Lastly, in-depth studies into the influence of other factors such as age, sex, and predisposing genetic factors on microglial activity during viral infection may open novel therapeutic avenues for viral encephalitis.
AUTHOR CONTRIBUTIONS
LZ: Writing – original draft. PC: Writing – original draft. JS: Writing – original draft. HC: Conceptualization, Writing – review and editing. WL: Conceptualization, Writing – review and editing. GO: Writing – review and editing. XC: Conceptualization, Funding acquisition, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. The present study was supported by Sanming Project of Medicine in Shenzhen (No. SZSM202402020).
ACKNOWLEDGMENTS
We would like to thank Figdraw (www.figdraw.com) for its help in creating the figures for this review.
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.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Allen, N. J., and Barres, B. A. (2009). Neuroscience: glia - more than just brain glue. Nature 457, 675–677. doi:10.1038/457675a

	Allen, S. J., Watson, J. J., Shoemark, D. K., Barua, N. U., and Patel, N. K. (2013). GDNF, NGF and BDNF as therapeutic options for neurodegeneration. Pharmacol. Ther. 138, 155–175. doi:10.1016/j.pharmthera.2013.01.004

	Almutairi, M. M., Gong, C., Xu, Y. G., Chang, Y., and Shi, H. (2016). Factors controlling permeability of the blood-brain barrier. Cell. Mol. life Sci. CMLS 73, 57–77. doi:10.1007/s00018-015-2050-8

	Ansari, J. A., Mishra, S. K., Dey, R. K., Roy, O., Kushwaha, S., Singh, V., et al. (2022). Minocycline reverses developmental arsenic exposure-induced microglia activation and functional alteration in BALB/c mice. Environ. Toxicol. Pharmacol. 92, 103858. doi:10.1016/j.etap.2022.103858

	Araki, T., Ikegaya, Y., and Koyama, R. (2021). The effects of microglia- and astrocyte-derived factors on neurogenesis in health and disease. Eur. J. Neurosci. 54, 5880–5901. doi:10.1111/ejn.14969

	Ashraf, U., Ding, Z., Deng, S., Ye, J., Cao, S., and Chen, Z. (2021). Pathogenicity and virulence of Japanese encephalitis virus: neuroinflammation and neuronal cell damage. Virulence 12, 968–980. doi:10.1080/21505594.2021.1899674

	Bachiller, S., Jiménez-Ferrer, I., Paulus, A., Yang, Y., Swanberg, M., Deierborg, T., et al. (2018). Microglia in neurological diseases: a road map to brain-disease dependent-inflammatory response. Front. Cell Neurosci. 12, 488. doi:10.3389/fncel.2018.00488

	Behl, T., Kaur, G., Sehgal, A., Bhardwaj, S., Singh, S., Buhas, C., et al. (2021). Multifaceted role of matrix metalloproteinases in neurodegenerative diseases: pathophysiological and therapeutic perspectives. Int. J. Mol. Sci. 22, 1413. doi:10.3390/ijms22031413

	Bharucha, T., Cleary, B., Farmiloe, A., Sutton, E., Hayati, H., Kirkwood, P., et al. (2022). Mouse models of Japanese encephalitis virus infection: a systematic review and meta-analysis using a meta-regression approach. PLoS Negl. Trop. Dis. 16, e0010116. doi:10.1371/journal.pntd.0010116

	Bindu, S., Mazumder, S., and Bandyopadhyay, U. (2020). Non-steroidal anti-inflammatory drugs (NSAIDs) and organ damage: a current perspective. Biochem. Pharmacol. 180, 114147. doi:10.1016/j.bcp.2020.114147

	Boerwinkle, A. H., Meeker, K. L., Luckett, P., and Ances, B. M. (2021). Neuroimaging the neuropathogenesis of HIV. Curr. HIV/AIDS Rep. 18, 221–228. doi:10.1007/s11904-021-00548-z

	Borst, K., Dumas, A. A., and Prinz, M. (2021). Microglia: immune and non-immune functions. Immunity 54, 2194–2208. doi:10.1016/j.immuni.2021.09.014

	Boullerne, A. I., and Feinstein, D. L. (2020). History of Neuroscience I. Pío del Río-Hortega (1882-1945): the Discoverer of Microglia and Oligodendroglia, ASN Neuro , 12, 1759091420953259, doi:10.1177/1759091420953259

	Burnstock, G. (2017). Purinergic signalling: therapeutic developments. Front. Pharmacol. 8, 661. doi:10.3389/fphar.2017.00661

	Calsolaro, V., and Edison, P. (2016). Neuroinflammation in alzheimer's disease: current evidence and future directions. Alzheimer's and dementia J. Alzheimer's Assoc. 12, 719–732. doi:10.1016/j.jalz.2016.02.010

	Castellano, P., Prevedel, L., and Eugenin, E. A. (2017). HIV-Infected macrophages and microglia that survive acute infection become viral reservoirs by a mechanism involving bim. Sci. Rep. 7, 12866. doi:10.1038/s41598-017-12758-w

	Chauhan, P., Hu, S., Sheng, W. S., Prasad, S., and Lokensgard, J. R. (2017). Modulation of microglial cell Fcγ receptor expression following viral brain infection. Sci. Rep. 7, 41889. doi:10.1038/srep41889

	Cheeran, M. C., Hu, S., Sheng, W. S., Rashid, A., Peterson, P. K., and Lokensgard, J. R. (2005). Differential responses of human brain cells to west nile virus infection. J. Neurovirol 11, 512–524. doi:10.1080/13550280500384982

	Chen, N., Restivo, A., and Reiss, C. S. (2001). Leukotrienes play protective roles early during experimental VSV encephalitis. J. Neuroimmunol. 120, 94–102. doi:10.1016/s0165-5728(01)00415-5

	Chen, N., Restivo, A., and Reiss, C. S. (2002). Selective inhibition of COX-2 is beneficial to mice infected intranasally with VSV. Prostagl. and other lipid Mediat. 67, 143–155. doi:10.1016/s0090-6980(01)00185-x

	Chen, C. J., Ou, Y. C., Chang, C. Y., Pan, H. C., Liao, S. L., Chen, S. Y., et al. (2012). Glutamate released by Japanese encephalitis virus-infected microglia involves TNF-α signaling and contributes to neuronal death. Glia 60, 487–501. doi:10.1002/glia.22282

	Chen, Z., Zhong, D., and Li, G. (2019). The role of microglia in viral encephalitis: a review. J. neuroinflammation 16, 76. doi:10.1186/s12974-019-1443-2

	Cherry, J. D., Olschowka, J. A., and O'Banion, M. K. (2014). Neuroinflammation and M2 microglia: the good, the bad, and the inflamed. J. neuroinflammation 11, 98. doi:10.1186/1742-2094-11-98

	Chhatbar, C., Detje, C. N., Grabski, E., Borst, K., Spanier, J., Ghita, L., et al. (2018). Type I interferon receptor signaling of neurons and astrocytes regulates microglia activation during viral encephalitis. Cell Rep. 25, 118–129.e4. doi:10.1016/j.celrep.2018.09.003

	Cornell, J., Salinas, S., Huang, H. Y., and Zhou, M. (2022). Microglia regulation of synaptic plasticity and learning and memory. Neural Regen. Res. 17, 705–716. doi:10.4103/1673-5374.322423

	Costa, B. K. D., and Sato, D. K. (2020). Viral encephalitis: a practical review on diagnostic approach and treatment. J. Pediatr. 96 (Suppl. 1), 12–19. doi:10.1016/j.jped.2019.07.006

	Cserép, C., Schwarcz, A. D., Pósfai, B., László, Z. I., Kellermayer, A., Környei, Z., et al. (2022). Microglial control of neuronal development via somatic purinergic junctions. Cell Rep. 40, 111369. doi:10.1016/j.celrep.2022.111369

	Cui, Y., Zhang, Z., Zhou, X., Zhao, Z., Zhao, R., Xu, X., et al. (2021). Microglia and macrophage exhibit attenuated inflammatory response and ferroptosis resistance after RSL3 stimulation via increasing Nrf2 expression. J. neuroinflammation 18, 249. doi:10.1186/s12974-021-02231-x

	Czubowicz, K., Jęśko, H., Wencel, P., Lukiw, W. J., and Strosznajder, R. P. (2019). The role of ceramide and Sphingosine-1-Phosphate in alzheimer's disease and other neurodegenerative disorders. Mol. Neurobiol. 56, 5436–5455. doi:10.1007/s12035-018-1448-3

	Daneman, R., and Prat, A. (2015). The blood-brain barrier. Cold Spring Harb. Perspect. Biol. 7, a020412. doi:10.1101/cshperspect.a020412

	Daniels, B. P., Jujjavarapu, H., Durrant, D. M., Williams, J. L., Green, R. R., White, J. P., et al. (2017). Regional astrocyte IFN signaling restricts pathogenesis during neurotropic viral infection. J. Clin. investigation 127, 843–856. doi:10.1172/jci88720

	Davis, M. M. (2008). A prescription for human immunology. Immunity 29, 835–838. doi:10.1016/j.immuni.2008.12.003

	Deczkowska, A., Matcovitch-Natan, O., Tsitsou-Kampeli, A., Ben-Hamo, S., Dvir-Szternfeld, R., Spinrad, A., et al. (2017). Mef2C restrains microglial inflammatory response and is lost in brain ageing in an IFN-I-dependent manner. Nat. Commun. 8, 717. doi:10.1038/s41467-017-00769-0

	Deczkowska, A., Keren-Shaul, H., Weiner, A., Colonna, M., Schwartz, M., and Amit, I. (2018). Disease-associated microglia: a universal immune sensor of neurodegeneration. Cell 173, 1073–1081. doi:10.1016/j.cell.2018.05.003

	Detje, C. N., Meyer, T., Schmidt, H., Kreuz, D., Rose, J. K., Bechmann, I., et al. (2009). Local type I IFN receptor signaling protects against virus spread within the central nervous system. J. Immunol. Baltim. Md 182 (182), 2297–2304. doi:10.4049/jimmunol.0800596

	Detje, C. N., Lienenklaus, S., Chhatbar, C., Spanier, J., Prajeeth, C. K., Soldner, C., et al. (2015). Upon intranasal vesicular stomatitis virus infection, astrocytes in the olfactory bulb are important interferon beta producers that protect from lethal encephalitis. J. Virol. 89, 2731–2738. doi:10.1128/jvi.02044-14

	Dheen, S. T., Kaur, C., and Ling, E. A. (2007). Microglial activation and its implications in the brain diseases. Curr. Med. Chem. 14, 1189–1197. doi:10.2174/092986707780597961

	Drokhlyansky, E., Göz Aytürk, D., Soh, T. K., Chrenek, R., O'Loughlin, E., Madore, C., et al. (2017). The brain parenchyma has a type I interferon response that can limit virus spread. Proc. Natl. Acad. Sci. U. S. A. 114, E95–e104. doi:10.1073/pnas.1618157114

	Ekdahl, C. T., Claasen, J. H., Bonde, S., Kokaia, Z., and Lindvall, O. (2003). Inflammation is detrimental for neurogenesis in adult brain. Proc. Natl. Acad. Sci. U. S. A. 100, 13632–13637. doi:10.1073/pnas.2234031100

	Elmore, M. R., Najafi, A. R., Koike, M. A., Dagher, N. N., Spangenberg, E. E., Rice, R. A., et al. (2014). Colony-stimulating factor 1 receptor signaling is necessary for microglia viability, unmasking a microglia progenitor cell in the adult brain. Neuron 82, 380–397. doi:10.1016/j.neuron.2014.02.040

	Erny, D., Hrabě de Angelis, A. L., Jaitin, D., Wieghofer, P., Staszewski, O., David, E., et al. (2015). Host microbiota constantly control maturation and function of microglia in the CNS. Nat. Neurosci. 18, 965–977. doi:10.1038/nn.4030

	Errede, M., Annese, T., Petrosino, V., Longo, G., Girolamo, F., de Trizio, I., et al. (2022). Microglia-derived CCL2 has a prime role in neocortex neuroinflammation. Fluids barriers CNS 19, 68. doi:10.1186/s12987-022-00365-5

	Espinosa-Gongora, C., Berg, C., Rehn, M., Varg, J. E., Dillner, L., Latorre-Margalef, N., et al. (2023). Early detection of the emerging SARS-CoV-2 BA.2.86 lineage through integrated genomic surveillance of wastewater and COVID-19 cases in Sweden, weeks 31 to 38 2023. Euro Surveill. Bull. Eur. les Mal. Transm. = Eur. Commun. disease Bull. 28, 2300595. doi:10.2807/1560-7917.Es.2023.28.46.2300595

	Fattorelli, N., Martinez-Muriana, A., Wolfs, L., Geric, I., De Strooper, B., and Mancuso, R. (2021). Stem-cell-derived human microglia transplanted into mouse brain to study human disease. Nat. Protoc. 16, 1013–1033. doi:10.1038/s41596-020-00447-4

	Fekete, R., Cserép, C., Lénárt, N., Tóth, K., Orsolits, B., Martinecz, B., et al. (2018). Microglia control the spread of neurotropic virus infection via P2Y12 signalling and recruit monocytes through P2Y12-independent mechanisms. Acta Neuropathol. 136, 461–482. doi:10.1007/s00401-018-1885-0

	Fitzgerald, K. A., and Kagan, J. C. (2020). Toll-like receptors and the control of immunity. Cell 180, 1044–1066. doi:10.1016/j.cell.2020.02.041

	Funk, K. E., and Klein, R. S. (2019). CSF1R antagonism limits local restimulation of antiviral CD8(+) T cells during viral encephalitis. J. neuroinflammation 16, 22. doi:10.1186/s12974-019-1397-4

	Garaschuk, O., and Verkhratsky, A. (2019). Physiology of microglia. Methods Mol. Biol. Clift. N.J. 2034, 27–40. doi:10.1007/978-1-4939-9658-2_3

	Ghasemi, F., Bagheri, H., Barreto, G. E., Read, M. I., and Sahebkar, A. (2019). Effects of curcumin on microglial cells. Neurotox. Res. 36, 12–26. doi:10.1007/s12640-019-00030-0

	Ghosh, S., and Basu, A. (2017). Neuropathogenesis by chandipura virus: an acute encephalitis syndrome in India. Natl. Med. J. India 30, 21–25.

	Ghoshal, A., Das, S., Ghosh, S., Mishra, M. K., Sharma, V., Koli, P., et al. (2007). Proinflammatory mediators released by activated microglia induces neuronal death in Japanese encephalitis. Glia 55, 483–496. doi:10.1002/glia.20474

	Ginhoux, F., and Prinz, M. (2015). Origin of microglia: current concepts and past controversies. Cold Spring Harb. Perspect. Biol. 7, a020537. doi:10.1101/cshperspect.a020537

	Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al. (2010). Fate mapping analysis reveals that adult microglia derive from primitive macrophages. Sci. (New York, N.Y.) 330, 841–845. doi:10.1126/science.1194637

	Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C., and Gage, F. H. (2010). Mechanisms underlying inflammation in neurodegeneration. Cell 140, 918–934. doi:10.1016/j.cell.2010.02.016

	Goddery, E. N., Fain, C. E., Lipovsky, C. G., Ayasoufi, K., Yokanovich, L. T., Malo, C. S., et al. (2021). Microglia and perivascular macrophages act as antigen presenting cells to promote CD8 T cell infiltration of the brain. Front. Immunol. 12, 726421. doi:10.3389/fimmu.2021.726421

	González-Navajas, J. M., Lee, J., David, M., and Raz, E. (2012). Immunomodulatory functions of type I interferons. Nat. Rev. Immunol. 12, 125–135. doi:10.1038/nri3133

	González-Scarano, F., and Baltuch, G. (1999). Microglia as mediators of inflammatory and degenerative diseases. Annu. Rev. Neurosci. 22, 219–240. doi:10.1146/annurev.neuro.22.1.219

	González-Scarano, F., and Martín-García, J. (2005). The neuropathogenesis of AIDS. Nat. Rev. Immunol. 5, 69–81. doi:10.1038/nri1527

	Granerod, J., Ambrose, H. E., Davies, N. W., Clewley, J. P., Walsh, A. L., Morgan, D., et al. (2010). Causes of encephalitis and differences in their clinical presentations in England: a multicentre, population-based prospective study. Lancet. Infect. Dis. 10, 835–844. doi:10.1016/s1473-3099(10)70222-x

	Griffin, D. E., Levine, B., Tyor, W. R., and Irani, D. N. (1992). The immune response in viral encephalitis. Semin. Immunol. 4, 111–119.

	Gu, J. H., Ge, J. B., Li, M., Wu, F., Zhang, W., and Qin, Z. H. (2012). Inhibition of NF-κB activation is associated with anti-inflammatory and anti-apoptotic effects of ginkgolide B in a mouse model of cerebral ischemia/reperfusion injury. Eur. J. Pharm. Sci. official J. Eur. Fed. Pharm. Sci. 47, 652–660. doi:10.1016/j.ejps.2012.07.016

	Guo, S., Wang, H., and Yin, Y. (2022). Microglia polarization from M1 to M2 in neurodegenerative diseases. Front. Aging Neurosci. 14, 815347. doi:10.3389/fnagi.2022.815347

	Hammond, T. R., Dufort, C., Dissing-Olesen, L., Giera, S., Young, A., Wysoker, A., et al. (2019). Single-cell RNA sequencing of microglia throughout the mouse lifespan and in the injured brain reveals complex cell-state changes. Immunity 50, 253–271.e6. doi:10.1016/j.immuni.2018.11.004

	Han, B., Zhou, S., Zhang, Y., Chen, S., Xi, W., Liu, C., et al. (2024). Integrating spatial and single-cell transcriptomics to characterize the molecular and cellular architecture of the ischemic mouse brain. Sci. Transl. Med. 16, eadg1323. doi:10.1126/scitranslmed.adg1323

	Hasselmann, J., and Blurton-Jones, M. (2020). Human iPSC-derived microglia: a growing toolset to study the brain's innate immune cells. Glia 68, 721–739. doi:10.1002/glia.23781

	Hasselmann, J., Coburn, M. A., England, W., Figueroa Velez, D. X., Kiani Shabestari, S., Tu, C. H., et al. (2019). Development of a chimeric model to study and manipulate human microglia in vivo. Neuron 103, 1016–1033.e10. doi:10.1016/j.neuron.2019.07.002

	Hatton, C. F., and Duncan, C. J. A. (2019). Microglia are essential to protective antiviral immunity: lessons from mouse models of viral encephalitis. Front. Immunol. 10, 2656. doi:10.3389/fimmu.2019.02656

	Haynes, S. E., Hollopeter, G., Yang, G., Kurpius, D., Dailey, M. E., Gan, W. B., et al. (2006). The P2Y12 receptor regulates microglial activation by extracellular nucleotides. Nat. Neurosci. 9, 1512–1519. doi:10.1038/nn1805

	Herz, J., Johnson, K. R., and McGavern, D. B. (2015). Therapeutic antiviral T cells noncytopathically clear persistently infected microglia after conversion into antigen-presenting cells. J. Exp. Med. 212, 1153–1169. doi:10.1084/jem.20142047

	Hickman, S., Izzy, S., Sen, P., Morsett, L., and El Khoury, J. (2018). Microglia in neurodegeneration. Nat. Neurosci. 21, 1359–1369. doi:10.1038/s41593-018-0242-x

	Hornung, V., Barchet, W., Schlee, M., and Hartmann, G. (2008). RNA recognition via TLR7 and TLR8. Handb. Exp. Pharmacol. , 71–86. doi:10.1007/978-3-540-72167-3_4

	Huang, K. W., and Sabatini, B. L. (2020). Single-cell analysis of neuroinflammatory responses following intracranial injection of G-Deleted rabies viruses. Front. Cell Neurosci. 14, 65. doi:10.3389/fncel.2020.00065

	Huang, Y., Zhao, L., Jia, B., Wu, L., Li, Y., Curthoys, N., et al. (2011). Glutaminase dysregulation in HIV-1-infected human microglia mediates neurotoxicity: relevant to HIV-1-associated neurocognitive disorders. J. Neurosci. official J. Soc. Neurosci. 31, 15195–15204. doi:10.1523/jneurosci.2051-11.2011

	Imraish, A., Abu-Thiab, T., and Hammad, H. (2023). P(2)X and P2Y receptor antagonists reduce inflammation in ATP-Induced microglia. Pharm. Pract. 21, 2788. doi:10.18549/PharmPract.2023.1.2788

	Jacob, F., Pather, S. R., Huang, W. K., Zhang, F., Wong, S. Z. H., Zhou, H., et al. (2020). Human pluripotent stem cell-derived neural cells and brain organoids reveal SARS-CoV-2 neurotropism predominates in choroid plexus epithelium. Cell Stem Cell 27, 937–950.e9. doi:10.1016/j.stem.2020.09.016

	Jain, A., Mittal, S., Tripathi, L. P., Nussinov, R., and Ahmad, S. (2022). Host-pathogen protein-nucleic acid interactions: a comprehensive review. Comput. Struct. Biotechnol. J. 20, 4415–4436. doi:10.1016/j.csbj.2022.08.001

	Jeffries, A. M., and Marriott, I. (2017). Human microglia and astrocytes express cGAS-STING viral sensing components. Neurosci. Lett. 658, 53–56. doi:10.1016/j.neulet.2017.08.039

	Jeong, G. U., Lyu, J., Kim, K. D., Chung, Y. C., Yoon, G. Y., Lee, S., et al. (2022). SARS-CoV-2 infection of microglia elicits proinflammatory activation and apoptotic cell death. Microbiol. Spectr. 10, e0109122. doi:10.1128/spectrum.01091-22

	Jo, E.-K. (2019). Interplay between host and pathogen: immune defense and beyond. Exp. Mol. Med. 51, 1–3. doi:10.1038/s12276-019-0281-8

	Joe, S., Salam, A. A. A., Neogi, U., N, N. B., and Mudgal, P. P. (2022). Antiviral drug research for Japanese encephalitis: an updated review. Pharmacol. Rep. P. R. 74, 273–296. doi:10.1007/s43440-022-00355-2

	Ju, Z., Li, M., Xu, J., Howell, D. C., and Chen, F. E. (2022). Recent development on COX-2 inhibitors as promising anti-inflammatory agents: the past 10 years. Acta Pharm. Sin. B 12, 2790–2807. doi:10.1016/j.apsb.2022.01.002

	Kajimoto, M., Nuri, M., Sleasman, J. R., Charette, K. A., Nelson, B. R., and Portman, M. A. (2021). Inhaled nitric oxide reduces injury and microglia activation in porcine hippocampus after deep hypothermic circulatory arrest. J. Thorac. Cardiovasc. Surg. 161, e485–e498. doi:10.1016/j.jtcvs.2019.12.075

	Kato, H., Takeuchi, O., Sato, S., Yoneyama, M., Yamamoto, M., Matsui, K., et al. (2006). Differential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses. Nature 441, 101–105. doi:10.1038/nature04734

	Katzilieris-Petras, G., Lai, X., Rashidi, A. S., Verjans, G. M. G. M., Reinert, L. S., and Paludan, S. R. (2022). Microglia activate early antiviral responses upon Herpes simplex virus 1 entry into the brain to counteract development of encephalitis-like disease in mice. J. Virol. 96, e0131121. doi:10.1128/jvi.01311-21

	Kawai, T., and Akira, S. (2011). Toll-like receptors and their crosstalk with other innate receptors in infection and immunity. Immunity 34, 637–650. doi:10.1016/j.immuni.2011.05.006

	Kettenmann, H., Hanisch, U. K., Noda, M., and Verkhratsky, A. (2011). Physiology of microglia. Physiol. Rev. 91, 461–553. doi:10.1152/physrev.00011.2010

	Kigerl, K. A., de Rivero Vaccari, J. P., Dietrich, W. D., Popovich, P. G., and Keane, R. W. (2014). Pattern recognition receptors and central nervous system repair. Exp. Neurol. 258, 5–16. doi:10.1016/j.expneurol.2014.01.001

	Kinuthia, U. M., Wolf, A., and Langmann, T. (2020). Microglia and inflammatory responses in diabetic retinopathy. Front. Immunol. 11, 564077. doi:10.3389/fimmu.2020.564077

	Klein, R. S., Garber, C., Funk, K. E., Salimi, H., Soung, A., Kanmogne, M., et al. (2019). Neuroinflammation during RNA viral infections. Annu. Rev. Immunol. 37, 73–95. doi:10.1146/annurev-immunol-042718-041417

	Korin, B., Ben-Shaanan, T. L., Schiller, M., Dubovik, T., Azulay-Debby, H., Boshnak, N. T., et al. (2017). High-dimensional, single-cell characterization of the brain's immune compartment. Nat. Neurosci. 20, 1300–1309. doi:10.1038/nn.4610

	Kraft, A. D., Resch, J. M., Johnson, D. A., and Johnson, J. A. (2007). Activation of the Nrf2-ARE pathway in muscle and spinal cord during ALS-Like pathology in mice expressing mutant SOD1. Exp. Neurol. 207, 107–117. doi:10.1016/j.expneurol.2007.05.026

	Kreutzberg, G. W. (1996). Microglia: a sensor for pathological events in the CNS. Trends Neurosci. 19, 312–318. doi:10.1016/0166-2236(96)10049-7

	Kumar, S., Kalita, J., Saxena, V., Khan, M. Y., Khanna, V. K., Sharma, S., et al. (2009). Some observations on the tropism of Japanese encephalitis virus in rat brain. Brain Res. 1268, 135–141. doi:10.1016/j.brainres.2009.02.051

	Kumar, M., Verma, S., and Nerurkar, V. R. (2010). Pro-inflammatory cytokines derived from west nile virus (WNV)-Infected SK-N-SH cells mediate neuroinflammatory markers and neuronal death. J. neuroinflammation 7, 73. doi:10.1186/1742-2094-7-73

	Kumar, S., Maurya, V. K., Kabir, R., Nayak, D., Khurana, A., Manchanda, R. K., et al. (2020). Antiviral activity of belladonna during Japanese encephalitis virus infection via inhibition of microglia activation and inflammation leading to neuronal cell survival. ACS Chem. Neurosci. 11, 3683–3696. doi:10.1021/acschemneuro.0c00603

	Kumar, A., Narayan, R. K., Prasoon, P., Jha, R. K., Kumar, S., Kumari, C., et al. (2023). COVID-19 vaccination May enhance hippocampal neurogenesis in adults. Brain, Behav. Immun. 107, 87–89. doi:10.1016/j.bbi.2022.09.020

	Kwon, H. S., and Koh, S. H. (2020). Neuroinflammation in neurodegenerative disorders: the roles of microglia and astrocytes. Transl. Neurodegener. 9, 42. doi:10.1186/s40035-020-00221-2

	Lan, X., Han, X., Li, Q., Yang, Q. W., and Wang, J. (2017). Modulators of microglial activation and polarization after intracerebral haemorrhage. Nat. Rev. Neurol. 13, 420–433. doi:10.1038/nrneurol.2017.69

	Li, Q., and Barres, B. A. (2018). Microglia and macrophages in brain homeostasis and disease. Nat. Rev. Immunol. 18, 225–242. doi:10.1038/nri.2017.125

	Li, Q., Cheng, Z., Zhou, L., Darmanis, S., Neff, N. F., Okamoto, J., et al. (2019). Developmental heterogeneity of microglia and brain myeloid cells revealed by deep single-cell RNA sequencing. Neuron 101, 207–223.e10. doi:10.1016/j.neuron.2018.12.006

	Li, L., Acioglu, C., Heary, R. F., and Elkabes, S. (2021). Role of astroglial toll-like receptors (TLRs) in central nervous system infections, injury and neurodegenerative diseases. Brain, Behav. Immun. 91, 740–755. doi:10.1016/j.bbi.2020.10.007

	Lima Giacobbo, B., Doorduin, J., Klein, H. C., Dierckx, R. A. J. O., Bromberg, E., and de Vries, E. F. J. (2019). Brain-derived neurotrophic factor in brain disorders: focus on neuroinflammation. Mol. Neurobiol. 56, 3295–3312. doi:10.1007/s12035-018-1283-6

	Lipton, S. A. (2006). Paradigm shift in neuroprotection by NMDA receptor blockade: memantine and beyond. Nat. Rev. Drug Discov. 5, 160–170. doi:10.1038/nrd1958

	Liu, P. W., Yue, M. X., Zhou, R., Niu, J., Huang, D. J., Xu, T., et al. (2017). P2Y(12) and P2Y(13) receptors involved in ADPβs induced the release of IL-1β, IL-6 and TNF-α from cultured dorsal horn microglia. J. Pain Res. 10, 1755–1767. doi:10.2147/jpr.S137131

	Liu, X., Ma, J., Ding, G., Gong, Q., Wang, Y., Yu, H., et al. (2021). Microglia polarization from M1 toward M2 phenotype is promoted by astragalus polysaccharides mediated through inhibition of miR-155 in experimental autoimmune encephalomyelitis. Oxid. Med. Cell Longev. 2021, 5753452. doi:10.1155/2021/5753452

	Lu, Z., Elliott, M. R., Chen, Y., Walsh, J. T., Klibanov, A. L., Ravichandran, K. S., et al. (2011). Phagocytic activity of neuronal progenitors regulates adult neurogenesis. Nat. Cell Biol. 13, 1076–1083. doi:10.1038/ncb2299

	Lull, M. E., and Block, M. L. (2010). Microglial activation and chronic neurodegeneration. Neurother. J. Am. Soc. Exp. Neurother. 7, 354–365. doi:10.1016/j.nurt.2010.05.014

	Lum, F. M., Low, D. K., Fan, Y., Tan, J. J. L., Lee, B., Chan, J. K. Y., et al. (2017). Zika virus infects human fetal brain microglia and induces inflammation. Clin. Infect. Dis. official Publ. Infect. Dis. Soc. Am. 64, 914–920. doi:10.1093/cid/ciw878

	Ma, Q. (2013). Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 53, 401–426. doi:10.1146/annurev-pharmtox-011112-140320

	Mallach, A., Zielonka, M., van Lieshout, V., An, Y., Khoo, J. H., Vanheusden, M., et al. (2024). Microglia-astrocyte crosstalk in the amyloid plaque niche of an alzheimer's disease mouse model, as revealed by spatial transcriptomics. Cell Rep. 43, 114216. doi:10.1016/j.celrep.2024.114216

	Mancuso, R., Fattorelli, N., Martinez-Muriana, A., Davis, E., Wolfs, L., Van Den Daele, J., et al. (2024). Xenografted human microglia display diverse transcriptomic states in response to Alzheimer's disease-related amyloid-β pathology. Nat. Neurosci. 27, 886–900. doi:10.1038/s41593-024-01600-y

	Mariani, M. M., and Kielian, T. (2009). Microglia in infectious diseases of the central nervous system. J. neuroimmune Pharmacol. official J. Soc. NeuroImmune Pharmacol. 4, 448–461. doi:10.1007/s11481-009-9170-6

	Marques, C. P., Hu, S., Sheng, W., and Lokensgard, J. R. (2006). Microglial cells initiate vigorous yet non-protective immune responses during HSV-1 brain infection. Virus Res. 121, 1–10. doi:10.1016/j.virusres.2006.03.009

	McGinley, M. P., and Cohen, J. A. (2021). Sphingosine 1-phosphate receptor modulators in multiple sclerosis and other conditions. Lancet London, Engl. 398, 1184–1194. doi:10.1016/s0140-6736(21)00244-0

	McMillan, R. E., Wang, E., Carlin, A. F., and Coufal, N. G. (2023). Human microglial models to study host–virus interactions. Exp. Neurol. 363, 114375. doi:10.1016/j.expneurol.2023.114375

	Mecha, M., Feliú, A., Iñigo, P. M., Mestre, L., Carrillo-Salinas, F. J., and Guaza, C. (2013). Cannabidiol provides long-lasting protection against the deleterious effects of inflammation in a viral model of multiple sclerosis: a role for A2A receptors. Neurobiol. Dis. 59, 141–150. doi:10.1016/j.nbd.2013.06.016

	Miron, V. E., Ludwin, S. K., Darlington, P. J., Jarjour, A. A., Soliven, B., Kennedy, T. E., et al. (2010). Fingolimod (FTY720) enhances remyelination following demyelination of organotypic cerebellar slices. Am. J. pathology 176, 2682–2694. doi:10.2353/ajpath.2010.091234

	Moniuszko-Malinowska, A., Czupryna, P., Dunaj, J., Swierzbinska, R., Guziejko, K., Rutkowski, R., et al. (2017). Evaluation of NF-κB concentration in patients with tick-borne encephalitis, neuroborreliosis, anaplasmosis and anaplasma phagocythophilum with tick-borne encephalitis virus co-infection. Cytokine 90, 155–160. doi:10.1016/j.cyto.2016.10.014

	Moseman, E. A., Blanchard, A. C., Nayak, D., and McGavern, D. B. (2020). T cell engagement of cross-presenting microglia protects the brain from a nasal virus infection. Sci. Immunol. 5, eabb1817. doi:10.1126/sciimmunol.abb1817

	Nandi, S., Ghosh, S., Garg, S., and Ghosh, S. (2024). Unveiling the human brain on a chip: an odyssey to reconstitute neuronal ensembles and explore plausible applications in neuroscience. ACS Chem. Neurosci. 15, 3828–3847. doi:10.1021/acschemneuro.4c00388

	Nayak, D., Roth, T. L., and McGavern, D. B. (2014). Microglia development and function. Annu. Rev. Immunol. 32, 367–402. doi:10.1146/annurev-immunol-032713-120240

	Newton, K., and Dixit, V. M. (2012). Signaling in innate immunity and inflammation. Cold Spring Harb. Perspect. Biol. 4, a006049. doi:10.1101/cshperspect.a006049

	Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells are highly dynamic surveillants of brain parenchyma in vivo. Sci. (New York, N.Y.) 308, 1314–1318. doi:10.1126/science.1110647

	Niu, L., Yang, G., Liu, C. X., Zhao, X. Z., Li, X. Y., and Yu, M. (2020). Observation of the efficacy of naloxone combined with acyclovir in the treatment of children viral encephalitis and its impacts on IL-1 and IL-6. Eur. Rev. Med. Pharmacol. Sci. 24, 10736–10744. doi:10.26355/eurrev_202010_23434

	Oeckinghaus, A., and Ghosh, S. (2009). The NF-kappaB family of transcription factors and its regulation. Cold Spring Harb. Perspect. Biol. 1, a000034. doi:10.1101/cshperspect.a000034

	Olmos-Alonso, A., Schetters, S. T., Sri, S., Askew, K., Mancuso, R., Vargas-Caballero, M., et al. (2016). Pharmacological targeting of CSF1R inhibits microglial proliferation and prevents the progression of alzheimer's-like pathology. Brain a J. neurology 139, 891–907. doi:10.1093/brain/awv379

	Omeragic, A., Hoque, M. T., Choi, U. Y., and Bendayan, R. (2017). Peroxisome proliferator-activated receptor-gamma: potential molecular therapeutic target for HIV-1-associated brain inflammation. J. neuroinflammation 14, 183. doi:10.1186/s12974-017-0957-8

	Omeragic, A., Kara-Yacoubian, N., Kelschenbach, J., Sahin, C., Cummins, C. L., Volsky, D. J., et al. (2019). Peroxisome proliferator-Activated Receptor-gamma agonists exhibit anti-inflammatory and antiviral effects in an EcoHIV mouse model. Sci. Rep. 9, 9428. doi:10.1038/s41598-019-45878-6

	Orihuela, R., McPherson, C. A., and Harry, G. J. (2016). Microglial M1/M2 polarization and metabolic states. Br. J. Pharmacol. 173, 649–665. doi:10.1111/bph.13139

	Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., et al. (2011). Synaptic pruning by microglia is necessary for normal brain development. Sci. (New York, N.Y.) 333, 1456–1458. doi:10.1126/science.1202529

	Park, D. S., Kozaki, T., Tiwari, S. K., Moreira, M., Khalilnezhad, A., Torta, F., et al. (2023). iPS-cell-derived microglia promote brain organoid maturation via cholesterol transfer. Nature 623, 397–405. doi:10.1038/s41586-023-06713-1

	Pepe, G., Calderazzi, G., De Maglie, M., Villa, A. M., and Vegeto, E. (2014). Heterogeneous induction of microglia M2a phenotype by central administration of interleukin-4. J. neuroinflammation 11, 211. doi:10.1186/s12974-014-0211-6

	Pfefferkorn, C., Kallfass, C., Lienenklaus, S., Spanier, J., Kalinke, U., Rieder, M., et al. (2016). Abortively infected astrocytes appear to represent the main source of Interferon beta in the virus-infected brain. J. Virol. 90, 2031–2038. doi:10.1128/jvi.02979-15

	Prinz, M., and Priller, J. (2014). Microglia and brain macrophages in the molecular age: from origin to neuropsychiatric disease. Nat. Rev. Neurosci. 15, 300–312. doi:10.1038/nrn3722

	Prinz, M., and Priller, J. (2017). The role of peripheral immune cells in the CNS in steady state and disease. Nat. Neurosci. 20, 136–144. doi:10.1038/nn.4475

	Prowse, N., and Hayley, S. (2021). Microglia and BDNF at the crossroads of stressor related disorders: towards a unique trophic phenotype. Neurosci. Biobehav Rev. 131, 135–163. doi:10.1016/j.neubiorev.2021.09.018

	Quick, E. D., Seitz, S., Clarke, P., and Tyler, K. L. (2017). Minocycline has anti-inflammatory effects and reduces cytotoxicity in an Ex Vivo spinal cord slice culture model of west nile virus infection. J. Virol. 91, e00569-17. doi:10.1128/jvi.00569-17

	Rajab, N., Angel, P. W., Deng, Y., Gu, J., Jameson, V., Kurowska-Stolarska, M., et al. (2021). An integrated analysis of human myeloid cells identifies gaps in in vitro models of in vivo biology. Stem Cell Rep. 16, 1629–1643. doi:10.1016/j.stemcr.2021.04.010

	Ransohoff, R. M. (2016a). How neuroinflammation contributes to neurodegeneration. Sci. (New York, N.Y.) 353, 777–783. doi:10.1126/science.aag2590

	Ransohoff, R. M. (2016b). A polarizing question: do M1 and M2 microglia exist?Nat. Neurosci. 19, 987–991. doi:10.1038/nn.4338

	Ransohoff, R. M., and Perry, V. H. (2009). Microglial physiology: unique stimuli, specialized responses. Annu. Rev. Immunol. 27, 119–145. doi:10.1146/annurev.immunol.021908.132528

	Ray, R. B., and Ray, R. (2001). Hepatitis C virus core protein: intriguing properties and functional relevance. FEMS Microbiol. Lett. 202, 149–156. doi:10.1111/j.1574-6968.2001.tb10796.x

	Reinert, L. S., Lopušná, K., Winther, H., Sun, C., Thomsen, M. K., Nandakumar, R., et al. (2016). Sensing of HSV-1 by the cGAS-STING pathway in microglia orchestrates antiviral defence in the CNS. Nat. Commun. 7, 13348. doi:10.1038/ncomms13348

	Reinert, L. S., Rashidi, A. S., Tran, D. N., Katzilieris-Petras, G., Hvidt, A. K., Gohr, M., et al. (2021). Brain immune cells undergo cGAS/STING-dependent apoptosis during Herpes simplex virus type 1 infection to limit type I IFN production. J. Clin. investigation 131, e136824. doi:10.1172/jci136824

	Richardson-Burns, S. M., and Tyler, K. L. (2005). Minocycline delays disease onset and mortality in reovirus encephalitis. Exp. Neurol. 192, 331–339. doi:10.1016/j.expneurol.2004.11.015

	Rizzi, C., Tiberi, A., Giustizieri, M., Marrone, M. C., Gobbo, F., Carucci, N. M., et al. (2018). NGF steers microglia toward a neuroprotective phenotype. Glia 66, 1395–1416. doi:10.1002/glia.23312

	Rock, R. B., Gekker, G., Hu, S., Sheng, W. S., Cheeran, M., Lokensgard, J. R., et al. (2004). Role of microglia in central nervous system infections. Clin. Microbiol. Rev. 17, 942–964. doi:10.1128/cmr.17.4.942-964.2004

	Ronaldson, P. T., and Davis, T. P. (2020). Regulation of blood-brain barrier integrity by microglia in health and disease: a therapeutic opportunity. J. Cereb. blood flow metabolism official J. Int. Soc. Cereb. Blood Flow Metabolism 40, S6–s24. doi:10.1177/0271678x20951995

	Rubio-Perez, J. M., and Morillas-Ruiz, J. M. (2012). A review: inflammatory process in alzheimer's disease, role of cytokines. TheScientificWorldJournal 2012, 756357. doi:10.1100/2012/756357

	Salter, M. W., and Stevens, B. (2017). Microglia emerge as central players in brain disease. Nat. Med. 23, 1018–1027. doi:10.1038/nm.4397

	Sanchez, J. M. S., DePaula-Silva, A. B., Doty, D. J., Hanak, T. J., Truong, A., Libbey, J. E., et al. (2021). The CSF1R-Microglia axis has protective host-specific roles during neurotropic picornavirus infection. Front. Immunol. 12, 621090. doi:10.3389/fimmu.2021.621090

	Savage, J. C., Carrier, M., and Tremblay, M. (2019). Morphology of microglia across contexts of health and disease. Methods Mol. Biol. Clift. N.J. 2034, 13–26. doi:10.1007/978-1-4939-9658-2_2

	Schachtele, S. J., Hu, S., and Lokensgard, J. R. (2012). Modulation of experimental herpes encephalitis-associated neurotoxicity through sulforaphane treatment. PLoS One 7, e36216. doi:10.1371/journal.pone.0036216

	Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R., Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits in an activity and complement-dependent manner. Neuron 74, 691–705. doi:10.1016/j.neuron.2012.03.026

	Schwabenland, M., Salié, H., Tanevski, J., Killmer, S., Lago, M. S., Schlaak, A. E., et al. (2021). Deep spatial profiling of human COVID-19 brains reveals neuroinflammation with distinct microanatomical microglia-T-cell interactions. Immunity 54, 1594–1610.e11. doi:10.1016/j.immuni.2021.06.002

	Seah, C., Schuldt, B. R., Vicari, J. M., Lebakken, C. S., Richards, W. D., Greuel, K., et al. (2025). Single-cell sequencing of human neural organoids in a model of intracerebral hemorrhage reveals temporally dynamic responses to blood. Stroke . doi:10.1161/strokeaha.125.051788

	Seitz, S., Clarke, P., and Tyler, K. L. (2018). Pharmacologic depletion of microglia increases viral load in the brain and enhances mortality in murine models of flavivirus-induced encephalitis. J. Virol. 92, e00525-18. doi:10.1128/jvi.00525-18

	Sharma, K. B., Vrati, S., and Kalia, M. (2021). Pathobiology of Japanese encephalitis virus infection. Mol. Asp. Med. 81, 100994. doi:10.1016/j.mam.2021.100994

	Shen, Y., Tang, K., Chen, D., Hong, M., Sun, F., Wang, S., et al. (2021). Riok3 inhibits the antiviral immune response by facilitating TRIM40-mediated RIG-I and MDA5 degradation. Cell Rep. 35, 109272. doi:10.1016/j.celrep.2021.109272

	Sierra, A., Encinas, J. M., Deudero, J. J., Chancey, J. H., Enikolopov, G., Overstreet-Wadiche, L. S., et al. (2010). Microglia shape adult hippocampal neurogenesis through apoptosis-coupled phagocytosis. Cell Stem Cell 7, 483–495. doi:10.1016/j.stem.2010.08.014

	Sköldenberg, B., Aurelius, E., Hjalmarsson, A., Sabri, F., Forsgren, M., Andersson, B., et al. (2006). Incidence and pathogenesis of clinical relapse after Herpes simplex encephalitis in adults. J. Neurol. 253, 163–170. doi:10.1007/s00415-005-0941-6

	Smeyne, R. J., Noyce, A. J., Byrne, M., Savica, R., and Marras, C. (2021). Infection and risk of parkinson's disease. J. Parkinson's Dis. 11, 31–43. doi:10.3233/jpd-202279

	Solana-Balaguer, J., Martín-Flores, N., Garcia-Segura, P., Campoy-Campos, G., Pérez-Sisqués, L., Chicote-González, A., et al. (2023). RTP801 mediates transneuronal toxicity in culture via extracellular vesicles. J. Extracell. Vesicles 12, e12378. doi:10.1002/jev2.12378

	Solbrig, M. V., Fan, Y., and Hazelton, P. (2013). Prospects for cannabinoid therapies in viral encephalitis. Brain Res. 1537, 273–282. doi:10.1016/j.brainres.2013.08.032

	Solomon, T., Michael, B. D., Smith, P. E., Sanderson, F., Davies, N. W. S., Hart, I. J., et al. (2012). Management of suspected viral encephalitis in adults--Association of British neurologists and British infection association national guidelines. J. Infect. 64, 347–373. doi:10.1016/j.jinf.2011.11.014

	Song, E., Zhang, C., Israelow, B., Lu-Culligan, A., Prado, A. V., Skriabine, S., et al. (2021). Neuroinvasion of SARS-CoV-2 in human and mouse brain. J. Exp. Med. 218, e20202135. doi:10.1084/jem.20202135

	Soontornniyomkij, V., Wang, G., Pittman, C. A., Wiley, C. A., and Achim, C. L. (1998). Expression of brain-derived neurotrophic factor protein in activated microglia of human immunodeficiency virus type 1 encephalitis. Neuropathol. Appl. Neurobiol. 24, 453–460. doi:10.1046/j.1365-2990.1998.00134.x

	Spangenberg, E. E., Lee, R. J., Najafi, A. R., Rice, R. A., Elmore, M. R. P., Blurton-Jones, M., et al. (2016). Eliminating microglia in Alzheimer's mice prevents neuronal loss without modulating amyloid-β pathology. Brain a J. neurology 139, 1265–1281. doi:10.1093/brain/aww016

	Spiteri, A. G., Wishart, C. L., Pamphlett, R., Locatelli, G., and King, N. J. C. (2022). Microglia and monocytes in inflammatory CNS disease: integrating phenotype and function. Acta Neuropathol. 143, 179–224. doi:10.1007/s00401-021-02384-2

	Stonedahl, S., Clarke, P., and Tyler, K. L. (2020). The role of microglia during west nile virus infection of the central nervous system. Vaccines 8, 485. doi:10.3390/vaccines8030485

	Stonedahl, S., Leser, J. S., Clarke, P., and Tyler, K. L. (2022). Depletion of microglia in an Ex Vivo brain slice culture model of west nile virus infection leads to increased viral titers and cell death. Microbiol. Spectr. 10, e0068522. doi:10.1128/spectrum.00685-22

	Suzuki, T., Kohyama, K., Moriyama, K., Ozaki, M., Hasegawa, S., Ueno, T., et al. (2020). Extracellular ADP augments microglial inflammasome and NF-κB activation via the P2Y12 receptor. Eur. J. Immunol. 50, 205–219. doi:10.1002/eji.201848013

	Syage, A. R., Ekiz, H. A., Skinner, D. D., Stone, C., O'Connell, R. M., and Lane, T. E. (2020). Single-cell RNA sequencing reveals the diversity of the immunological landscape following central nervous system infection by a murine coronavirus. J. Virol. 94, e01295-20. doi:10.1128/jvi.01295-20

	Takeuchi, O., and Akira, S. (2010). Pattern recognition receptors and inflammation. Cell 140, 805–820. doi:10.1016/j.cell.2010.01.022

	Tang, Y., and Le, W. (2016). Differential roles of M1 and M2 microglia in neurodegenerative diseases. Mol. Neurobiol. 53, 1181–1194. doi:10.1007/s12035-014-9070-5

	Tang, C., Zhou, Q. Q., Huang, X. F., Ju, Y. Y., Rao, B. L., Liu, Z. C., et al. (2025a). Integration and functionality of human iPSC-derived microglia in a chimeric mouse retinal model. J. neuroinflammation 22, 53. doi:10.1186/s12974-025-03393-8

	Tang, J., Qi, F., Zou, J., Liu, H., Zuo, Z., Wang, L., et al. (2025b). SARS-CoV-2 vaccination during pregnancy enhances offspring hippocampal neurogenesis and working memory via IFN-γ-responsive microglia. Commun. Biol. 8, 1307. doi:10.1038/s42003-025-08691-8

	Topno, R., and Khan, S. A. (2016). Antibiotics as Japanese encephalitis virus inhibitors: a combinatorial computational approach. Trop. Biomed. 33, 180–189.

	Tuladhar, S., and Kanneganti, T. D. (2020). NLRP12 in innate immunity and inflammation. Mol. Asp. Med. 76, 100887. doi:10.1016/j.mam.2020.100887

	Tung, W. H., Hsieh, H. L., Lee, I. T., and Yang, C. M. (2011). Enterovirus 71 modulates a COX-2/PGE2/cAMP-dependent viral replication in human neuroblastoma cells: role of the c-Src/EGFR/p42/p44 MAPK/CREB signaling pathway. J. Cell Biochem. 112, 559–570. doi:10.1002/jcb.22946

	Turchan, J., Anderson, C., Hauser, K. F., Sun, Q., Zhang, J., Liu, Y., et al. (2001). Estrogen protects against the synergistic toxicity by HIV proteins, methamphetamine and cocaine. BMC Neurosci. 2 (3), 3. doi:10.1186/1471-2202-2-3

	Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic inflammation. Brain, Behav. Immun. 60, 1–12. doi:10.1016/j.bbi.2016.03.010

	Vasek, M. J., Garber, C., Dorsey, D., Durrant, D. M., Bollman, B., Soung, A., et al. (2016). A complement-microglial axis drives synapse loss during virus-induced memory impairment. Nature 534, 538–543. doi:10.1038/nature18283

	Venkatesan, A., and Murphy, O. C. (2018). Viral encephalitis. Neurol. Clin. 36, 705–724. doi:10.1016/j.ncl.2018.07.001

	Venkatesan, A., Tunkel, A. R., Bloch, K. C., Lauring, A. S., Sejvar, J., Bitnun, A., et al. (2013). Case definitions, diagnostic algorithms, and priorities in encephalitis: consensus statement of the international encephalitis consortium. Clin. Infect. Dis. official Publ. Infect. Dis. Soc. Am. 57, 1114–1128. doi:10.1093/cid/cit458

	Verma, S., Lo, Y., Chapagain, M., Lum, S., Kumar, M., Gurjav, U., et al. (2009). West nile virus infection modulates human brain microvascular endothelial cells tight junction proteins and cell adhesion molecules: transmigration across the in vitro blood-brain barrier. Virology 385, 425–433. doi:10.1016/j.virol.2008.11.047

	Vezzani, A., Fujinami, R. S., White, H. S., Preux, P. M., Blümcke, I., Sander, J. W., et al. (2016). Infections, inflammation and epilepsy. Acta Neuropathol. 131, 211–234. doi:10.1007/s00401-015-1481-5

	Vora, N. M., Holman, R. C., Mehal, J. M., Steiner, C. A., Blanton, J., and Sejvar, J. (2014). Burden of encephalitis-associated hospitalizations in the United States, 1998-2010. Neurology 82, 443–451. doi:10.1212/wnl.0000000000000086

	Waltl, I., and Kalinke, U. (2022). Beneficial and detrimental functions of microglia during viral encephalitis. Trends Neurosci. 45, 158–170. doi:10.1016/j.tins.2021.11.004

	Wang, Y., Lobigs, M., Lee, E., and Müllbacher, A. (2003). CD8+ T cells mediate recovery and immunopathology in west nile virus encephalitis. J. Virol. 77, 13323–13334. doi:10.1128/jvi.77.24.13323-13334.2003

	Wang, Y., Szretter, K. J., Vermi, W., Gilfillan, S., Rossini, C., Cella, M., et al. (2012). IL-34 is a tissue-restricted ligand of CSF1R required for the development of langerhans cells and microglia. Nat. Immunol. 13, 753–760. doi:10.1038/ni.2360

	Wang, B., Huang, X., Pan, X., Zhang, T., Hou, C., Su, W. J., et al. (2020). Minocycline prevents the depressive-like behavior through inhibiting the release of HMGB1 from microglia and neurons. Brain, Behav. Immun. 88, 132–143. doi:10.1016/j.bbi.2020.06.019

	Wang, C., Fan, L., Khawaja, R. R., Liu, B., Zhan, L., Kodama, L., et al. (2022). Microglial NF-κB drives tau spreading and toxicity in a mouse model of tauopathy. Nat. Commun. 13, 1969. doi:10.1038/s41467-022-29552-6

	Wang, S. S., Yuan, R. L., Wang, W. F., Peng, Y., Hu, K. C., He, W. B., et al. (2025a). Spike RBD drives sustained parkinson's disease progression via microglia-neuron crosstalk-mediated RTP801 upregulation. J. Adv. Res . doi:10.1016/j.jare.2025.07.060

	Wang, S. S., Peng, Y., Fan, P. L., Ye, J. R., Ma, W. Y., Wu, Q. L., et al. (2025b). Ginsenoside Rg1 ameliorates stress-exacerbated parkinson's disease in mice by eliminating RTP801 and α-synuclein autophagic degradation obstacle. Acta Pharmacol. Sin. 46, 308–325. doi:10.1038/s41401-024-01374-w

	Wei, Y. P., Yao, L. Y., Wu, Y. Y., Liu, X., Peng, L. H., Tian, Y. L., et al. (2021). Critical review of synthesis, toxicology and detection of acyclovir. Mol. Basel, Switz. 26, 6566. doi:10.3390/molecules26216566

	Wheeler, D. L., Sariol, A., Meyerholz, D. K., and Perlman, S. (2018). Microglia are required for protection against lethal coronavirus encephalitis in mice. J. Clin. investigation 128, 931–943. doi:10.1172/jci97229

	Whitley, R. J., and Gnann, J. W. (2002). Viral encephalitis: familiar infections and emerging pathogens. Lancet London, Engl. 359, 507–513. doi:10.1016/s0140-6736(02)07681-x

	Wolf, S. A., Boddeke, H. W., and Kettenmann, H. (2017). Microglia in physiology and disease. Annu. Rev. Physiol. 79, 619–643. doi:10.1146/annurev-physiol-022516-034406

	Xu, X. Q., Xu, T., Ji, W., Wang, C., Ren, Y., Xiong, X., et al. (2023). Herpes simplex virus 1-Induced ferroptosis contributes to viral encephalitis. mBio 14, e0237022. doi:10.1128/mbio.02370-22

	Zhang, S. Y., Jouanguy, E., Sancho-Shimizu, V., von Bernuth, H., Yang, K., Abel, L., et al. (2007). Human Toll-like receptor-dependent induction of interferons in protective immunity to viruses. Immunol. Rev. 220, 225–236. doi:10.1111/j.1600-065X.2007.00564.x

	Zhang, M., Martin, B. R., Adler, M. W., Razdan, R. J., Kong, W., Ganea, D., et al. (2009). Modulation of cannabinoid receptor activation as a neuroprotective strategy for EAE and stroke. J. neuroimmune Pharmacol. official J. Soc. NeuroImmune Pharmacol. 4, 249–259. doi:10.1007/s11481-009-9148-4

	Zhang, D., Zheng, N., and Liu, X. (2017). The role and mechanism of NF-κB in viral encephalitis of children. Exp. Ther. Med. 13, 3489–3493. doi:10.3892/etm.2017.4396

	Zhang, W., Jiang, J., Xu, Z., Yan, H., Tang, B., Liu, C., et al. (2023). Microglia-containing human brain organoids for the study of brain development and pathology. Mol. Psychiatry 28, 96–107. doi:10.1038/s41380-022-01892-1

	Zhao, Z., Nelson, A. R., Betsholtz, C., and Zlokovic, B. V. (2015). Establishment and dysfunction of the blood-brain barrier. Cell 163, 1064–1078. doi:10.1016/j.cell.2015.10.067

	Ziv, Y., Ron, N., Butovsky, O., Landa, G., Sudai, E., Greenberg, N., et al. (2006). Immune cells contribute to the maintenance of neurogenesis and spatial learning abilities in adulthood. Nat. Neurosci. 9, 268–275. doi:10.1038/nn1629

	Zlotnik, A., and Spittau, B. (2014). GDNF fails to inhibit LPS-Mediated activation of mouse microglia. J. Neuroimmunol. 270, 22–28. doi:10.1016/j.jneuroim.2014.03.006

	Zschaler, J., Schlorke, D., and Arnhold, J. (2014). Differences in innate immune response between man and mouse. Crit. Rev. Immunol. 34, 433–454. doi:10.1615/critrevimmunol.2014011600


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Zong, Chen, Shi, Chen, Lin, Ou and Chen. 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.
OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Dual immune modulation of microglia in viral encephalitis: current understanding and future perspectives		1 INTRODUCTION

		2 OVERVIEW OF MICROGLIA		2.1 Origin and development

		2.2 Functions in the CNS

		2.3 Activation states and phenotypes





		3 MICROGLIAL INVOLVEMENT IN VIRAL ENCEPHALITIS		3.1 Recognition of viral pathogens

		3.2 Antiviral immune response

		3.3 Microglia-mediated neuroinflammation

		3.4 Contribution to blood-brain barrier disruption





		4 DUAL ROLE OF MICROGLIA IN VIRAL ENCEPHALITIS		4.1 Neuroprotective functions		4.1.1 Phagocytosis and clearance of viral particles

		4.1.2 Secretion of neurotrophic factors

		4.1.3 Regulation of neurogenesis





		4.2 Neurotoxic functions		4.2.1 Release of pro-inflammatory cytokines and chemokines

		4.2.2 Induction of oxidative stress









		5 MICROGLIAL FUNCTION IN ANIMAL MODELS OF VIRAL ENCEPHALITIS

		6 THERAPEUTIC STRATEGIES TARGETING MICROGLIA IN VIRAL ENCEPHALITIS		6.1 Direct inhibitors of microglial activation

		6.2 Cytokine/mediator blockade

		6.3 Neuroprotective enhancers

		6.4 Combinatorial approaches





		7 PERSPECTIVES

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-12-1695058-g001.jpg
-CD16 \\
-CD32 \‘\
- Ibal - CD86 - Argl
-P2RY12 -iNOS -Yml - CD206
. - CX3CR1 - TNF-a - Fizzl - CD86 - Argl
Biomarkers 1o JIL-1B - CD206 -IL-lra - TGF-p
-CDl1b -1L-6 - IGF1 -1L-10 -1L-10
- CD45 - MHC II - TGF-B - TGF-B - SPHK 1
Microglia L { “ @ 4 -
morphology o
Resting state M1 phenotype M2a M2b M2c
(MO phenotype) M2 phenotype
- perform routine - produce pro-inflammatory - contribute to tissue - immunoregulatory - contribute to tissue
surveillance of CNS cytokines repair - produce remodeling
Function S SEt - release neurotoxins - Neurogenesis anti-inflammatory - wound healing
- smettein honcesast - contribute to the - produce cytokines - produce |
- clear away cellular inflammatory response anti-inflammatory - aid in adaptive anti-inflammatory g‘
Aelits ] dlend] ealls - cause neuronal damage cytokines immunity cytokines /
\ - produce growth '

\ factors






OPS/images/fmolb-12-1695058-g002.jpg
Dual Roles of Microglia in Viral Encephalitis

Acute stimulation Chronic stimulation

Anti-inflammatory
microglia

“ M2a “ M2b

IL6
IL10
TNF-o.

Tissue repair
Anti-inflammatory effects
Neuronal debris removal

Neuroprotective function










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





