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Innate lymphoid cells (ILCs) are largely tissue-resident cells that participate in the maintenance of tissue homeostasis and react early to inflammatory events. Mature ILCs are divided into three major groups based on the transcription factors required for their development and function. Under physiological conditions, ILCs are present within the choroid plexus and meninges while the CNS parenchyma is almost devoid of these cells. However, pathological conditions such as autoimmune neuroinflammation and viral infections of the CNS result in the infiltration of ILCs into parenchyma. In this article, we provide an overview of the involvement and function of the ILCs within the CNS during physiological conditions and in infections, autoimmune diseases, neurodegeneration, and injury.
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Introduction

The central nervous system (CNS) is an immunologically specialized tissue that requires exceptional protection and a balanced immune response (Rua and McGavern, 2018; Alves de Lima et al., 2020). The brain was considered to be an “immune-privileged” site for a long time, which refers to evolutionary adaptation developed to tolerate antigen introduction without inducing a robust immune response (Alves de Lima et al., 2020). However, a plethora of studies demonstrated robust immune responses in the CNS in different pathological conditions including infections, autoimmune neuroinflammation, neurodegenerative diseases and CNS injury (Croese et al., 2021). The CNS consists of two major structures, the brain and spinal cord, which are surrounded by protective physical barriers such as meninges, blood-brain barrier (BBB), blood-meningeal barrier, and blood-cerebrospinal fluid (CSF) barrier (Alves de Lima et al., 2020).

The meninges serve as a CNS barrier, but also represent the interface with the periphery and contribute to CNS homeostasis and immune response (Rua and McGavern, 2018). The meninges consist of three layers – dura mater, arachnoid mater, and pia mater. The dura mater is the outermost layer adjacent to the skull, which is highly innervated, vascularized and contains lymphatics (Aspelund et al., 2015; Louveau et al., 2015). The meningeal network of lymphatic vessels is important for tissue fluid homeostasis, macromolecular clearance, and immune cell trafficking in the brain (Aspelund et al., 2015; Louveau et al., 2015, 2017). Meningeal lymphatics absorb brain interstitial fluid via the glymphatic system (Aspelund et al., 2015), the system of perivascular channels formed by astrocytes that mediates clearance of metabolites from the brain parenchyma, but also delivers nutrients and other substances into the brain parenchyma (Iliff et al., 2012; Bohr et al., 2022). Glymphatic system also allows entry of meningeal immune cell-derived factors and cytokines in the brain, resulting in modulation of CNS function (Rustenhoven and Kipnis, 2019). Under healthy conditions, the meninges are populated by different immune cells, including macrophages, dendritic cells (DCs), innate lymphoid cells (ILCs), mast cells, and B and T lymphocytes, with the highest heterogeneity of immune cells within the dura mater (Alves de Lima et al., 2020). Dura contains permeable blood vessels that allow passage of circulating immune cells and supports robust inflammatory response (Balin et al., 1986). Meningeal macrophages are a major immune population in meninges under healthy conditions, which together with perivascular macrophages are sampling the environment (Alves de Lima et al., 2020). Under homeostatic conditions, an antigen produced in the CNS reaches subarachnoid space via CSF flow and drains into meningeal lymphatic vessels where it can be taken up by meningeal antigen-presenting cells (APCs) (Rustenhoven and Kipnis, 2019). In addition to meningeal macrophages and DCs, mast cells can also act as APCs since they can express both major histocompatibility complex, class I (MHC-I) and class II (MHC-II) molecules (Russi et al., 2018). Therefore, meningeal APCs have the potential to exert a profound influence on T-cell priming and effector function. T-cells occupy distinct spatial localization around the dural sinuses, where lymphatic vessels are present. This spatial localization allows T-cells fast and efficient sampling of the CSF, without entering the CNS parenchyma (Rustenhoven and Kipnis, 2019; Ampie and McGavern, 2022). Due to T-cell expression of distinct chemokine receptors, such as C-C motif chemokine receptor 5 (CCR5), C-X-C motif chemokine receptor 3 (CXCR3) and C-X-C motif chemokine receptor 4 (CXCR4), antigen encounter can result in T-cell migration into CNS parenchyma toward chemokine gradient (Bartholomäus et al., 2009; Ma et al., 2021). Furthermore, T-cell-derived cytokines can modulate neuronal activity directly or indirectly, by acting on glial cells (Choi et al., 2016; Filiano et al., 2016). Another important immune cell population that resides in the healthy meninges is B cells (Ampie and McGavern, 2022). They represent around 30% of resident immune cells in the dura and are detected in multiple stages of development. Resident meningeal B cells are localized extravascularly around dural venous sinuses and are relatively immobile (Ampie and McGavern, 2022). Other immune cells also populate meninges, even though at lower numbers.

The choroid plexus (CP) is located within the ventricles of the brain, it contains the blood-CSF barrier, and the ependymal cells within the CP produce the CSF. CP regulates the entrance of immune cells into the brain, as it contains fenestrated vascular endothelial cells without tight junctions between individual cells, allowing direct contact between CSF and systemic circulation (Ampie and McGavern, 2022). Within the CP there is a network of immune, neuronal, and mesenchymal cells that represent an immunologically active barrier and a key part of CNS neuroimmune interaction. The dominant population of immune cells in the CP are specialized populations of macrophages, which together with bone-marrow-derived DCs, can present antigens to T-cells (Cui et al., 2021). A variety of other immune cells, including mast cells, basophils, monocytes, neutrophils, and lymphocytes are also found in the CP.

In contrast to meninges and CP, the CNS parenchyma is devoid of immune cells under healthy conditions. The exception is microglia, the only brain-resident immune cells and thus the first responders to changes within the CNS parenchyma (Rock et al., 2004; Goldmann et al., 2016). Microglia play an important role during brain development, participating in phagocytosis of synapses during development and secreting growth factors necessary for neuronal survival (Lehnardt, 2010; Paolicelli et al., 2011; Miyamoto et al., 2016; Tsai et al., 2016; Prinz et al., 2021). Changes in tissue microenvironment such as injury, neurodegeneration, or infection of the CNS, can initiate a robust inflammatory response characterized by the activation of microglia and recruitment of peripheral immune cells. Activation of microglia leads to the alteration of their transcriptional profile, expression of various surface markers and the production of pro-inflammatory cytokines and chemokines (Norris and Kipnis, 2019). Astrocytes, like microglia, are activated in response to inflammatory stimuli, which can lead to loss of their ability to maintain the BBB. Peripheral immune cells that infiltrate the brain can further regulate the recruitment of other cells via cytokine secretion (Passaro et al., 2021). The early cellular immune response is characterized by the infiltration of innate immune cells such as macrophages, neutrophils, and natural killer cells (NK cells), followed by the infiltration of adaptive T and B cells into the CNS. Different subsets of T-cells provide help to other immune cells, have important immunoregulatory functions, or recognize and destroy damaged cells (Smolders et al., 2018; Passaro et al., 2021). Upon clearance of the pathogen, T-cells can be retained in the CNS as tissue-resident memory cells to prevent re-infections and dampen inflammatory responses upon reinfection (Wakim et al., 2010; Brizic et al., 2018). Although activation of the immune cells within the brain parenchyma is necessary for the resolution of infections, balanced control of immune response is needed to prevent neuropathology.



Innate lymphoid cells in the CNS

Innate lymphoid cells are lymphocytes that lack rearranged antigen receptors expressed on T-cells and B-cells, but their transcriptional programs and cytokine secretion mirror those of the different T-cell subsets (Artis and Spits, 2015). Mature ILCs are divided into three major groups based on the transcription factors required for their development, function, and cytokine secretion profiles (Vivier et al., 2018). ILCs are largely tissue-resident cells that contribute to the maintenance of tissue homeostasis and react early to inflammatory events. Although ILCs, except for NK cells, have been described as dominantly tissue-resident cells, data suggests that a proportion of the ILCs can be migratory (Gasteiger et al., 2015; Dutton et al., 2019). For example, both ILC1 and ILC2 populations found in lymph nodes can be tissue-resident but also enter circulation (Dutton et al., 2019). In addition, ILC3 can infiltrate the CNS from the circulation (Grigg et al., 2021). The exact mechanisms driving the recruitment of ILCs into the brain are still not well understood. Due to the existence of brain barriers, ILCs have limited presence under the steady state in the brain parenchyma, however, they are present in significant numbers in the CP and meninges (Figure 1).
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FIGURE 1
Innate lymphoid cells in the CNS. Under physiological conditions, ILCs are present within the choroid plexus (CP) and meninges while the CNS parenchyma is almost devoid of ILCs. Meninges have more ILC2s relative to ILC3s (Gadani et al., 2017), NK cells and ILC1s (Romero-Suarez et al., 2019). ILC1s are found in the CP, and very few NK cells (Romero-Suarez et al., 2019) and ILC3s (Fung et al., 2020) are present. ILC2s are absent in the CP of young mice, but they accumulate and become dominant population during aging (Fung et al., 2020). Created with BioRender.com.


Group 1 innate lymphoid cells comprise type 1 ILC cells (ILC1s) and NK cells (Vivier et al., 2018). While NK cells develop from a common innate lymphoid progenitor (CILP) via an NK cell precursor, ILC1s develop from CILPs via an innate lymphoid cell precursor. Although ILC1s and NK cells have different developmental paths, both of these cell types produce interferon-gamma (IFN-γ) as their principal cytokine, and are dependent on the transcription factor T-box expressed in T-cells (T-bet), which is required for ILC1 development and terminal maturation of NK cells (Zhang et al., 2018). In contrast to ILC1s, NK cells require the transcription factor Eomesodermin (Eomes) for their development and are cytotoxic (Gordon et al., 2012; Daussy et al., 2014). Even though ILC1s are not cytotoxic in general, liver embryonically derived ILC1s give rise to a cytotoxic subset (Sparano et al., 2022). In addition, ILC1s produce more proinflammatory cytokine tumor necrosis factor alpha (TNF-α) than NK cells in naïve mice (Romero-Suarez et al., 2019). ILC1s have many phenotypic markers in common with NK cells. In mice, both cell types are defined as CD45-positive, CD3-negative, and CD19-negative cells that express NKp46/NK1.1. A particular expression pattern of integrins can be used to differentiate between these two ILC types. While NK cells express the integrin CD49b, ILC1s express the integrin CD49a (Daussy et al., 2014). Since the expression of CD49a is often lost upon cell activation, other more stable markers such as CD200R are used to distinguish ILC1s from NK cells in mice (Weizman et al., 2017). However, approaches for discrimination and characterization of ILC subsets are ever-evolving, especially in the context of different tissues and pathophysiological conditions. Within the naïve CNS, both NK cells and ILC1s are present in the meninges, ILC1s are enriched in the CP where very few NK cells are present, while CNS parenchyma is devoid of these cells under physiological conditions (Romero-Suarez et al., 2019). The physiological functions of NK cells and ILC1s found in the CNS are still not well understood. A recent study has shown that meningeal NK cells and ILC1s can regulate the behavior of mice (Garofalo et al., 2023). Namely, NK cells and ILC1s produce IFN-γ and acetylcholine that shape synaptic neuronal transmission and modulate brain homeostatic functions. Thus, group 1 ILCs seem to establish important functional interactions with neurons under physiological conditions.

Group 2 ILCs consists of a single subset, ILC2s, which produce type 2 cytokines, predominantly interleukin- (IL-) 5 and IL-13, and are defined by the expression of transcription factors GATA binding protein 3 (GATA3) and RAR-related orphan receptor alpha (RORα), required for ILC2 differentiation and maintenance (Vivier et al., 2018). ILC2s are most abundant at mucosal barriers where they act as key initiators of type 2 inflammation and tissue repair and are activated by host-derived cytokines and alarmins. In the naïve CNS, ILC2s reside within the dura meninges of both young (2–3 months old) and aged mice (18–20 months old) (Fung et al., 2020). In the CP of young mice ILC2s are absent, but they accumulate in the CP of aged mice. Almost no ILC2s were labeled with intravenously injected anti-CD45.2 antibody, demonstrating that under physiological conditions ILC2s are non-circulating, brain resident cells. Leptomeninges and brain parenchyma regions, including the cortex, prefrontal cortex, striatum, thalamus, hippocampus, and subventricular zone are devoid of ILC2s (Fung et al., 2020). In mice, meningeal ILC2s express c-kit, IL-33 receptor ST2, CD25 and IL-7Rα and are thus similar to their peripheral counterparts. However, meningeal ILC2s transcriptional profile differs when compared to lung ILC2s, with most of the differentially expressed genes in lung-derived ILC2s being upregulated compared to meningeal ILC2s (Gadani et al., 2017). The enriched gene sets include those relating to inflammation, signal transduction, and metabolism, suggesting an increased basal activation state in the lung relative to meningeal ILC2s (Gadani et al., 2017). Although the basis for the difference between lung and meningeal ILC2s is unclear, lung ILC2s are exposed to far more environmental stimuli than meningeal ILC2s, likely leading to these transcriptional differences. A recent study reported that during development, meningeal ILC2s are required for cortical inhibitory synapse maturation and adult social behavior (Barron et al., 2023). This function of ILC2 seems to be dependent on IL-13-production. Thus, ILC2s have an important role in shaping brain function.

Group 3 ILCs include NK cell receptor positive (NCR+), NK cell receptor negative (NCR–) ILC3s and the lymphoid tissue inducer (LTi) cells, all of which are dependent on the transcription factor RAR-related orphan receptor gamma (RORγt) and can produce IL-17 and/or IL-22 (Vivier et al., 2018; Fiancette et al., 2021). ILC3s are most abundant at mucosal sites where they play an important role in the regulation of commensal microbiota and provide protection against extracellular bacteria (Vivier et al., 2018; Panda and Colonna, 2019). Different subsets of RORγt+ ILC3s corresponding to LTi, NCR+ and NCR– ILC3 populations populate the meninges (Hatfield and Brown, 2015; Gadani et al., 2017). Interestingly, the meninges have more ILC2s than ILC3s in the healthy state, and both populations were more numerous in the brain than in the spinal cord meninges (Gadani et al., 2017). In addition to their presence in the meninges, ILC3s are also found in the CP of aged mice (Fung et al., 2020). Functions of this ILC3 subsets in the CNS under homeostatic conditions are ill-defined.



ILCs in CNS disorders

Pathological conditions such as cerebral ischemia, autoimmune neuroinflammation and viral infections of the CNS result in the infiltration of ILCs into parenchyma (Trifilo et al., 2004; Alsharifi et al., 2006; Thapa et al., 2008; Gan et al., 2014; Hatfield and Brown, 2015; Romero-Suarez et al., 2019; Kveštak et al., 2021; Zheng et al., 2023). The exact role of ILCs within the CNS upon different pathological conditions remains largely unknown. ILCs, and especially NK cells, are also involved in brain cancers. The protective role of NK cells against gliomas is well recognized, and therapeutic approaches exploiting this knowledge are being rapidly developed. However, these aspects of ILC biology are well-covered elsewhere (Sedgwick et al., 2020; Liu et al., 2021; Balatsoukas et al., 2022), and therefore were not covered by this review.



ILCs and infection

Involvement of group 1 and group 3 ILC subsets in viral infections within the CNS was the subject of several studies (Trifilo et al., 2004; Alsharifi et al., 2006; Thapa et al., 2008; Kveštak et al., 2021; Lee et al., 2022; Martin and Griffin, 2022). Due to the expression of different chemokine receptors, such as CXCR3, CX3C-chemokine receptor 1 (CX3CR1), and CC-chemokine receptor 2 (CCR2), these cells can respond to a large array of chemokines, and can be recruited to the site of inflammation (Trifilo et al., 2004; Thapa et al., 2008; Kveštak et al., 2021). The involvement of ILCs in viral infections of CNS is summarized in Figures 2A–C.
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FIGURE 2
ILCs in the infections. (A) Perinatal MCMV infection leads to infiltration of NK/ILC1 cells into the brain. Both NK cells and ILC1s produce IFN-γ leading to activation of microglia and affect development of the cerebellum (Kveštak et al., 2021). (B) Infection with MHV leads to the accumulation of NK cells in the brain, which reduce viral titer by producing IFN-γ (Trifilo et al., 2004). (C) Virulent Semliki Forest virus (vSFV) infection causes NK cell infiltration into the CNS where they mediate immunopathology (Alsharifi et al., 2006). (D) Infection with Toxoplasma gondii (T. gondii) leads to the accumulation of both NK cells and ILC1s in the brain, but only ILC1s contribute to control of cerebral T. gondii infection via IFN-γ (Steffen et al., 2022). Created with BioRender.com.


Human cytomegalovirus (HCMV) is a double-stranded DNA beta-herpesvirus and the most common causative agent of congenital viral infections in humans that may lead to long-term CNS abnormalities (Boppana et al., 2013). We have shown in a mouse model of congenital CMV infection that NKp46+ NK and ILC1 cells infiltrate into the brain, coinciding with the detection of the mouse cytomegalovirus (MCMV) in the tissue (Kveštak et al., 2021). In contrast to adult mice in which NK cells provide key protection against MCMV infection, they are unable to control infection in early life (Rozmanic et al., 2023). Microglial expression of chemokine coding genes Cxcl9 and Cxcl10 was upregulated following perinatal CMV infection indicating that the early expression of Cxcl9 and Cxcl10 could mediate the recruitment of NK and ILC1 cells into the brain (Kveštak et al., 2021). Accordingly, the blockade of chemokine receptor CXCR3 significantly reduced number of brain-infiltrating NK and ILC1 cells in MCMV-infected mice, emphasizing the importance of CXCR3 receptor in their recruitment. Brain infiltrating NK and ILC1 cells were highly activated, as they expressed markers of activation KLRG1 and CD69. Approximately 40% of NKp46+ cells that infiltrated MCMV-infected brains expressed a marker of ILC1 cells, CD200R, while the NK cell signature transcription factor Eomes was expressed in ∼40% of NKp46+ cells. Although NK and ILC1 cells were unable to control virus infection in the brain of newborn mice, they orchestrated pathological inflammatory responses. Namely, both NK cells and ILC1 cells produced IFN-γ following MCMV infection leading to impaired development of the cerebellum (Figure 2A). This finding is in agreement with a study showing the presence of NKp46+ cells in severe cases of HCMV-infected fetal brains (Sellier et al., 2020), demonstrating an association between fetal brain damage and high levels of NK cells. In addition to their pathogenic role in the CNS, group 1 ILCs also mediate activation of microglia and therefore enhance neuroinflammatory response during MCMV infection (Kveštak et al., 2021). Blockade of IFN-γ abrogated microglial activation and normalized cerebellar development indicating that modulation of the inflammatory response can limit CNS disease caused by MCMV infection. NK cells are recruited into the CNS during infection with other viruses as well, including infection with herpes simplex virus type 2 (HSV-2), mouse hepatitis virus (MHV), Zika virus and virulent Semliki Forest virus (vSFV) (Trifilo et al., 2004; Alsharifi et al., 2006; Thapa et al., 2008; Lee et al., 2022). In the case of MHV, an RNA coronavirus that can cause encephalitis in mice, and Zika virus, an RNA flavivirus that can cause a variety of congenital brain abnormalities, NK cells have an important role in virus control (Trifilo et al., 2004; Lee et al., 2022). Control of MHV infection is dependent on NK cell-derived cytokine IFN-γ and control of Zika virus infection is dependent on NK cell cytotoxicity that requires leukocyte immunoglobulin like receptor B4/glycoprotein 49B (LILRB4/gp49B). A beneficial role in controlling infection by NK cells was associated with protection against meningoencephalitis during Zika virus infection (Lee et al., 2022). However, in the case of vSFV, an RNA alphavirus that causes lethal encephalitis in rodents, the depletion of NK cells significantly extended the survival of mice (Alsharifi et al., 2006). Therefore, NK and ILC1 engagement in virus-infected CNS can result in both adverse and beneficial outcomes.

ILC3s were also found to be important during viral encephalitis. Infection of IL-10-deficient mice with a neuroadapted strain of Sindbis virus (SINV), an RNA alphavirus that can induce encephalomyelitis in mice, resulted in increased production of cytokine transforming growth factor, beta 1 (TGFβ1) by ILC3s (Martin and Griffin, 2022). Enhanced TGFβ1 induction in the absence of IL-10 contributed to the development of T helper (Th)17 responses that resulted in worse clinical outcomes (Martin and Griffin, 2022). Thus, dysregulated ILC3 response during viral infections can be an important contributor to immunopathology.

Beside viruses, ILC subsets are engaged in the immune responses to parasites in the CNS (Figure 2D). Infection with Toxoplasma gondii (T. gondii), a parasite that can infect the brain and trigger neuroinflammation, elicits activation of peripheral NK cells and ILC1s (Klose et al., 2014; Ivanova et al., 2020). Accumulation of both NK cells and ILC1s was observed in the cerebral parenchyma, the CP, and the meninges. By using mice that have diminished numbers of NK cells or ILC1s, it was demonstrated that only ILC1s contribute to the early control of cerebral T. gondii infection (Steffen et al., 2022). ILC1s serve as an early source of antiparasitic cytokines IFN-γ and TNF-α, thereby initiating a neuroinflammatory response and restricting cerebral T. gondii infection (Steffen et al., 2022). While ILC1 cells contribute to the early control of infection, NK cells were detrimental to the control of chronic T. gondii infection (Ivanova et al., 2020). Namely, NK cells were negatively affecting CD8 T-cell response. Accordingly, NK cell depletion augmented CD8 T-cell response and reduced cyst burden in the brain and overall mortality, demonstrating that targeting of NK cells could be used as a therapeutic option (Ivanova et al., 2020). Infection with another parasite, Angiostrongylus cantonensis, also results in infiltration of NK cells in the CNS that is dependent on CX3CL1 production, presumably by neurons (Zhang et al., 2021). However, NK cells did not provide protection against parasite, but instead, they aggravated brain damage. Besides NK cells and ILC1s, ILC2s are also engaged in the immune responses to parasites. Interestingly, Cardoso et al. have shown that mucosal neurons regulate type 2 inflammatory response by releasing neuromedin U (NMU), a neuropeptide that directly activates ILC2s in response to parasite Nippostrongylus brasiliensis (Cardoso et al., 2017). ILC2s activated with NMU produced innate inflammatory and tissue repair cytokines IL-5 and IL-13, which were important for the control of worm infection, demonstrating that ILC2-neuron interactions can provide tissue protection (Cardoso et al., 2017). The description of neuron-ILCs units in the peripheral organs (Cardoso et al., 2017), raises the question of whether ILCs could also directly communicate with neurons and glial cells within the CNS.



ILCs in autoimmune neuroinflammation, neurodegenerative diseases, CNS injury, and aging

Innate lymphoid cells have been well studied in the context of neurodegenerative diseases, ischemic disease, aging and autoimmune neuroinflammation (Figure 3).
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FIGURE 3
ILCs in neurodegenerative diseases, ischemic disease, aging and autoimmune neuroinflammation. (A) NK cells are involved in the pathogenesis of Alzheimer’s disease (AD) and amyotrophic lateral sclerosis (ALS). In the AD mouse model, NK cells exacerbate cognitive decline and promote neuroinflammation (Zhang et al., 2020). In the mouse model of ALS, NK cells have a key role in microglial activation (Garofalo et al., 2020). (B) In a mouse model of cerebral ischemia NK cells are recruited into the brain in CX3CR1-dependent manner and exert IFN-γ-dependent cytotoxicity on ischemic neurons leading to lesion development (Gan et al., 2014). (C) During aging, IL-33 can activate choroid plexus ILC2s, which alleviate aging-associated cognitive decline (Fung et al., 2020). (D) Upon EAE induction, upregulation of MHC-II on ILC3s promotes pathological CD4 + T-cell responses in the CNS during autoimmune neuroinflammation (Grigg et al., 2021). Created with BioRender.com.



Group 1 ILCs

The involvement of ILCs has been demonstrated in the pathogenesis of multiple sclerosis (MS), mostly by using experimental autoimmune encephalomyelitis (EAE), a model of MS (Sadeghi Hassanabadi et al., 2022). EAE is induced in mice by active immunization with myelin antigens mixed with adjuvant (Miller et al., 2010). Immunized mice develop paralysis with infiltration of myelin-specific CD4+ T-cells in the white matter of the spinal cord, with myelin-specific CD4+ T-cells contributing to disease pathogenesis in this mouse model (Kwong et al., 2017; Milovanovic et al., 2017; Grigg et al., 2021). During the development of EAE, NKp46+ ILCs, which include ILC1s and the NKp46+ subset of ILC3s, have a pathogenic role (Kwong et al., 2017). Specifically, T-bet-dependent NKp46+ ILCs control the onset of IL-17-producing CD4+ T-mediated neuroinflammation by generating a proinflammatory-cytokine microenvironment in the meninges, which is necessary for the optimal reactivation and maintenance of Th17 cells in the CNS tissue. In addition, NKp46+ ILCs also induce the expression of matrix metalloproteinases and chemokines that facilitate the migration of CD4+ T-cells out of meninges into the CNS parenchyma (Kwong et al., 2017). Although NK cells were a numerically dominant NKp46+ ILC population, they did not have a major role in Th17-induced neuroinflammation (Kwong et al., 2017). However, in another study, it was shown that acetylcholine-producing NK cells could reduce the intensity of inflammation and autoimmune responses in the brain and spinal cord and reduce brain damage (Jiang et al., 2017). Accordingly, upregulation of cholinergic activity was also observed in peripheral CD56bright NK cells of MS patients and CD56bright NK cells were shown to accumulate in the periventricular brain regions in patients with MS (Rodriguez-Lorenzo et al., 2022). It is well-established that microbiota can affect the production of IFN-γ by NK cells (Ganal et al., 2012). In the case of EAE, the gut microbiome modulated IFN-γ production by meningeal NK cells, which was shown to be essential to maintain a subset of anti-inflammatory astrocytes (Sanmarco et al., 2021). This anti-inflammatory astrocyte subset limited EAE development, thus pointing to the importance of microbiota stimulation of NK cells in the context of EAE. These observations have implications for animal studies in general, as microbiota could potentially explain the discrepancies between different studies. Altogether, group 1 ILCs are important orchestrators of autoimmune responses in the CNS.

In addition to autoimmune neuroinflammation, group 1 ILCs are involved in the pathogenesis of neurodegenerative diseases such as Alzheimer’s disease (AD) and amyotrophic lateral sclerosis (ALS) (Garofalo et al., 2020; Zhang et al., 2020). NK cells are found in the CSF of AD patients (Gate et al., 2020). In a triple-transgenic AD mouse model harboring amyloid β precursor protein (APPSwe), presenilin 1 (PS1M146V), and microtubule-associated protein tau (TauP301L) transgenes, NK cells had a striking role in exacerbating cognitive decline and promoting neuroinflammation (Zhang et al., 2020). Furthermore, depletion of NK cells enhanced neurogenesis, reduced microglial proliferative response, and decreased expression of multiple proinflammatory cytokines in microglia. In the mouse model of ALS, NK cells directly kill spinal cord motor neurons in an NKG2D-dependent manner and have a key role in microglial activation (Garofalo et al., 2020). Depletion of NK cells delayed motor impairment and increased survival, and reduced the expression of proinflammatory genes, with the simultaneous increase in expression of the anti-inflammatory markers chil3, arg-1, and tgfβ, and ROS scavenger msod1, as well as the modulation of other genes associated with a homeostatic neuroprotective microglial phenotype (Garofalo et al., 2020). Moreover, NK cells are found in postmortem sporadic ALS motor cortex and spinal cord, while NKG2D ligands are expressed on postmortem sporadic ALS motor neurons, suggesting a key role of NK cells in onset of ALS and motor neuron loss. Furthermore, NK cells are found in the brains of mice and humans with synucleinopathies, neurodegenerative diseases including Lewy body dementia and Parkinson’s disease (Earls et al., 2020). The accumulation of NK cells in the brain was beneficial in a mouse model of synucleinopathies as depletion of NK cells exacerbated motor symptoms and synuclein (syn) pathology (Earls et al., 2020). Although NK cells are not professional phagocytic cells, human NK cell line NK92 and primary human NK cells from healthy individuals can efficiently internalize and degrade α-syn aggregates via the endosomal/lysosomal pathway (Earls et al., 2020). Thus, NK cells could be able to scavenge extracellular α-syn and could be critical for regulating synuclein pathology. NK cells could exert protection also by producing IFN-γ, cytokine required for activation of microglia which are involved in resolving extracellular α-syn. However, whether NK cells use additional mechanisms to exert protective or detrimental effects in synucleinopathies, AD and ALS remain to be elucidated.

Susceptibility to neurological diseases increases during aging (Hou et al., 2019). NK cells are found to be involved in shaping the neurogenesis potential during aging by negatively impacting neuroblast survival (Jin et al., 2021). Namely, activated NK cells locally proliferate and accumulate in the dentate gyrus of normal aged human and mouse brains. Neuroblasts within the aged dentate gyrus had senescent phenotype and reinforced NK cell activation in an IL-27-dependent manner (Jin et al., 2021). Intriguingly, aged neuroblasts had increased expression of NKG2D ligand RAE1, and NK cells eliminated aged neuroblasts in RAE1-dependent manner in vitro (Jin et al., 2021). Accordingly, depletion of NK cells led to sustained improvements in neurogenesis and cognitive function during normal aging. Involvement of other factors induced during aging in dentate gyrus, such as IL-2 and C-C motif chemokine ligand 3 (CCL3) (Jin et al., 2021), that are known to influence NK cell expansion and trafficking (Shi et al., 2011), remains to be determined.

In the case of ischemic disease, NK cells have been reported to have both beneficial and detrimental roles (Gan et al., 2014; Zhang et al., 2014; Wang et al., 2023). NK cells accumulate in brain infarction in both humans and mice (Gan et al., 2014; Zhang et al., 2014). In a mouse model of cerebral ischemia NK cells have a pathogenic role and lead to neuronal death, ischemic brain lesions, and to the neurological deficit typical of stroke (Gan et al., 2014). Ischemic neuron-derived fractalkine recruits NK cells into the brain, where they exert cytotoxicity on ischemic neurons and produce IFN-γ that is key for boosting local inflammation and contributes to lesion development (Gan et al., 2014). In another study, the CXCL10-CXCR3 axis contributed to NK cell accumulation in ischemic brain tissue, and NK cells were found to promote the necrosis of neural cells via IFN-γ (Zhang et al., 2014). In contrast, NK cells had a protective role following the induction of photothrombotic ischemia (Wang et al., 2023). ILC1s, ILC2s and ILC3s were also located within the lesion, but the highest influx was observed for NK cells and ILC1s. C-X-C motif chemokine ligand 12 (CXCL12) expression at the BBB was needed for the recruitment of NK cells toward the lesion in a CXCR4-dependent manner. Importantly, NK cells alleviated neurological deficits of mice as observed by beam-walk sensorimotor test (Wang et al., 2023). The underlying cause for the different roles of NK cells in between the studies is not currently clear. However, different models were used, characterized with different kinetics of NK cells which could potentially explain the discrepancies (Gan et al., 2014; Zhang et al., 2014; Wang et al., 2023). Interestingly, NK cells contribute to the clearance of injured sensory axons in peripheral nerves. Injured sensory axons upregulate the expression of ligands for NK cell activating receptor NKG2D, allowing NK cells to selectively degenerate damaged axons aiding functional regeneration (Davies et al., 2019). Whether such mechanisms operate in the CNS remains elusive.



Group 2 ILCs

Group 2 ILC functions in the CNS were investigated in the context of aging, CNS injury, and CNS demyelination (Gadani et al., 2017; Fung et al., 2020; Hirose et al., 2020). ILC2s are a major lymphocyte subset in the aged (18–22 months old mice) CP, accounting for up to 50% of the lymphocytes present (Fung et al., 2020). This corresponds to a three- to fivefold increase in ILC2 number in the CP of aged mice as compared to 2–3 months old mice. ILC2s also accumulate in the meninges of aged mice, even though more moderately (Fung et al., 2020). Other ILC subsets, including NK cells, ILC1s, and ILC3s, are barely detectable in the CP of aged mice. In humans, ILC2s are also a major subset of lymphocytes in the CP of aged individuals (Fung et al., 2020). CP ILC2s in the aged mouse brain are long-lived, relatively resistant to cellular senescence and exhaustion, and can switch between cell cycle dormancy and proliferation (Fung et al., 2020). They are functionally quiescent at homeostasis but can be activated by IL-33 to produce large amounts of type 2 cytokines IL-13 and IL-5. Moreover, CP ILC2s possess a more potent ability to proliferate and produce type 2 cytokines than meningeal ILC2s (Fung et al., 2020). Treatment of aged mice with IL-33 leads to the activation of CP ILC2s and alleviates aging-associated cognitive decline, and similarly treatment with IL-5 or adoptive transfer of activated ILC2s drastically enhances cognitive function and spatial memory of aged mice (Fung et al., 2020). Interestingly, the numbers of ILC2s are greatly reduced in aged brain in 7-month-old triple-transgenic AD mice, compared to those in control wild-type mice (Fung et al., 2021). The remaining ILC2s failed to efficiently produce cytokine IL-5 but gained the capability to express a number of proinflammatory genes indicating that group 2 ILCs are numerically and functionally deficient in the triple transgenic mouse model of AD (Fung et al., 2021). In addition, the neuroprotective role of ILC2 cells was observed in the context of spinal cord injury (Gadani et al., 2017), after traumatic brain injury (TBI), during the early stage of stroke (Zheng et al., 2023), following intracerebral hemorrhage (Liu et al., 2023), and in neuromyelitis optica spectrum disorder, a severe CNS autoimmune disease that primarily damages the optic nerves and spinal cord (Kong et al., 2021). Upon CNS injury, meningeal ILC2s become activated in an IL-33-dependent manner and produce IL-13 both in the meninges and at the injury site where they are recruited. Although the functional impact of meningeal ILC2s on recovery from CNS injury was not determined, the adoptive transfer of lung-derived ILC2s has a beneficial effect on functional recovery (Gadani et al., 2017). In response to TBI, increased proliferation of ILC1, ILC2 and ILC3 subsets was observed within human meninges and CSF, and in murine meninges, where this effect lasted for up to 1 year after experimental TBI (Baban et al., 2021). An energy-sensing serine/threonine kinase, AMPK, regulates the expansion of meningeal ILCs in this case, including IL-33-mediated expansion of ILC2s. Administration of metformin, which activates AMPK, increased the frequency of ILC2s, which was associated with improved neurological outcomes, pointing to the beneficial role of ILC2s (Baban et al., 2021). In contrast to the protective role of ILC2s in aged mice and after CNS injury, ILC2s contribute to CNS demyelination in a mouse model of MS (Hirose et al., 2020). In this study, CNS demyelination was induced by ocular infection with HSV-IL-2, a recombinant herpes simplex virus 1 (HSV-1) that constitutively expresses mouse IL-2, a cytokine that is involved in demyelination during MS progression (Hirose et al., 2020). Demyelination was detected in the brain and spinal cord of ILC1–/– and ILC3–/– mice but not in ILC2–/– mice, and adoptive transfer of ILC2s caused demyelination in the brain and spinal cord of ILC2–/– recipient mice indicating that group 2 ILCs mediate CNS pathology induced by HSV-IL-2 (Hirose et al., 2020).



Group 3 ILCs

Group 3 ILCs in the CNS were investigated in the context of EAE. ILC3 population is increased in circulation and the CNS of mice after induction of EAE (Grigg et al., 2021). ILC3 accumulation in the CNS during EAE is largely due to cell recruitment and not due to local proliferation (Hatfield and Brown, 2015). Accordingly, RNA sequencing analysis of sorted ILC3s in the CNS revealed that ILC3 transcriptionally expressed trafficking receptors Ccr5, Itgal, Itgb2, and Itgb7 that are needed for the entry into the inflamed CNS (Grigg et al., 2021). ILC3 deficiency in mice with EAE reduced T-cell trafficking to the meninges (Hatfield and Brown, 2015), demonstrating an important role of ILC3s in T-cell maintenance within the CNS. Upon EAE induction, ILC3s in the CNS upregulate MHC-II and co-stimulatory molecules CD80 and CD86 (Grigg et al., 2021). In contrast, ILC3s in the blood of mice and humans do not express MHC-II, CD80, and CD86. ILC3s that express MHC-II (HLA-DR) and CD86 are also detected in the CSF of patients with MS (Grigg et al., 2021). Expression of these molecules by ILC3 is functionally important, as demonstrated by co-culture experiments showing that ILC3s sorted from the CNS during EAE promote antigen- and MHC-II-dependent production of the pro-inflammatory cytokines IFN-γ, TNF-α, IL-17A and granulocyte-macrophage colony-stimulating factor (GM-CSF) by myelin-specific CD4+ T-cells. The importance of ILC3s as antigen-presenting cells in the CNS parenchyma is also shown by the use of mice that lack MHC-II on ILC3s. Mice that lack MHC-II on ILC3s (H2-Ab1-floxed × Rorccre) had significantly reduced numbers of IFN-γ, IL-17A and TNF-α-producing myelin-specific CD4+ T-cells in the CNS, and did not develop demyelinating disease (Grigg et al., 2021). Thus, antigen-presenting ILC3s promote pathological CD4+ T-cell responses in the CNS during autoimmune neuroinflammation (Grigg et al., 2021).




Conclusion and perspectives

This article provides an overview of the involvement and function of ILCs within the CNS during physiological conditions and in the brain disorders. Even though ILCs are a minor population in healthy CNS and their functions overlap with those of T-cells, they can play an important role in CNS homeostasis and the development of CNS pathologies. ILCs can promote pathological CD4+ T-cell responses in the CNS during autoimmune neuroinflammation (Grigg et al., 2021), pathogenesis of ischemia (Gan et al., 2014; Zhang et al., 2014) and neurodegenerative diseases such as AD (Zhang et al., 2020) and ALS (Garofalo et al., 2020), and neurodevelopmental delay during CMV infection (Kveštak et al., 2021), but can also confer tissue protection (Gadani et al., 2017; Earls et al., 2020; Fung et al., 2020; Wang et al., 2023). Understanding ILC development and functions, as well as characterization of ILC subsets is continuously evolving. Thus, a better understanding of basic ILC biology in the context of neuroinflammatory conditions could explain some of the opposing findings regarding the involvement of ILCs in CNS disorders. Recent advances in the understanding of the acquisition of adaptive features by ILCs (Klose and Artis, 2020), raise a possibility that some of the ILCs could form adaptive populations of cells with specialized functions in CNS. Considering the importance of ILCs in CNS homeostasis and neuropathology, investigating origin and maintenance of these cells in the CNS and their interactions with other immune and CNS resident cells is of prime interest. Finally, a mechanistic understanding of how ILCs specifically act and respond to damage within the CNS leading to protective or pathological immune responses could be used to guide therapeutic interventions.



Author contributions

DK: Conceptualization, Writing−original draft. AM: Writing−original draft. SJ: Writing−original draft, Conceptualization, Funding acquisition. IB: Conceptualization, Funding acquisition, Writing−original draft.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of the article. This work was supported by the National Institutes of Health (grant “Inflammation and Hearing Loss Following Congenital CMV Infection”) [1 R01 DC015980-01A1] to SJ, grant “Strengthening the capacity of CerVirVac for research in virus immunology and vaccinology” [KK.01.1.1.01.0006] to the Scientific Center of Excellence for Virus Immunology and Vaccines) and cofinanced by the European Regional Development Fund (SJ), by the Croatian Science Foundation and European Social Fund (grant “Biology of cytomegalovirus infection in developing brain and latency“) [PZS-2019-02-7879] to IB, the Croatian Science Foundation under the project number IP-2022-10-3371 to IB, and by the University of Rijeka under the project number (uniri-biomed-18-297 to IB).



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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



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.



References

Alsharifi, M., Lobigs, M., Simon, M. M., Kersten, A., Müller, K., Koskinen, A., et al. (2006). NK cell-mediated immunopathology during an acute viral infection of the CNS. Eur. J. Immunol. 36, 887–896. doi: 10.1002/eji.200535342

Alves de Lima, K., Rustenhoven, J., and Kipnis, J. (2020). Meningeal immunity and its function in maintenance of the central nervous system in health and disease. Annu. Rev. Immunol. 38, 597–620. doi: 10.1146/annurev-immunol-102319-103410

Ampie, L., and McGavern, D. B. (2022). Immunological defense of CNS barriers against infections. Immunity 55, 781–799. doi: 10.1016/j.immuni.2022.04.012

Artis, D., and Spits, H. (2015). The biology of innate lymphoid cells. Nature 517, 293–301. doi: 10.1038/nature14189

Aspelund, A., Antila, S., Proulx, S. T., Karlsen, T. V., Karaman, S., Detmar, M., et al. (2015). A dural lymphatic vascular system that drains brain interstitial fluid and macromolecules. J. Exp. Med. 212, 991–999. doi: 10.1084/jem.20142290

Baban, B., Braun, M., Khodadadi, H., Ward, A., Alverson, K., Malik, A., et al. (2021). AMPK induces regulatory innate lymphoid cells after traumatic brain injury. JCI Insight 6:126766. doi: 10.1172/jci.insight.126766

Balatsoukas, A., Rossignoli, F., and Shah, K. (2022). NK cells in the brain: implications for brain tumor development and therapy. Trends Mol. Med. 28, 194–209. doi: 10.1016/j.molmed.2021.12.008

Balin, B. J., Broadwell, R. D., Salcman, M., and El-Kalliny, M. (1986). Avenues for entry of peripherally administered protein to the central nervous system in mouse, rat, and squirrel monkey. J. Comp. Neurol. 251, 260–280. doi: 10.1002/cne.902510209

Barron, J. J., Mroz, N. M., Taloma, S. E., Dahlgren, M. W., Ortiz-Carpena, J., Dorman, L. C., et al. (2023). Group 2 innate lymphoid cells promote inhibitory synapse development and social behavior. bioRxiv [Preprint]. doi: 10.1101/2023.03.16.532850

Bartholomäus, I., Kawakami, N., Odoardi, F., Schläger, C., Miljkovic, D., Ellwart, J. W., et al. (2009). Effector T cell interactions with meningeal vascular structures in nascent autoimmune CNS lesions. Nature 462, 94–98. doi: 10.1038/nature08478

Bohr, T., Hjorth, P. G., Holst, S. C., Hrabetova, S., Kiviniemi, V., Lilius, T., et al. (2022). The glymphatic system: Current understanding and modeling. iScience 25:104987. doi: 10.1016/j.isci.2022.104987

Boppana, S. B., Ross, S. A., and Fowler, K. B. (2013). Congenital cytomegalovirus infection: clinical outcome. Clin. Infect. Dis. 57, S178–S181. doi: 10.1093/cid/cit629

Brizic, I., Susak, B., Arapovic, M., Huszthy, P. C., Hirsl, L., Kvestak, D., et al. (2018). Brain-resident memory CD8(+) T cells induced by congenital CMV infection prevent brain pathology and virus reactivation. Eur. J. Immunol. 48, 950–964. doi: 10.1002/eji.201847526

Cardoso, V., Chesné, J., Ribeiro, H., García-Cassani, B., Carvalho, T., Bouchery, T., et al. (2017). Neuronal regulation of type 2 innate lymphoid cells via neuromedin U. Nature 549, 277–281. doi: 10.1038/nature23469

Choi, G. B., Yim, Y. S., Wong, H., Kim, S., Kim, H., Kim, S. V., et al. (2016). The maternal interleukin-17a pathway in mice promotes autism-like phenotypes in offspring. Science 351, 933–939. doi: 10.1126/science.aad0314

Croese, T., Castellani, G., and Schwartz, M. (2021). Immune cell compartmentalization for brain surveillance and protection. Nat. Immunol. 22, 1083–1092. doi: 10.1038/s41590-021-00994-2

Cui, J., Xu, H., and Lehtinen, M. K. (2021). Macrophages on the margin: choroid plexus immune responses. Trends Neurosci. 44, 864–875. doi: 10.1016/j.tins.2021.07.002

Daussy, C., Faure, F., Mayol, K., Viel, S., Gasteiger, G., Charrier, E., et al. (2014). T-bet and Eomes instruct the development of two distinct natural killer cell lineages in the liver and in the bone marrow. J. Exp. Med. 211, 563–577. doi: 10.1084/jem.20131560

Davies, A. J., Kim, H. W., Gonzalez-Cano, R., Choi, J., Back, S. K., Roh, S. E., et al. (2019). Natural Killer Cells Degenerate Intact Sensory Afferents following Nerve Injury. Cell 176, 716–728.e1. doi: 10.1016/j.cell.2018.12.022

Dutton, E. E., Gajdasik, D. W., Willis, C., Fiancette, R., Bishop, E. L., Camelo, A., et al. (2019). Peripheral lymph nodes contain migratory and resident innate lymphoid cell populations. Sci. Immunol. 4:aau8082. doi: 10.1126/sciimmunol.aau8082

Earls, R. H., Menees, K. B., Chung, J., Gutekunst, C. A., Lee, H. J., Hazim, M. G., et al. (2020). NK cells clear α-synuclein and the depletion of NK cells exacerbates synuclein pathology in a mouse model of α-synucleinopathy. Proc. Natl. Acad. Sci. U. S. A. 117, 1762–1771. doi: 10.1073/pnas.1909110117

Fiancette, R., Finlay, C. M., Willis, C., Bevington, S. L., Soley, J., Ng, S. T. H., et al. (2021). Reciprocal transcription factor networks govern tissue-resident ILC3 subset function and identity. Nat. Immunol. 22, 1245–1255. doi: 10.1038/s41590-021-01024-x

Filiano, A. J., Xu, Y., Tustison, N. J., Marsh, R. L., Baker, W., Smirnov, I., et al. (2016). Unexpected role of interferon-γ in regulating neuronal connectivity and social behaviour. Nature 535, 425–429. doi: 10.1038/nature18626

Fung, I. T. H., Sankar, P., Zhang, Y., Robison, L. S., Zhao, X., D’Souza, S. S., et al. (2020). Activation of group 2 innate lymphoid cells alleviates aging-associated cognitive decline. J. Exp. Med. 217:915. doi: 10.1084/jem.20190915

Fung, I. T. H., Zhang, Y., Shin, D. S., Sankar, P., Sun, X., D’Souza, S. S., et al. (2021). Group 2 innate lymphoid cells are numerically and functionally deficient in the triple transgenic mouse model of Alzheimer’s disease. J. Neuroinflammation 18:152. doi: 10.1186/s12974-021-02202-2

Gadani, S. P., Smirnov, I., Wiltbank, A. T., Overall, C. C., and Kipnis, J. (2017). Characterization of meningeal type 2 innate lymphocytes and their response to CNS injury. J. Exp. Med. 214, 285–296. doi: 10.1084/jem.20161982

Gan, Y., Liu, Q., Wu, W., Yin, J. X., Bai, X. F., Shen, R., et al. (2014). Ischemic neurons recruit natural killer cells that accelerate brain infarction. Proc. Natl. Acad. Sci. U. S. A. 111, 2704–2709. doi: 10.1073/pnas.1315943111

Ganal, S. C., Sanos, S. L., Kallfass, C., Oberle, K., Johner, C., Kirschning, C., et al. (2012). Priming of natural killer cells by nonmucosal mononuclear phagocytes requires instructive signals from commensal microbiota. Immunity 37, 171–186. doi: 10.1016/j.immuni.2012.05.020

Garofalo, S., Cocozza, G., Mormino, A., Bernardini, G., Russo, E., Ielpo, D., et al. (2023). Natural killer cells and innate lymphoid cells 1 tune anxiety-like behavior and memory in mice via interferon-γ and acetylcholine. Nat. Commun. 14:3103. doi: 10.1038/s41467-023-38899-3

Garofalo, S., Cocozza, G., Porzia, A., Inghilleri, M., Raspa, M., Scavizzi, F., et al. (2020). Natural killer cells modulate motor neuron-immune cell cross talk in models of Amyotrophic Lateral Sclerosis. Nat. Commun. 11:1773. doi: 10.1038/s41467-020-15644-8

Gasteiger, G., Fan, X., Dikiy, S., Lee, S. Y., and Rudensky, A. Y. (2015). Tissue residency of innate lymphoid cells in lymphoid and nonlymphoid organs. Science 350, 981–985. doi: 10.1126/science.aac9593

Gate, D., Saligrama, N., Leventhal, O., Yang, A. C., Unger, M. S., Middeldorp, J., et al. (2020). Clonally expanded CD8 T cells patrol the cerebrospinal fluid in Alzheimer’s disease. Nature 577, 399–404. doi: 10.1038/s41586-019-1895-7

Goldmann, T., Wieghofer, P., Jordão, M. J., Prutek, F., Hagemeyer, N., Frenzel, K., et al. (2016). Origin, fate and dynamics of macrophages at central nervous system interfaces. Nat. Immunol. 17, 797–805. doi: 10.1038/ni.3423

Gordon, S. M., Chaix, J., Rupp, L. J., Wu, J., Madera, S., Sun, J. C., et al. (2012). The transcription factors T-bet and Eomes control key checkpoints of natural killer cell maturation. Immunity 36, 55–67. doi: 10.1016/j.immuni.2011.11.016

Grigg, J. B., Shanmugavadivu, A., Regen, T., Parkhurst, C. N., Ahmed, A., Joseph, A. M., et al. (2021). Antigen-presenting innate lymphoid cells orchestrate neuroinflammation. Nature 600, 707–712. doi: 10.1038/s41586-021-04136-4

Hatfield, J. K., and Brown, M. A. (2015). Group 3 innate lymphoid cells accumulate and exhibit disease-induced activation in the meninges in EAE. Cell Immunol. 297, 69–79. doi: 10.1016/j.cellimm.2015.06.006

Hirose, S., Jahani, P. S., Wang, S., Jaggi, U., Tormanen, K., Yu, J., et al. (2020). Type 2 Innate Lymphoid Cells Induce CNS Demyelination in an HSV-IL-2 Mouse Model of Multiple Sclerosis. iScience 23:101549. doi: 10.1016/j.isci.2020.101549

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., et al. (2019). Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 15, 565–581. doi: 10.1038/s41582-019-0244-7

Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., et al. (2012). A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β. Sci. Transl. Med. 4:147ra111. doi: 10.1126/scitranslmed.3003748

Ivanova, D. L., Krempels, R., Denton, S. L., Fettel, K. D., Saltz, G. M., Rach, D., et al. (2020). NK cells negatively regulate CD8 T cells to promote immune exhaustion and chronic Toxoplasma gondii Infection. Front. Cell Infect. Microbiol. 10:313. doi: 10.3389/fcimb.2020.00313

Jiang, W., Li, D., Han, R., Zhang, C., Jin, W. N., Wood, K., et al. (2017). Acetylcholine-producing NK cells attenuate CNS inflammation via modulation of infiltrating monocytes/macrophages. Proc. Natl. Acad. Sci. U. S. A. 114, E6202–E6211. doi: 10.1073/pnas.1705491114

Jin, W. N., Shi, K., He, W., Sun, J. H., Van Kaer, L., Shi, F. D., et al. (2021). Neuroblast senescence in the aged brain augments natural killer cell cytotoxicity leading to impaired neurogenesis and cognition. Nat. Neurosci. 24, 61–73. doi: 10.1038/s41593-020-00745-w

Klose, C. S. N., and Artis, D. (2020). Innate lymphoid cells control signaling circuits to regulate tissue-specific immunity. Cell Res. 30, 475–491. doi: 10.1038/s41422-020-0323-8

Klose, C. S. N., Flach, M., Möhle, L., Rogell, L., Hoyler, T., Ebert, K., et al. (2014). Differentiation of type 1 ILCs from a common progenitor to all helper-like innate lymphoid cell lineages. Cell 157, 340–356. doi: 10.1016/j.cell.2014.03.030

Kong, Y., Li, H. D., Wang, D., Gao, X., Yang, C., Li, M., et al. (2021). Group 2 innate lymphoid cells suppress the pathology of neuromyelitis optica spectrum disorder. FASEB J. 35, e21856. doi: 10.1096/fj.202100673R

Kveštak, D., Juranić Lisnić, V., Lisnić, B., Tomac, J., Golemac, M., Brizić, I., et al. (2021). NK/ILC1 cells mediate neuroinflammation and brain pathology following congenital CMV infection. J. Exp. Med. 218, e20201503. doi: 10.1084/jem.20201503

Kwong, B., Rua, R., Gao, Y., Flickinger, J. Jr., Wang, Y., Kruhlak, M. J., et al. (2017). T-bet-dependent NKp46(+) innate lymphoid cells regulate the onset of T(H)17-induced neuroinflammation. Nat. Immunol. 18, 1117–1127. doi: 10.1038/ni.3816

Lee, H. N., Manangeeswaran, M., Lewkowicz, A. P., Engel, K., Chowdhury, M., Garige, M., et al. (2022). NK cells require immune checkpoint receptor LILRB4/gp49B to control neurotropic Zika virus infections in mice. JCI Insight 7:151420. doi: 10.1172/jci.insight.151420

Lehnardt, S. (2010). Innate immunity and neuroinflammation in the CNS: the role of microglia in Toll-like receptor-mediated neuronal injury. Glia 58, 253–263. doi: 10.1002/glia.20928

Liu, M., Wang, D., Xu, L., Pan, Y., Huang, H., Li, M., et al. (2023). Group 2 innate lymphoid cells suppress neuroinflammation and brain injury following intracerebral hemorrhage. J. Cereb. Blood Flow Metab. [Epub ahead of print]. doi: 10.1177/0271678X231208168

Liu, S., Galat, V., Galat, Y., Lee, Y. K. A., Wainwright, D., and Wu, J. (2021). NK cell-based cancer immunotherapy: from basic biology to clinical development. J. Hematol. Oncol. 14:7. doi: 10.1186/s13045-020-01014-w

Louveau, A., Plog, B. A., Antila, S., Alitalo, K., Nedergaard, M., and Kipnis, J. (2017). Understanding the functions and relationships of the glymphatic system and meningeal lymphatics. J. Clin. Invest. 127, 3210–3219. doi: 10.1172/JCI90603

Louveau, A., Smirnov, I., Keyes, T. J., Eccles, J. D., Rouhani, S. J., Peske, J. D., et al. (2015). Structural and functional features of central nervous system lymphatic vessels. Nature 523, 337–341. doi: 10.1038/nature14432

Ma, T., Wang, F., Xu, S., and Huang, J. H. (2021). Meningeal immunity: Structure, function and a potential therapeutic target of neurodegenerative diseases. Brain Behav. Immun. 93, 264–276. doi: 10.1016/j.bbi.2021.01.028

Martin, N. M., and Griffin, D. E. (2022). Effect of IL-10 Deficiency on TGFβ Expression during Fatal Alphavirus Encephalomyelitis in C57Bl/6 Mice. Viruses 14:1791. doi: 10.3390/v14081791

Miller, S. D., Karpus, W. J., and Davidson, T. S. (2010). Experimental autoimmune encephalomyelitis in the mouse. Curr. Protoc. Immunol. 15:20. doi: 10.1002/0471142735.im1501s88

Milovanovic, J., Popovic, B., Milovanovic, M., Kvestak, D., Arsenijevic, A., Stojanovic, B., et al. (2017). Murine cytomegalovirus infection induces susceptibility to EAE in Resistant BALB/c Mice. Front. Immunol. 8:192. doi: 10.3389/fimmu.2017.00192

Miyamoto, A., Wake, H., Ishikawa, A. W., Eto, K., Shibata, K., Murakoshi, H., et al. (2016). Microglia contact induces synapse formation in developing somatosensory cortex. Nat. Commun. 7:12540. doi: 10.1038/ncomms12540

Norris, G. T., and Kipnis, J. (2019). Immune cells and CNS physiology: Microglia and beyond. J. Exp. Med. 216, 60–70. doi: 10.1084/jem.20180199

Panda, S. K., and Colonna, M. (2019). Innate Lymphoid Cells in Mucosal Immunity. Front. Immunol. 10:861. doi: 10.3389/fimmu.2019.00861

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. Science 333, 1456–1458. doi: 10.1126/science.1202529

Passaro, A. P., Lebos, A. L., Yao, Y., and Stice, S. L. (2021). Immune response in neurological pathology: Emerging role of central and peripheral immune crosstalk. Front. Immunol. 12:676621. doi: 10.3389/fimmu.2021.676621

Prinz, M., Masuda, T., Wheeler, M. A., and Quintana, F. J. (2021). Microglia and central nervous system-associated macrophages-from origin to disease modulation. Annu Rev. Immunol. 39, 251–277. doi: 10.1146/annurev-immunol-093019-110159

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

Rodriguez-Lorenzo, S., van Olst, L., Rodriguez-Mogeda, C., Kamermans, A., van der Pol, S. M. A., Rodriguez, E., et al. (2022). Single-cell profiling reveals periventricular CD56(bright) NK cell accumulation in multiple sclerosis. Elife 11:73849. doi: 10.7554/eLife.73849

Romero-Suarez, S., Del Rio Serrato, A., Bueno, R. J., Brunotte-Strecker, D., Stehle, C., Figueiredo, C. A., et al. (2019). the central nervous system contains ILC1s That Differ From NK cells in the response to inflammation. Front. Immunol. 10:2337. doi: 10.3389/fimmu.2019.02337

Rozmanic, C., Lisnic, B., Pribanic Matesic, M., Mihalic, A., Hirsl, L., Park, E., et al. (2023). Perinatal murine cytomegalovirus infection reshapes the transcriptional profile and functionality of NK cells. Nat. Commun. 14:6412. doi: 10.1038/s41467-023-42182-w

Rua, R., and McGavern, D. B. (2018). Advances in meningeal immunity. Trends Mol. Med. 24, 542–559. doi: 10.1016/j.molmed.2018.04.003

Russi, A. E., Walker-Caulfield, M. E., and Brown, M. A. (2018). Mast cell inflammasome activity in the meninges regulates EAE disease severity. Clin. Immunol. 189, 14–22. doi: 10.1016/j.clim.2016.04.009

Rustenhoven, J., and Kipnis, J. (2019). Bypassing the blood-brain barrier. Science 366, 1448–1449. doi: 10.1126/science.aay0479

Sadeghi Hassanabadi, N., Broux, B., Marinović, S., and Gotthardt, D. (2022). Innate Lymphoid Cells - neglected players in multiple sclerosis. Front. Immunol. 13:909275. doi: 10.3389/fimmu.2022.909275

Sanmarco, L. M., Wheeler, M. A., Gutierrez-Vazquez, C., Polonio, C. M., Linnerbauer, M., Pinho-Ribeiro, F. A., et al. (2021). Gut-licensed IFNgamma(+) NK cells drive LAMP1(+)TRAIL(+) anti-inflammatory astrocytes. Nature 590, 473–479. doi: 10.1038/s41586-020-03116-4

Sedgwick, A. J., Ghazanfari, N., Constantinescu, P., Mantamadiotis, T., and Barrow, A. D. (2020). The Role of NK Cells and Innate Lymphoid Cells in Brain Cancer. Front. Immunol. 11:1549. doi: 10.3389/fimmu.2020.01549

Sellier, Y., Marliot, F., Bessières, B., Stirnemann, J., Encha-Razavi, F., Guilleminot, T., et al. (2020). Adaptive and innate immune cells in fetal human cytomegalovirus-infected brains. Microorganisms 8:176. doi: 10.3390/microorganisms8020176

Shi, F. D., Ljunggren, H. G., La Cava, A., and Van Kaer, L. (2011). Organ-specific features of natural killer cells. Nat. Rev. Immunol. 11, 658–671. doi: 10.1038/nri3065

Smolders, J., Heutinck, K. M., Fransen, N. L., Remmerswaal, E. B. M., Hombrink, P., Ten Berge, I. J. M., et al. (2018). Tissue-resident memory T cells populate the human brain. Nat. Commun. 9:4593. doi: 10.1038/s41467-018-07053-9

Sparano, C., Solis-Sayago, D., Vijaykumar, A., Rickenbach, C., Vermeer, M., Ingelfinger, F., et al. (2022). Embryonic and neonatal waves generate distinct populations of hepatic ILC1s. Sci. Immunol. 7, eabo6641. doi: 10.1126/sciimmunol.abo6641

Steffen, J., Ehrentraut, S., Bank, U., Biswas, A., Figueiredo, C. A., Hölsken, O., et al. (2022). Type 1 innate lymphoid cells regulate the onset of Toxoplasma gondii-induced neuroinflammation. Cell Rep. 38:110564. doi: 10.1016/j.celrep.2022.110564

Thapa, M., Welner, R. S., Pelayo, R., and Carr, D. J. (2008). CXCL9 and CXCL10 expression are critical for control of genital herpes simplex virus type 2 infection through mobilization of HSV-specific CTL and NK cells to the nervous system. J. Immunol. 180, 1098–1106. doi: 10.4049/jimmunol.180.2.1098

Trifilo, M. J., Montalto-Morrison, C., Stiles, L. N., Hurst, K. R., Hardison, J. L., Manning, J. E., et al. (2004). CXC chemokine ligand 10 controls viral infection in the central nervous system: evidence for a role in innate immune response through recruitment and activation of natural killer cells. J. Virol. 78, 585–594. doi: 10.1128/jvi.78.2.585-594.2004

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

Vivier, E., Artis, D., Colonna, M., Diefenbach, A., Di Santo, J. P., Eberl, G., et al. (2018). Innate Lymphoid Cells: 10 Years On. Cell 174, 1054–1066. doi: 10.1016/j.cell.2018.07.017

Wakim, L. M., Woodward-Davis, A., and Bevan, M. J. (2010). Memory T cells persisting within the brain after local infection show functional adaptations to their tissue of residence. Proc. Natl. Acad. Sci. U. S. A. 107, 17872–17879. doi: 10.1073/pnas.1010201107

Wang, S., de Fabritus, L., Kumar, P. A., Werner, Y., Ma, M., Li, D., et al. (2023). Brain endothelial CXCL12 attracts protective natural killer cells during ischemic stroke. J. Neuroinflammation 20:8. doi: 10.1186/s12974-023-02689-x

Weizman, O. E., Adams, N. M., Schuster, I. S., Krishna, C., Pritykin, Y., Lau, C., et al. (2017). ILC1 confer early host protection at initial sites of viral infection. Cell 171, 795–808.e712. doi: 10.1016/j.cell.2017.09.052

Zhang, J., Marotel, M., Fauteux-Daniel, S., Mathieu, A. L., Viel, S., Marcais, A., et al. (2018). T-bet and Eomes govern differentiation and function of mouse and human NK cells and ILC1. Eur. J. Immunol. 48, 738–750. doi: 10.1002/eji.201747299

Zhang, R., Miao, T., Qin, M., Zhao, C., Wang, W., Zhang, C., et al. (2021). CX(3)CL1 Recruits NK cells into the central nervous system and aggravates brain injury of mice caused by angiostrongylus cantonensis infection. Front. Cell Infect. Microbiol. 11:672720. doi: 10.3389/fcimb.2021.672720

Zhang, Y., Fung, I. T. H., Sankar, P., Chen, X., Robison, L. S., Ye, L., et al. (2020). Depletion of NK Cells Improves Cognitive Function in the Alzheimer Disease Mouse Model. J. Immunol. 205, 502–510. doi: 10.4049/jimmunol.2000037

Zhang, Y., Gao, Z., Wang, D., Zhang, T., Sun, B., Mu, L., et al. (2014). Accumulation of natural killer cells in ischemic brain tissues and the chemotactic effect of IP-10. J. Neuroinflammation 11:79. doi: 10.1186/1742-2094-11-79

Zheng, P., Xiu, Y., Chen, Z., Yuan, M., Li, Y., Wang, N., et al. (2023). Group 2 innate lymphoid cells resolve neuroinflammation following cerebral ischaemia. Stroke Vasc. Neurol. 8, 424–434. doi: 10.1136/svn-2022-001919


Copyright
 © 2024 Kveštak, Mihalić, Jonjić and Brizić. 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/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Innate lymphoid cells in neuroinflammation



		Introduction



		Innate lymphoid cells in the CNS



		ILCs in CNS disorders



		ILCs and infection



		ILCs in autoimmune neuroinflammation, neurodegenerative diseases, CNS injury, and aging



		Group 1 ILCs



		Group 2 ILCs



		Group 3 ILCs







		Conclusion and perspectives



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
, frontiers | Frontiers in Cellular Neuroscience






OPS/images/fncel-18-1364485-g001.jpg
Choroid plexus

E=1 ® e ® @
e @0 O = & .
%e®o® o00% Calvaria

‘ . “ ‘ILCSs Meninges

CP epithelial cell

' l ILC3s ILC1

ILCT ' ’ ‘
‘ ‘ ‘ \ NK cells ILC2s
ILC2s ! —
NK cells

endothelial cell





OPS/images/fncel-18-1364485-g002.jpg
A MCMV infection
NK/ILC1-derived IFN-y
mediates activation of
microglia and delay in

cerebellar growth

Impaired cerebellar
development

$

49

o_.9 ;

oo QTQ

Brain

iCXCR3-dependent
:recruitment of
Blood ENK/ILC1

B MHYV infection

. NK cell-derived IFN-y

' contributes to control of
infection

IFN-
MHV :@:‘ ® Y
@¢

A

ey

- -

1
: ‘

| iCXCL10-mediated
'recruitment of NK cells

C

vSFV infection
NK cells mediate pathology

LTSS —— - <

T. gondii infection
ILC1-derived IFN-y
contributes to control of
infection







OPS/images/fncel-18-1364485-g003.jpg
B : .
Neurodegenerative diseases, Cerebral ischemia
NK cells promote activation of | NK cell-derived IFN-y
microglia and cognitive decline ' contributes to brain infarction

N
©

Ageing : 2 EAE
IL-33 activates ILC2s and | Antigen-presenting ILC3s
alleviates cognitive decline 'promote pathological CD4* T
cell responses

Demyelinating
neuron

Ischemic
neuron

Microglia A)
e

Blood

ractalkine‘ g

\

CX3CR1

..‘ IL-33 i.p.












OPS/images/logo.jpg
’ frontiers | Frontiers in Cellular Neuroscience







