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Neural stem and precursor cells (NPCs) build and regenerate the central nervous system (CNS) by maintaining their pool (self-renewal) and differentiating into neurons, astrocytes, and oligodendrocytes (multipotency) throughout life. This has inspired research into pro-regenerative therapies that utilize transplantation of exogenous NPCs or recruitment of endogenous adult NPCs for CNS regeneration and repair. Recent advances in single-cell RNA sequencing and other “omics” have revealed that NPCs express not just traditional progenitor-related genes, but also genes involved in immune function. Here, we review how NPCs exert immunomodulatory function by regulating the biology of microglia, immune cells that are present in NPC niches and throughout the CNS. We discuss the role of transplanted and endogenous NPCs in regulating microglia fates, such as survival, proliferation, migration, phagocytosis and activation, in the developing, injured and degenerating CNS. We also provide a literature review on NPC-specific mediators that are responsible for modulating microglia biology. Our review highlights the immunomodulatory properties of NPCs and the significance of these findings in the context of designing pro-regenerative therapies for degenerating and diseased CNS.
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Neural stem and precursor cells build and regenerate the brain

Neural stem and progenitor cells (NPCs) were first discovered as radial glia cells lining the embryonic ventricles and were found to express many of classical astrocyte markers, like the glial fibrillary acidic protein (GFAP) (Levitt and Rakic, 1980). These cells were attributed a bona fide glial progenitor status, and their primary role was believed to serve as a guide for newborn neuron migration. It was not until late 1990s that radial glia cells were shown to self-renew and were found to have multipotent ability to generate neurons and macroglia (astrocytes and oligodendrocytes), which are properties of stem cells (Malatesta and Götz, 2013). It is now widely accepted that during embryonic and postnatal brain development, NPCs differentiate into neurons, astrocytes and oligodendrocytes in a strict spatio-temporal manner to build the central nervous system (CNS) (Gauthier-Fisher and Miller, 2013; Adnani et al., 2018; Lindsey et al., 2018). Embryonic NPCs also give rise to adult parenchymal OPCs (oligodendrocyte precursor cells), which serve as a reservoir for oligodendrocyte regeneration (Kessaris et al., 2006). Finally, some embryonic NPCs divide more slowly and contribute to the establishment of the adult neurogenic niches (Fuentealba et al., 2015; Furutachi et al., 2015; Yuzwa et al., 2017). In the adult mammalian brain, NPCs are restricted to the subgranular zone (SGZ) of the dentate gyrus in the hippocampus and to the subventricular zone (SVZ) of the lateral ventricles. Adult SVZ and SGZ NPCs remain multipotent throughout life and renew neurons, astrocytes, parenchymal OPCs and oligodendrocytes in a homeostatic and diseased or injured brain (Lagace, 2012; Gage and Temple, 2013; Chaker et al., 2016; Obernier and Alvarez-Buylla, 2019; Xapelli et al., 2020).



Role of microglia in regulating NPC biology

Many NPC and OPC fates are regulated by neighboring cells in their niche, such as microglia (Miron et al., 2013; Shahriary et al., 2019; Schmidt et al., 2021). Microglia are CNS immune cells that are derived from the embryonic yolk sac progenitors. Microglia migrate into an embryonic brain as early as E (embryonic day) 9 and then proliferate until early postnatal life to populate the murine CNS tissue (Alliot et al., 1999; Ginhoux et al., 2010; Kierdorf et al., 2013). Once the microglia pool is established, microglia survey the environment and become reactive during infection and inflammation (Amici et al., 2017; Shabab et al., 2017). Microglia are constantly surveying the microenvironment and are known to play a role in the resolution of injury and inflammation (Saijo and Glass, 2011; Amici et al., 2017).

Reactive microglia exist in a continuum of states associated with various biological functions, which historically have been categorized into two opposite types: inflammatory (formerly known as M1) and repair or alternate state associated with secretion of anti-inflammatory and pro-regenerative cytokines and chemokines (formerly known as M2). However, it is important to note that there is a continuum of phenotypes between inflammatory and repair states, and microglia can transition between them (Paolicelli et al., 2022). Much of microglia activation and functions (proliferation, survival, migration, and phagocytosis) depends on the factors within the surrounding environment (Rawji and Yong, 2013; Baaklini et al., 2019). In a diseased or injured brain, M1-like microglia secrete pro-inflammatory cytokines, such as IL-1β (interleukin 1 beta), IL-6, TNF-α (tumor necrosis factor alpha) and nitric oxide (Tang and Le, 2016; Guo et al., 2022). While inflammatory microglia play an important role in CNS repair, a sustained and exacerbated response by this subset of microglia has been linked to neurodegeneration and inhibition of CNS regeneration (Tang and Le, 2016; Baaklini et al., 2019; Lloyd et al., 2019; Guo et al., 2022). In agreement, reduction of inflammatory microglia is associated with enhanced CNS regeneration (de Almeida et al., 2023). Repair-associated microglia promote the resolution of inflammation, dead cell and myelin debris phagocytosis and are implicated in the production of pro-regenerative and pro-survival factors (Miron et al., 2013). Enhancement of a repair phenotype in microglia is associated with improved CNS regeneration and repair (Miron et al., 2013; Beier et al., 2017; Chang et al., 2017). Notably, phagocytosis of apoptotic cells is known to promote repair phenotype in microglia and macrophages (Fadok et al., 1998; Arandjelovic and Ravichandran, 2015). However, myelin was shown to induce inflammatory macrophages in a rodent model of a spinal cord injury (SCI) (Kopper et al., 2021). While it is difficult to tease apart the role of dead cells vs. myelin debris phagocytosis with regard to macrophage and microglia polarization, it is known that phagocytosis of myelin debris is essential for efficient CNS remyelination (Plemel et al., 2013; Lampron et al., 2015). In agreement, blocking myelin debris phagocytosis exacerbates neuroinflammation in experimental autoimmune encephalomyelitis (EAE, model of multiple sclerosis), and increasing myelin debris phagocytosis by microglia enhances remyelination in the aging CNS (Grajchen et al., 2020; Rawji et al., 2020).

Thus, in addition to their well-known immune functions such as chemotaxis, phagocytosis, and the secretion of inflammatory cytokines, microglia also play additional vital roles during CNS development, homeostasis and regeneration. During development, microglia exert neuroprotective properties by secreting trophic factors as well as engulfing synapses and live developing NPCs and OPCs (Cunningham et al., 2013; Michell-Robinson et al., 2015; Kaur et al., 2017; Nemes-Baran et al., 2020; Hammond et al., 2021; Rosin et al., 2021; Mehl et al., 2022). In the injured brain, microglia modulate NPC and OPC fates through phagocytosis of progenitors, myelin debris, and secretion of anti- and pro-regenerative cytokines, growth factors and other ligands (Miron et al., 2013; Hayakawa et al., 2016; Li et al., 2017; Dillenburg et al., 2018; Heß et al., 2020; Schmidt et al., 2021; Sherafat et al., 2021).



“Immune” roles of NPCs in CNS development and regeneration

With the wide adoption of single-cell RNA sequencing and “omics” techniques, it was recently shown that both NPCs and OPCs express genes that are typically attributed to immune cells (Falcão et al., 2018; Kirby et al., 2019; Kirby and Castelo-Branco, 2020; Nicaise et al., 2020; Watson et al., 2020; Belenguer et al., 2021; Willis et al., 2022; Dittmann et al., 2023). For example, NPCs and OPCs express MHC (major histocompatibility complex) class I antigen presentation category genes (Falcão et al., 2018; Kirby et al., 2019; Lin et al., 2021; Dittmann et al., 2023). Subsequently, OPCs were shown to present antigens and activate T-cells in rodent models of multiple sclerosis (Falcão et al., 2018; Kirby et al., 2019; Fernandez-Castaneda et al., 2020). Both NPCs and OPCs can also act as phagocytes. Dcx+ (Doublecortin) neuroblasts, which are derived from NPCs and represent committed proliferative progenitors that are destined to differentiate into neurons, phagocytose dead neurons, whereas OPCs can phagocytose myelin debris and prune synapses; properties typically attributed to microglia and macrophages (Lu et al., 2011; Falcão et al., 2018; Auguste et al., 2022). NPCs and OPCs also directly react to neuroinflammatory environment through chemokine and cytokine receptors that they express, and actively participate in modulating the inflammatory environment by secreting chemokines and cytokines (Watson et al., 2020, 2021; Belenguer et al., 2021; Shariq et al., 2021; Willis et al., 2022; Dittmann et al., 2023). Finally, an elegant study by Marteyn et al. (2016) found that transplanting human NPCs, but not human OPCs, into the brain of Pelizaeus-Merzbacher (hypomyelinating leukodystrophy) mouse model leads to increased survival rates. While transplanted OPCs were found to myelinate the brain faster, NPCs were myelinating the brain slower, but were the only transplanted progenitors that successfully attenuated neuroinflammation (Marteyn et al., 2016). Specifically, transplanted OPCs maintained inflammatory (M1-like) status of microglia, which is associated with secretion of pro-inflammatory cytokines, whereas NPCs induced a shift toward repair state (M2-like) microglia, which are associated with secretion of anti-inflammatory cytokines (Marteyn et al., 2016). Thus, while the most significant role of NPCs and OPCs is attributed to their regenerative (neuron and macroglia replacement) properties, recent reports provide evidence that CNS progenitors also have immunomodulatory functions. From these OPC/NPC-immune functions and interactions, of particular interest are microglia-progenitor interactions as an example of cell communication between long-lived self-renewing cells of different origin (neurepithelium vs. yolk sac). Moreover, microglia themselves regulate much of NPC/OPC biology and are thus an active focus of research (Su et al., 2014; Miron, 2017; Sirerol-Piquer et al., 2019; Pérez-Rodríguez et al., 2021; Revuelta et al., 2022). However, the reciprocal cell-cell interaction implicating the role of NPCs and OPCs in regulating microglia biology has been less explored. Notably, the intersection of OPCs and immune cell interaction has recently been summarized in an elegant review (Kirby and Castelo-Branco, 2020). This review will focus on a new and emerging question of how NPCs communicate with microglia and regulate their fates, such as survival, proliferation, migration, phagocytosis and activation. For the latter, we will provide details including the author-reported microglia markers, such as cytokines and chemokines. In addition, we will provide conclusions reached by authors with regard to the categorization of microglial activation toward inflammatory (formerly M1) or repair (formerly M2) states.



Effect of transplanted NPCs on microglia fates

The first evidence supporting the hypothesis that NPCs may regulate neuroinflammation came from transplantation studies. While the main role of transplanted NPCs was believed to be cell replacement, studies demonstrate that these NPCs may exert beneficial effects on degenerating and/or injured CNS primarily via trophic and immunomodulatory functions (Martino et al., 2011; Kokaia et al., 2012; Marteyn et al., 2016).

Neurosphere cells derived from rodent SVZ or human fetal NPCs promote neuroprotection and recovery in rodent and human primate models of EAE when transplanted intravenously or intrathecally (Pluchino et al., 2003, 2005, 2009). Intravenously injected NPCs localize in inflamed CNS perivascular areas in close proximity to inflammatory CD45+ immune cells. These NPCs retain undifferentiated state and express α4 subunit of the integrin very late antigen (VLA)-4, which is usually associated with immune cells (Pluchino et al., 2005). Moreover, these NPCs spontaneously adhere to VCAM-1 (vascular cell adhesion molecule 1) expressing cells similarly to mitogen-activated CD4+ cells. This may explain specific recruitment of transplanted NPCs to CNS vasculature. Finally, NPCs express several receptors for inflammatory cytokines and chemokines, such as CCR1, CCR2, CCR5, CXCR3, and CXCR4 (Pluchino et al., 2005; Watson et al., 2020), which poises NPCs to respond to inflammatory environment. The positive effect of transplanted NPCs on EAE disease course and severity is believed to be at least in part due to NPC-mediated (i) increased numbers of reactive microglia capable of producing pro-apoptotic signals (Pluchino et al., 2005); (ii) increased cell death of CNS-infiltrating encephalitogenic T-cells (Pluchino et al., 2005); and (iii) decreased infiltration of CD45 + mononuclear phagocytes (Peruzzotti-Jametti et al., 2018; Figure 1).
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FIGURE 1
Summary of effects of NPCs on microglia fates. (A) Effects of transplantation of exogenous NPCs on microglial abundance and reactive states in various inflammation and disease models. Increase in total or M1-like/M2-like microglia abundance within a model is indicated with an upward green arrow, decrease is indicated with a downward red arrow. (B) Endogenous role of NPCs on microglia activity and localization via ablation of NPCs in vivo or addition of NPCs in vitro. (C) Factors and pathways originating in NPCs that have specific effects on microglial reactivity and functions. Please see text for details and references. This figure was generated using BioRender and Adobe Illustrator. NPC, neural precursor cell; EAE, experimental autoimmune encephalomyelitis; CM, conditioned media; SVZ, subventricular zone; VZ, ventricular zone.


Additional studies show that injection of NPCs leads to changes in microglia density and/or switch between inflammatory (formerly M1) and repair state associated with anti-inflammatory cytokine secretion (formerly M2) (Figure 1; Kokaia et al., 2012; Giusto et al., 2014; Zhou et al., 2022).

In support of the former, intracerebral infusion of mouse NPCs into mice with induced cerebral ischemia, and not healthy mice, increases density of CD11b+ cells in striatum (Capone et al., 2007). This is corroborated by another report, which demonstrates intracerebral transplantation of human NPCs into forebrain of neonatal rat pups with hypoxic–ischemic (HI) brain injury leads to increased density of striatal, but not cortical, IBA1+ cells (Daadi et al., 2010). Furthermore, intracranial transplantation of human NPCs increases number of microglia in a mouse model of Alzheimer’s disease (AD) (McGinley et al., 2018). In contrast, human or mouse NPC transplantation into the CNS of mouse models of traumatic brain (TBI), SCI, prenatal white matter injury (WMI), or Parkinson’s disease (PD) decreases microglia and/or macrophage density (Cusimano et al., 2012; Zuo et al., 2015; Gao et al., 2016; Koutsoudaki et al., 2016; Borhani-Haghighi et al., 2019). The difference in NPC-mediated action on total microglia/macrophage density could be attributed to the nature of CNS injury and/or the specific reactive status of microglia/macrophages that transplanted NPCs may be affecting.

In support of the latter, transplantation of human fetal NPCs into an AD mouse model leads to decrease in expression of major pro-inflammatory mediators, like IL-1β, IL-6, TNF-α, and iNOS (inducible nitric oxide synthase) (Lee et al., 2015). Injection of NPCs induced from mouse fibroblasts (iNPCs) into the murine brain with TBI reduces the density of inflammatory (M1-like) microglia (TNF-α+/IBA1+) and increases the density of IGF1+ (insulin growth factor 1) microglia, which are associated with trophic neuroprotective effect (Gao et al., 2017). Additional reports demonstrate transplanted NPCs in a mouse model of TBI show decrease in myeloid cells expressing CD86 and CD16/32, which are associated with pro-inflammatory state, and an increase in myeloid cells expressing CD206 and Arg1 (arginase 1), which are associated with repair or anti-inflammatory state (Gao et al., 2016). In agreement, transplantation of human neural stem cell line CTX0E03, but not fibroblasts, into quinolinic acid-lesioned rat striatum (model of Huntington’s disease) decreased inflammatory (M1-like) iNOS+ and increased repair (M2-like) CD206+ microglia/macrophages (Yoon et al., 2020). Rodents with SCI followed by NPC transplantation display (i) a drastic decrease in inflammatory M1-like macrophages, but not a significant change in repair M2-like macrophages; (ii) an increased proportion of ramified microglia; and (iii) reduced expression of P2X4, a purinergic receptor known to be upregulated in reactive microglia (Ulmann et al., 2008; Cusimano et al., 2012; Martínez-Rojas et al., 2022). Finally, transplantation of a cocktail of NPC-like cells derived from bone marrow and engineered to express molecules involved in inflammatory response modulation (NT-3 [neurotrophin-3], IL-10 and LINGO-1-Fc [Leucine rich repeat and Immunoglobin-like domain-containing protein 1]) suppresses murine EAE at least in part via decreasing iNOS+ inflammatory M1-like microglia and increasing Arg1+ repair M2-like microglia (Li et al., 2016). Thus, transplanted NPCs may tip the balance between inflammatory and repair microglia/macrophages leading to a change in neuroinflammatory environment and beneficial recovery from CNS injury (Figure 1).



Role of endogenous NPCs in regulating microglia biology

With regard to endogenous NPCs, Brousse et al. (2021) have shown that the density of reactive microglia in the demyelinated corpus callosum of 2–4-month old mice is inversely proportional to the SVZ NPC density. While ablation of SVZ NPCs via ganciclovir infusion in healthy adult mice, which express thymidine kinase (TK) under the control of the NPC-specific Nestin promoter, does not lead to changes in microglia numbers (Butti et al., 2012), ablation of SVZ NPCs under pathological conditions, such as with TBI, results in fewer IBA1+ microglia and/or macrophages at the injury site (Dixon et al., 2015). In the developing brain, embryonic cortices with reduced basal progenitors achieved via constitutive knockouts of Emx2 or Pax6, or conditional Tbr2 knockout in NPCs, display a concomitant decrease in microglial cell numbers (Arnò et al., 2014). However, ganciclovir-mediated death of NPCs electroporated with TK expression vector leads to clustering and increased proliferation of microglia in the VZ-SVZ areas of the developing cortex (Arnò et al., 2014). In contrast, ganciclovir-mediated ablation of DCX+ neuroblasts, leads to abolishment of neurogenesis in SGZ and SVZ without any gross effect on the number of OX42+ microglia (Jin et al., 2010). Thus, it is possible that NPCs, and not neuroblasts, engage in cellular communication with microglia in neurogenic niches.

While often microglia and macrophages could not be distinguished in reports cited above, several elegant reports utilized co-culture of NPCs with isolated microglia or brain slices lacking macrophages. Wu et al. (2014) demonstrate NPCs co-cultured with murine adult brain slices in transwells increase expression of IBA1 and microglia migration. Media conditioned by murine neonatal cortical NPCs increase bead phagocytosis, density and proliferation of primary microglia and BV2 microglia-like cell line (Mosher et al., 2012). Interestingly, the secretome of microglia exposed to media conditioned by NPCs does not completely switch between inflammatory and repair profiles. Instead, NPC conditioned media causes multiple changes in secretion of both pro- and anti-inflammatory cytokines by primary microglia (Mosher et al., 2012). Finally, a cocktail of NPCs expressing NT-3, IL-10, and LINGO-1-Fc described above decreases expression levels of pro-inflammatory IL-1β, Nos2 (nitric oxide synthase 2) and TNF-α in transwell co-cultures with microglia and astrocytes (Li et al., 2016). These studies demonstrate NPCs directly affect microglial function in vitro through secretion of signaling molecules. Do NPC secreted molecules also have a similar effect in vivo? Mosher et al. (2012) demonstrate injection of NPCs or media conditioned by NPCs into the striatum of 2-month-old mice increases density, reactivity and proliferation of microglia (Figure 1).



The role of NPC secretome in regulating microglia function

What are the molecules that can be mediating these effects on microglia? During development, basal progenitors located in the embryonic cortical SVZ express CXCL12 (C-X-C motif chemokine ligand 12) to recruit microglia, which express CXCR4 (C-X-C chemokine receptor type 4), an obligate receptor for CXCL12 (Arnò et al., 2014). Overexpression of CXCL12 in radial glia and basal progenitors via in utero electroporation leads to increased microglial numbers in the VZ-SVZ. Conversely, pharmacological block of CXCL12/CXCR4 signaling through injection of AMD3100, a pharmacological inhibitor of CXCR4 signaling axis, or constitutive knockout of CXCL12 in radial glia and basal progenitors (GfapCre:Cxcl12flox/flox) reduces the numbers of cortical microglia (Arnò et al., 2014). In vitro experiments demonstrate CXCL12 primarily increases microglial chemotaxis (Arnò et al., 2014). In contrast, radial glia located in the VZ of embryonic cortex express MIF (macrophage migration inhibitory factor), which promotes microglia proliferation via CD74 receptor (Arnò et al., 2014). Together, these results highlight the importance of embryonic NPCs for microglial migration, proliferation and positioning into the germinal niches of the developing cortex.

The mechanism of NPC-mediated activation of microglia varies in the literature. McGinley et al. (2018) demonstrate that while intracranial transplantation of human NPCs into 12-week old mice that express amyloid precursor protein a mutant human presenilin 1 (mouse model of AD) increase the number of microglia that exhibit a reactive morphology, this effect is independent of pro-inflammatory mediators IL-1β and TNF-α. Gao et al. (2017) however, report that co-culture of mouse iNPCs with lipopolysaccharide (LPS) treated, but not basal, neonatal microglia in transwells results in reduced expression of the proinflammatory markers CD68, TNF-α, and phosphorylated p65 (Ser276) with a concomitant increase in the expression of IGF1 when compared to microglia cultured without iNPCs. Notably, the iNPCs, but not microglia, show elevated CXCR4 in co-culture conditions (Gao et al., 2017). This is not surprising since NPCs express many chemokine receptors (Watson et al., 2020). Mouse iNPCs pre-treated with AMD3100 fail to reduce the expression of pro-inflammatory markers in co-cultured microglia when compared to normal iNPCs. Finally, intracerebral injection of mouse iNPCs with CXCR4 knockdown into adult mice with closed head injury leads to increased numbers of total microglia and lower ratio of IGF1+ microglia when compared to control iNPC group (Gao et al., 2017). Thus, CXCR4 signaling axis in NPCs contributes to NPC-mediated microglial reactivity.

Brousse et al. (2021) show a subset of SVZ NPCs, which remain undifferentiated in the corpus callosum of adult cuprizone-demyelinated mice, express Mfge8 (milk fat globule-EGF factor eight protein), a known ligand that can modulate microglial function via Itgb3 (integrin subunit beta 3) receptor. They further elegantly demonstrate media conditioned by SVZ NPCs isolated from control mice and grown as neurospheres increases in vitro microglial phagocytosis of myelin debris, which is brought to control levels in media conditioned by SVZ NPCs cultured from Mfge8 knockout mice. Finally, they show re-supplementation of Mfge8 knockout SVZ NPC conditioned media with exogenous Mfge8 rescues this phagocytic phenotype (Brousse et al., 2021). Together, the results suggest that undifferentiated SVZ NPCs in demyelinated corpus callosum modulate the biology and function of microglia via the Mfge8-Itgb3 ligand-receptor interaction (Brousse et al., 2021). Intriguingly, ablation of SVZ NPCs via ganciclovir infusion in mice challenged with cuprizone-induced demyelination leads to decreased neuroprotection and increased axonal loss without changes in overall numbers of microglia (Butti et al., 2019). Whether this neuroprotective effect of SVZ NPCs is due to Mfge8-mediated modulation of microglial phagocytosis, as opposed to density of microglia, remains to be addressed.

Morton et al. (2018) demonstrate neonatal SVZ NPCs secrete small extracellular vesicles (EVs) in vitro and in vivo, which are preferentially taken up by microglia. Intracerebroventricular injection of EVs purified from media conditioned by N2a cells (Neuro2a, a mouse neuroblastoma cell line that can differentiate into neurons) or primary NPCs into neonatal mice leads to morphological changes in microglia than engulf them. Namely, these microglia lose their processes and become more rounded, which is indicative of activated phagocytic status (Morton et al., 2018). While a variety of different proteins, lipids and miRNAs are packaged into EVs, the authors demonstrate Let7 miRNA mimics the morphological changes in engulfing microglia as observed with entire NPC EVs preparation. With regards to transcriptional changes induced in microglia, RNA-sequencing analysis of microglia incubated with NPC EVs reveals ∼1,700 genes change their expression levels. The most enriched and overrepresented genes fall into immune system processes and inflammatory responses categories. These genes included IL-1α, IL-1β, and IL-6 (Morton et al., 2018). In a rat model of SCI, EVs purified from embryonic spinal cord NPCs and injected into the tail vein show reduced number of CD68+ microglia/macrophages and reduced expression of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α at the injury site. In vitro experiments demonstrate EVs derived from these NPCs can also reduce the production of nitric oxide (NO) by LPS-stimulated microglia (Rong et al., 2019). The differences in the effect of NPC EVs on density and activation status of microglia is most attributed to healthy vs. injured CNS, where microglia play varying homeostatic as well as damage- and regeneration-associated roles.

Lee et al. (2015) investigated the effect of NPCs on microglia function in vitro by using co-culture or transwell culture of LPS-activated BV2 microglia-like cell line with fetal human NPCs. In both cultures, presence of human NPCs or their conditioned media decreased expression of IL-1β, IL-6, TNF-α, and iNOS in LPS-activated microglia. The authors further showed human NPCs in these cultures expressed TGF-β1 (transforming growth factor beta-1), IL-4, IL-13, CX3CL1 (fractalkine), CD47, and CD200, which are known to have anti-inflammatory properties (Lee et al., 2015). Finally, co-culture of human NPCs with BV2 microglia-like cell line that have TGF-βR2, Sirpa (signal regulatory protein α, CD47 receptor) or CD200R1 receptors knocked down leads to a significant increase in the expression of microglial pro-inflammatory mediators, suggesting that NPCs may mediate microglia reactivity via TGFβ1, CD47, and/or CD200 (Lee et al., 2015).

Peruzzotti-Jametti et al. (2018) demonstrate transplantation of NPCs into EAE mice reduces the level of succinate in the cerebrospinal fluid (CSF) and subsequent infiltration of mononuclear phagocytes. Succinate is a metabolite that is usually accumulated in inflammatory mononuclear phagocytes and induces the expression of IL-1β via HIF-1α (Tannahill et al., 2013). To determine whether NPCs exhibited effect on mononuclear phagocyte activation via succinate, LPS-treated macrophages were co-cultured with NPCs in transwells and their metabolic and transcriptional changes were recorded. LPS-treated macrophages exhibit reduced basal oxygen consumption rate (OCR) and increased extracellular acidification rate (ECAR) when compared to basal macrophages. However, LPS-treated macrophages co-cultured with NPCs show restoration of both OCR and ECAR values, which is indicative of their anti-inflammatory phenotype. Furthermore, LC-MS analysis of LPS-treated macrophages co-cultured with NPCs show reduction of extracellular and intracellular succinate. Finally, RNA-sequencing analysis demonstrates these changes are concomitant with decrease in expression of pro-inflammatory markers, such as IL-1β, Nos2, and TNF-α, and increase in expression of anti-inflammatory markers, such as Arg1 (Peruzzotti-Jametti et al., 2018).

Finally, Zhou et al. (2022) show application of media conditioned by NPCs, which were differentiated from human embryonic stem cells, to BV2 microglia-like cell line reduced pro-inflammatory mediators expression in a PPAR-γ (peroxisome proliferator-activated receptor gamma) dependent manner. The authors further show NPCs secrete FABP5 (fatty acid binding protein 5), which functions via PPAR-γ (Forootan et al., 2016; Zhou et al., 2022). While the authors did not demonstrate that FABP5 is responsible for NPC-mediated decrease in pro-inflammatory microglial activation, they did demonstrate that addition of recombinant FABP5 prevented LPS-mediated expression of pro-inflammatory iNOS, IL-1β, IL-6, and TNF-α in a concentration dependent manner (Zhou et al., 2022).

In summary, the above-mentioned reports suggest that NPCs regulate microglia function primarily via secreted proteins, such as chemokines and cytokines, as well as extracellular vesicles and metabolites (Figure 1).



Conclusion

Reports discussed above indicate that NPCs exert immunomodulatory effect in the developing, injured, and degenerating CNS mainly via secreted factors. In the future, it would be valuable to determine the role of NPCs in modulating other immune cells that infiltrate aging or degenerating CNS. It will also be important to undertake a systematic analysis of all NPC secreted ligands (proteins, growth factors, miRNAs, etc.) and determine their effect on microglia function in a developing, healthy adult and injured brain. This information could be useful in both understanding the fundamental NPC-microglia communication and utilization of this information for potential therapies for degenerating or injured CNS that extends beyond regenerative (cell replacement) capacities of NPCs and capitalizes on their immunomodulatory properties. Moreover, it will also be important to consider the contribution of neuroinflammatory properties of fetal and adult NPCs to the pathology of neurodevelopmental disorders.



Author contributions

MA and AV: conceptualization and writing – original draft. MA, KG, and AV: writing – editing. KG: figure creation. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by MS Society of Canada operating grant (3573), CIHR operating grant (PS 166120), CIHR team grant (NEURON 161466 under the frame of Neuron Cofund) and Canada Research Chair award in Neural Stem Cell Biology awarded to AV. KG was funded by NSERC CGS-M and Women’s and Children’s Hospital Research Institute (WCHRI) graduate studentship.



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.



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

Adnani, L., Han, S., Li, S., Mattar, P., and Schuurmans, C. (2018). Mechanisms of cortical differentiation. Int. Rev. Cell Mol. Biol. 336, 223–320.

Alliot, F., Godin, I., and Pessac, B. (1999). Microglia derive from progenitors, originating from the yolk sac, and which proliferate in the brain. Brain Res. Dev. Brain Res. 117, 145–152.

Amici, S. A., Dong, J., and Guerau-de-Arellano, M. (2017). Molecular mechanisms modulating the phenotype of macrophages and microglia. Front. Immunol. 8:1520. doi: 10.3389/fimmu.2017.01520

Arandjelovic, S., and Ravichandran, K. S. (2015). Phagocytosis of apoptotic cells in homeostasis. Nat. Immunol. 16, 907–917.

Arnò, B., Grassivaro, F., Rossi, C., Bergamaschi, A., Castiglioni, V., Furlan, R., et al. (2014). Neural progenitor cells orchestrate microglia migration and positioning into the developing cortex. Nat. Commun. 5:5611. doi: 10.1038/ncomms6611

Auguste, Y. S. S., Ferro, A., Kahng, J. A., Xavier, A. M., Dixon, J. R., Vrudhula, U., et al. (2022). Oligodendrocyte precursor cells engulf synapses during circuit remodeling in mice. Nat. Neurosci. 25, 1273–1278.

Baaklini, C. S., Rawji, K. S., Duncan, G. J., Ho, M. F. S., and Plemel, J. R. (2019). Central nervous system remyelination: roles of glia and innate immune cells. Front. Mol. Neurosci. 12:225. doi: 10.3389/fnmol.2019.00225

Beier, E. E., Neal, M., Alam, G., Edler, M., Wu, L. J., and Richardson, J. R. (2017). Alternative microglial activation is associated with cessation of progressive dopamine neuron loss in mice systemically administered lipopolysaccharide. Neurobiol. Dis. 108, 115–127. doi: 10.1016/j.nbd.2017.08.009

Belenguer, G., Duart-Abadia, P., Jordán-Pla, A., Domingo-Muelas, A., Blasco-Chamarro, L., Ferrón, S. R., et al. (2021). Adult neural stem cells are alerted by systemic inflammation through TNF-α receptor signaling. Cell Stem Cell 28, 285.e9–299.e9. doi: 10.1016/j.stem.2020.10.016

Borhani-Haghighi, M., Mohamadi, Y., and Kashani, I. R. (2019). In utero transplantation of neural stem cells ameliorates maternal inflammation-induced prenatal white matter injury. J. Cell Biochem. 120, 12785–12795. doi: 10.1002/jcb.28548

Brousse, B., Mercier, O., Magalon, K., Daian, F., Durbec, P., and Cayre, M. (2021). Endogenous neural stem cells modulate microglia and protect against demyelination. Stem Cell Rep. 16, 1792–1804. doi: 10.1016/j.stemcr.2021.05.002

Butti, E., Bacigaluppi, M., Chaabane, L., Ruffini, F., Brambilla, E., Berera, G., et al. (2019). Neural stem cells of the subventricular zone contribute to neuroprotection of the corpus callosum after cuprizone-induced demyelination. J. Neurosci. 39, 5481–5492. doi: 10.1523/JNEUROSCI.0227-18.2019

Butti, E., Bacigaluppi, M., Rossi, S., Cambiaghi, M., Bari, M., Cebrian Silla, A., et al. (2012). Subventricular zone neural progenitors protect striatal neurons from glutamatergic excitotoxicity. Brain 135, 3320–3335. doi: 10.1093/brain/aws194

Capone, C., Frigerio, S., Fumagalli, S., Gelati, M., Principato, M. C., Storini, C., et al. (2007). Neurosphere-derived cells exert a neuroprotective action by changing the ischemic microenvironment. PLoS One 2:e373. doi: 10.1371/journal.pone.0000373

Chaker, Z., Codega, P., and Doetsch, F. (2016). A mosaic world: puzzles revealed by adult neural stem cell heterogeneity. WIREs Dev. Biol. 5, 640–658. doi: 10.1002/wdev.248

Chang, C. F., Wan, J., Li, Q., Renfroe, S. C., Heller, N. M., and Wang, J. (2017). Alternative activation-skewed microglia/macrophages promote hematoma resolution in experimental intracerebral hemorrhage. Neurobiol. Dis. 103, 54–69. doi: 10.1016/j.nbd.2017.03.016

Cunningham, C. L., Martínez-Cerdeño, V., and Noctor, S. C. (2013). Microglia regulate the number of neural precursor cells in the developing cerebral cortex. J. Neurosci. 33, 4216–4233.

Cusimano, M., Biziato, D., Brambilla, E., Donega, M., Alfaro-Cervello, C., Snider, S., et al. (2012). Transplanted neural stem/precursor cells instruct phagocytes and reduce secondary tissue damage in the injured spinal cord. Brain 135, 447–460. doi: 10.1093/brain/awr339

Daadi, M. M., Davis, A., Arac, A., Li, Z., Maag, A.-L., Bhatnagar, R., et al. (2010). Human neural stem cell grafts modify microglial response and enhance axonal sprouting in neonatal hypoxic-ischemic brain injury. Stroke 41, 516–523. doi: 10.1161/STROKEAHA.109.573691

de Almeida, M. M. A., Watson, A. E. S., Bibi, S., Dittmann, N. L., Goodkey, K., Sharafodinzadeh, P., et al. (2023). Fractalkine enhances oligodendrocyte regeneration and remyelination in a demyelination mouse model. Stem Cell Rep. 18, 519–533. doi: 10.1016/j.stemcr.2022.12.001

Dillenburg, A., Ireland, G., Holloway, R. K., Davies, C. L., Evans, F. L., Swire, M., et al. (2018). Activin receptors regulate the oligodendrocyte lineage in health and disease. Acta Neuropathol. 135, 887–906. doi: 10.1007/s00401-018-1813-3

Dittmann, N. L., Torabi, P., Watson, A. E. S., Yuzwa, S. A., and Voronova, A. (2023). Culture protocol and transcriptomic analysis of murine SVZ NPCs and OPCs. Stem Cell Rev Rep. doi: 10.1007/s12015-022-10492-z [Epub ahead of print].

Dixon, K. J., Theus, M. H., Nelersa, C. M., Mier, J., Travieso, L. G., Yu, T. S., et al. (2015). Endogenous neural stem/progenitor cells stabilize the cortical microenvironment after traumatic brain injury. J. Neurotrauma 32, 753–764. doi: 10.1089/neu.2014.3390

Fadok, V. A., Bratton, D. L., Konowal, A., Freed, P. W., Westcott, J. Y., and Henson, P. M. (1998). Macrophages that have ingested apoptotic cells in vitro inhibit proinflammatory cytokine production through autocrine/paracrine mechanisms involving TGF-beta, PGE2, and PAF. J. Clin. Invest. 101, 890–898. doi: 10.1172/JCI1112

Falcão, A. M., van Bruggen, D., Marques, S., Meijer, M., Jäkel, S., Agirre, E., et al. (2018). Disease-specific oligodendrocyte lineage cells arise in multiple sclerosis. Nat. Med. 24, 1837–1844. doi: 10.1038/s41591-018-0236-y

Fernandez-Castaneda, A., Chappell, M. S., Rosen, D. A., Seki, S. M., Beiter, R. M., Johanson, D. M., et al. (2020). The active contribution of OPCs to neuroinflammation is mediated by LRP1. Acta Neuropathol. 139, 365–382. doi: 10.1007/s00401-019-02073-1

Forootan, F. S., Forootan, S. S., Gou, X., Yang, J., Liu, B., Chen, D., et al. (2016). Fatty acid activated PPARγ promotes tumorigenicity of prostate cancer cells by up regulating VEGF via PPAR responsive elements of the promoter. Oncotarget 7, 9322–9339. doi: 10.18632/oncotarget.6975

Fuentealba, L. C., Rompani, S. B., Parraguez, J. I., Obernier, K., Romero, R., Cepko, C. L., et al. (2015). Embryonic origin of postnatal neural stem cells. Cell 161, 1644–1655.

Furutachi, S., Miya, H., Watanabe, T., Kawai, H., Yamasaki, N., Harada, Y., et al. (2015). Slowly dividing neural progenitors are an embryonic origin of adult neural stem cells. Nat. Neurosci. 18, 657–665.

Gage, F. H., and Temple, S. (2013). Neural stem cells: generating and regenerating the brain. Neuron 80, 588–601.

Gao, J., Grill, R. J., Dunn, T. J., Bedi, S., Labastida, J. A., Hetz, R. A., et al. (2016). Human neural stem cell transplantation-mediated alteration of microglial/macrophage phenotypes after traumatic brain injury. Cell Transplant 25, 1863–1877. doi: 10.3727/096368916X691150

Gao, M., Dong, Q., Yao, H., Zhang, Y., Yang, Y., Dang, Y., et al. (2017). Induced neural stem cells modulate microglia activation states via CXCL12/CXCR4 signaling. Brain Behav. Immun. 59, 288–299. doi: 10.1016/j.bbi.2016.09.020

Gauthier-Fisher, A., and Miller, F. D. (2013). “Chapter 19 - Environmental cues and signaling pathways that regulate neural precursor development,” in Patterning and Cell Type Specification in the Developing CNS and PNS, eds J. L. R. Rubenstein and P. Rakic (Oxford: Academic Press), 355–383.

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. Science 330, 841–845. doi: 10.1126/science.1194637

Giusto, E., Donega, M., Cossetti, C., and Pluchino, S. (2014). Neuro-immune interactions of neural stem cell transplants: from animal disease models to human trials. Exp. Neurol. 260, 19–32.

Grajchen, E., Wouters, E., van de Haterd, B., Haidar, M., Hardonnière, K., Dierckx, T., et al. (2020). CD36-mediated uptake of myelin debris by macrophages and microglia reduces neuroinflammation. J. Neuroinflammation 17:224. doi: 10.1186/s12974-020-01899-x

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, B. P., Manek, R., Kerr, B. J., Macauley, M. S., and Plemel, J. R. (2021). Regulation of microglia population dynamics throughout development, health, and disease. Glia 69, 2771–2797. doi: 10.1002/glia.24047

Hayakawa, K., Pham, L. D., Seo, J. H., Miyamoto, N., Maki, T., Terasaki, Y., et al. (2016). CD200 restrains macrophage attack on oligodendrocyte precursors via toll-like receptor 4 downregulation. J. Cereb. Blood Flow Metab. 36, 781–793. doi: 10.1177/0271678X15606148

Heß, K., Starost, L., Kieran, N. W., Thomas, C., Vincenten, M. C. J., Antel, J., et al. (2020). Lesion stage-dependent causes for impaired remyelination in MS. Acta Neuropathol. 140, 359–375. doi: 10.1007/s00401-020-02189-9

Jin, K., Wang, X., Xie, L., Mao, X. O., and Greenberg, D. A. (2010). Transgenic ablation of doublecortin-expressing cells suppresses adult neurogenesis and worsens stroke outcome in mice. Proc. Natl. Acad. Sci. U.S.A. 107, 7993–7998. doi: 10.1073/pnas.1000154107

Kaur, C., Rathnasamy, G., and Ling, E.-A. (2017). Biology of microglia in the developing brain. J. Neuropathol. Exp. Neurol. 76, 736–753.

Kessaris, N., Fogarty, M., Iannarelli, P., Grist, M., Wegner, M., and Richardson, W. D. (2006). Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic lineage. Nat. Neurosci. 9, 173–179. doi: 10.1038/nn1620

Kierdorf, K., Erny, D., Goldmann, T., Sander, V., Schulz, C., Perdiguero, E. G., et al. (2013). Microglia emerge from erythromyeloid precursors via Pu.1- and Irf8-dependent pathways. Nat. Neurosci. 16, 273–280. doi: 10.1038/nn.3318

Kirby, L., and Castelo-Branco, G. (2020). Crossing boundaries: interplay between the immune system and oligodendrocyte lineage cells. Semin Cell Dev. Biol. 116, 45–52. doi: 10.1016/j.semcdb.2020.10.013

Kirby, L., Jin, J., Cardona, J. G., Smith, M. D., Martin, K. A., Wang, J., et al. (2019). Oligodendrocyte precursor cells present antigen and are cytotoxic targets in inflammatory demyelination. Nat. Commun. 10, 3887–3887.

Kokaia, Z., Martino, G., Schwartz, M., and Lindvall, O. (2012). Cross-talk between neural stem cells and immune cells: the key to better brain repair? Nat. Neurosci. 15, 1078–1087. doi: 10.1038/nn.3163

Kopper, T. J., Zhang, B., Bailey, W. M., Bethel, K. E., and Gensel, J. C. (2021). The effects of myelin on macrophage activation are phenotypic specific via cPLA(2) in the context of spinal cord injury inflammation. Sci. Rep. 11:6341. doi: 10.1038/s41598-021-85863-6

Koutsoudaki, P. N., Papastefanaki, F., Stamatakis, A., Kouroupi, G., Xingi, E., Stylianopoulou, F., et al. (2016). Neural stem/progenitor cells differentiate into oligodendrocytes, reduce inflammation, and ameliorate learning deficits after transplantation in a mouse model of traumatic brain injury. Glia 64, 763–779. doi: 10.1002/glia.22959

Lagace, D. C. (2012). Does the endogenous neurogenic response alter behavioral recovery following stroke? Behav. Brain Res. 227, 426–432.

Lampron, A., Larochelle, A., Laflamme, N., Prefontaine, P., Plante, M. M., Sanchez, M. G., et al. (2015). Inefficient clearance of myelin debris by microglia impairs remyelinating processes. J. Exp. Med. 212, 481–495. doi: 10.1084/jem.20141656

Lee, I.-S., Jung, K., Kim, I.-S., Lee, H., Kim, M., Yun, S., et al. (2015). Human neural stem cells alleviate Alzheimer-like pathology in a mouse model. Mol. Neurodegener. 10:38. doi: 10.1186/s13024-015-0035-6

Levitt, P., and Rakic, P. (1980). Immunoperoxidase localization of glial fibrillary acidic protein in radial glial cells and astrocytes of the developing rhesus monkey brain. J. Comp. Neurol. 193, 815–840. doi: 10.1002/cne.901930316

Li, X., Zhang, Y., Yan, Y., Ciric, B., Ma, C.-G., Gran, B., et al. (2016). Neural stem cells engineered to express three chronic stage CNS autoimmunity. Mol. Ther. 24, 1456–1469. doi: 10.1038/mt.2016.104

Li, Y., Zhang, R., Hou, X., Zhang, Y., Ding, F., Li, F., et al. (2017). Microglia activation triggers oligodendrocyte precursor cells apoptosis via HSP60. Mol. Med. Rep. 16, 603–608. doi: 10.3892/mmr.2017.6673

Lin, K., Bieri, G., Gontier, G., Müller, S., Smith, L. K., Snethlage, C. E., et al. (2021). MHC class I H2-Kb negatively regulates neural progenitor cell proliferation by inhibiting FGFR signaling. PLoS Biol. 19:e3001311. doi: 10.1371/journal.pbio.3001311

Lindsey, B. W., Hall, Z. J., Heuzé, A., Joly, J. S., Tropepe, V., and Kaslin, J. (2018). The role of neuro-epithelial-like and radial-glial stem and progenitor cells in development, plasticity, and repair. Prog. Neurobiol. 170, 99–114. doi: 10.1016/j.pneurobio.2018.06.004

Lloyd, A. F., Davies, C. L., Holloway, R. K., Labrak, Y., Ireland, G., Carradori, D., et al. (2019). Central nervous system regeneration is driven by microglia necroptosis and repopulation. Nat. Neurosci. 22, 1046–1052. doi: 10.1038/s41593-019-0418-z

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.

Malatesta, P., and Götz, M. (2013). Radial glia - from boring cables to stem cell stars. Development 140, 483–486. doi: 10.1242/dev.085852

Marteyn, A., Sarrazin, N., Yan, J., Bachelin, C., Deboux, C., Santin, M. D., et al. (2016). Modulation of the innate immune response by human neural precursors prevails over oligodendrocyte progenitor remyelination to rescue a severe model of pelizaeus-Merzbacher disease. Stem Cells 34, 984–996. doi: 10.1002/stem.2263

Martínez-Rojas, B., Giraldo, E., Grillo-Risco, R., Hidalgo, M. R., López-Mocholi, E., Alastrue-Agudo, A., et al. (2022). NPC transplantation rescues sci-driven cAMP/EPAC2 alterations, leading to neuroprotection and microglial modulation. Cell Mol. Life Sci. 79:455. doi: 10.1007/s00018-022-04494-w

Martino, G., Pluchino, S., Bonfanti, L., and Schwartz, M. (2011). Brain regeneration in physiology and pathology: the immune signature driving therapeutic plasticity of neural stem cells. Physiol. Rev. 91, 1281–1304. doi: 10.1152/physrev.00032.2010

McGinley, L. M., Kashlan, O. N., Bruno, E. S., Chen, K. S., Hayes, J. M., Kashlan, S. R., et al. (2018). Human neural stem cell transplantation improves cognition in a murine model of Alzheimer’s disease. Sci. Rep. 8:14776. doi: 10.1038/s41598-018-33017-6

Mehl, L. C., Manjally, A. V., Bouadi, O., Gibson, E. M., and Leng Tay, T. (2022). Microglia in brain development and regeneration. Development 149:dev200425.

Michell-Robinson, M. A., Touil, H., Healy, L. M., Owen, D. R., Durafourt, B. A., Bar-Or, A., et al. (2015). Roles of microglia in brain development, tissue maintenance and repair. Brain 138, 1138–1159.

Miron, V. E. (2017). Microglia-driven regulation of oligodendrocyte lineage cells, myelination, and remyelination. J. Leukoc Biol. 101, 1103–1108. doi: 10.1189/jlb.3RI1116-494R

Miron, V. E., Boyd, A., Zhao, J. W., Yuen, T. J., Ruckh, J. M., Shadrach, J. L., et al. (2013). M2 microglia and macrophages drive oligodendrocyte differentiation during CNS remyelination. Nat. Neurosci. 16, 1211–1218. doi: 10.1038/nn.3469

Morton, M. C., Neckles, V. N., Seluzicki, C. M., Holmberg, J. C., and Feliciano, D. M. (2018). Neonatal subventricular zone neural stem cells release extracellular vesicles that act as a microglial morphogen. Cell Rep. 23, 78–89. doi: 10.1016/j.celrep.2018.03.037

Mosher, K. I., Andres, R. H., Fukuhara, T., Bieri, G., Hasegawa-Moriyama, M., He, Y., et al. (2012). Neural progenitor cells regulate microglia functions and activity. Nat. Neurosci. 15, 1485–1487.

Nemes-Baran, A. D., White, D. R., and DeSilva, T. M. (2020). Fractalkine-dependent microglial pruning of viable oligodendrocyte progenitor cells regulates myelination. Cell Rep. 32:108047. doi: 10.1016/j.celrep.2020.108047

Nicaise, A. M., Willis, C. M., Crocker, S. J., and Pluchino, S. (2020). Stem cells of the aging brain. Front. Aging Neurosci. 12:247. doi: 10.3389/fnagi.2020.00247

Obernier, K., and Alvarez-Buylla, A. (2019). Neural stem cells: origin, heterogeneity and regulation in the adult mammalian brain. Development 146:dev156059.

Paolicelli, R. C., Sierra, A., Stevens, B., Tremblay, M. E., Aguzzi, A., Ajami, B., et al. (2022). Microglia states and nomenclature: a field at its crossroads. Neuron 110, 3458–3483. doi: 10.1016/j.neuron.2022.10.020

Pérez-Rodríguez, D. R., Blanco-Luquin, I., and Mendioroz, M. (2021). The participation of microglia in neurogenesis: a review. Brain Sci. 11:658.

Peruzzotti-Jametti, L., Bernstock, J. D., Vicario, N., Costa, A. S. H., Kwok, C. K., Leonardi, T., et al. (2018). Macrophage-derived extracellular succinate licenses neural stem cells to suppress chronic neuroinflammation. Cell Stem Cell 22, 355.e13–368.e13. doi: 10.1016/j.stem.2018.01.020

Plemel, J. R., Manesh, S. B., Sparling, J. S., and Tetzlaff, W. (2013). Myelin inhibits oligodendroglial maturation and regulates oligodendrocytic transcription factor expression. Glia 61, 1471–1487.

Pluchino, S., Gritti, A., Blezer, E., Amadio, S., Brambilla, E., Borsellino, G., et al. (2009). Human neural stem cells ameliorate autoimmune encephalomyelitis in non-human primates. Ann. Neurol. 66, 343–354. doi: 10.1002/ana.21745

Pluchino, S., Quattrini, A., Brambilla, E., Gritti, A., Salani, G., Dina, G., et al. (2003). Injection of adult neurospheres induces recovery in a chronic model of multiple sclerosis. Nature 422, 688–694. doi: 10.1038/nature01552

Pluchino, S., Zanotti, L., Rossi, B., Brambilla, E., Ottoboni, L., Salani, G., et al. (2005). Neurosphere-derived multipotent precursors promote neuroprotection by an immunomodulatory mechanism. Nature 436, 266–271. doi: 10.1038/nature03889

Rawji, K. S., and Yong, V. W. (2013). The benefits and detriments of macrophages/microglia in models of multiple sclerosis. Clin. Dev. Immunol. 2013:948976. doi: 10.1155/2013/948976

Rawji, K. S., Young, A. M. H., Ghosh, T., Michaels, N. J., Mirzaei, R., Kappen, J., et al. (2020). Niacin-mediated rejuvenation of macrophage/microglia enhances remyelination of the aging central nervous system. Acta Neuropathol. 139, 893–909.

Revuelta, M., Urrutia, J., Villarroel, A., and Casis, O. (2022). Microglia-mediated inflammation and neural stem cell differentiation in Alzheimer’s disease: possible therapeutic role of KV1.3 channel blockade. Front. Cell. Neurosci. 16:e868842. doi: 10.3389/fncel.2022.868842

Rong, Y., Liu, W., Wang, J., Fan, J., Luo, Y., Li, L., et al. (2019). Neural stem cell-derived small extracellular vesicles attenuate apoptosis and neuroin fl ammation after traumatic spinal cord injury by activating autophagy. Cell Death Dis. 10:340. doi: 10.1038/s41419-019-1571-8

Rosin, J. M., Sinha, S., Biernaskie, J., and Kurrasch, D. M. (2021). A subpopulation of embryonic microglia respond to maternal stress and influence nearby neural progenitors. Dev. Cell 56, 1326.e6–1345.e6. doi: 10.1016/j.devcel.2021.03.018

Saijo, K., and Glass, C. K. (2011). Microglial cell origin and phenotypes in health and disease. Nat. Rev. Immunol. 11, 775–787.

Schmidt, S. I., Bogetofte, H., Ritter, L., Agergaard, J. B., Hammerich, D., Kabiljagic, A. A., et al. (2021). Microglia-secreted factors enhance dopaminergic differentiation of tissue- and iPSC-derived human neural stem cells. Stem Cell Rep. 16, 281–294. doi: 10.1016/j.stemcr.2020.12.011

Shabab, T., Khanabdali, R., Moghadamtousi, S. Z., Kadir, H. A., and Mohan, G. (2017). Neuroinflammation pathways: a general review. Int. J. Neurosci. 127, 624–633.

Shahriary, G. M., Kataria, H., and Karimi-Abdolrezaee, S. (2019). Neuregulin-1 fosters supportive interactions between microglia and neural stem/progenitor cells. Stem Cells Int. 2019, 1–20. doi: 10.1155/2019/8397158

Shariq, M., Sahasrabuddhe, V., Krishna, S., Radha, S., Nruthyathi Bellampalli, R., et al. (2021). Adult neural stem cells have latent inflammatory potential that is kept suppressed by Tcf4 to facilitate adult neurogenesis. Sci. Adv. 7:eabf5606. doi: 10.1126/sciadv.abf5606

Sherafat, A., Pfeiffer, F., Reiss, A. M., Wood, W. M., and Nishiyama, A. (2021). Microglial neuropilin-1 promotes oligodendrocyte expansion during development and remyelination by trans-activating platelet-derived growth factor receptor. Nat. Commun. 12:2265. doi: 10.1038/s41467-021-22532-2

Sirerol-Piquer, M. S., Belenguer, G., Morante-Redolat, J. M., Duart-Abadia, P., Perez-Villalba, A., and Fariñas, I. (2019). Physiological interactions between microglia and neural stem cells in the adult subependymal niche. Neuroscience 405, 77–91. doi: 10.1016/j.neuroscience.2019.01.009

Su, P., Zhang, J., Zhao, F., Aschner, M., Chen, J., and Luo, W. (2014). The interaction between microglia and neural stem/precursor cells. Brain Res. Bull. 109, 32–38.

Tang, Y., and Le, W. (2016). Differential roles of M1 and M2 microglia in neurodegenerative diseases. Mol. Neurobiol. 53, 1181–1194.

Tannahill, G. M., Curtis, A. M., Adamik, J., Palsson-McDermott, E. M., McGettrick, A. F., Goel, G., et al. (2013). Succinate is an inflammatory signal that induces IL-1beta through HIF-1alpha. Nature 496, 238–242.

Ulmann, L., Hatcher, J. P., Hughes, J. P., Chaumont, S., Green, P. J., Conquet, F., et al. (2008). Up-regulation of P2X4 receptors in spinal microglia after peripheral nerve injury mediates BDNF release and neuropathic pain. J. Neurosci. 28, 11263–11268. doi: 10.1523/JNEUROSCI.2308-08.2008

Watson, A. E. S., de Almeida, M. M. A., Dittmann, N. L., Li, Y., Torabi, P., Footz, T., et al. (2021). Fractalkine signaling regulates oligodendroglial cell genesis from SVZ precursor cells. Stem Cell Rep. 16, 1968–1984. doi: 10.1016/j.stemcr.2021.06.010

Watson, A. E. S., Goodkey, K., Footz, T., and Voronova, A. (2020). Regulation of CNS precursor function by neuronal chemokines. Neurosci. Lett. 715:134533.

Willis, C. M., Nicaise, A. M., Krzak, G., Ionescu, R. B., Pappa, V., D’Angelo, A., et al. (2022). Soluble factors influencing the neural stem cell niche in brain physiology, inflammation, and aging. Exp. Neurol. 355:114124. doi: 10.1016/j.expneurol.2022.114124

Wu, H. M., Zhang, L. F., Ding, P. S., Liu, Y. J., Wu, X., and Zhou, J. N. (2014). Microglial activation mediates host neuronal survival induced by neural stem cells. J. Cell Mol. Med. 18, 1300–1312.

Xapelli, S., Diógenes, M. J., Crunelli, V., Fitzsimons, C. P., and Vaz, S. H. (2020). Editorial: glial and neural stem cells as new therapeutic targets for neurodegenerative disorders. Front. Cell Neurosci. 14:71. doi: 10.3389/fncel.2020.00071

Yoon, Y., Kim, H. S., Jeon, I., Noh, J. E., Park, H. J., Lee, S., et al. (2020). Implantation of the clinical-grade human neural stem cell line, CTX0E03, rescues the behavioral and pathological deficits in the quinolinic acid-lesioned rodent model of Huntington’s disease. Stem Cells 38, 936–947. doi: 10.1002/stem.3191

Yuzwa, S. A., Borrett, M. J., Innes, B. T., Voronova, A., Ketela, T., Kaplan, D. R., et al. (2017). Developmental emergence of adult neural stem cells as revealed by single-cell transcriptional profiling. Cell Rep. 21, 3970–3986. doi: 10.1016/j.celrep.2017.12.017

Zhou, J., Ni, W., Ling, Y., Lv, X., Niu, D., Zeng, Y., et al. (2022). Human neural stem cell secretome inhibits lipopolysaccharide-induced neuroinflammation through modulating microglia polarization by activating peroxisome proliferator-activated receptor gamma. Stem Cells Dev. 31, 369–382. doi: 10.1089/scd.2022.0081

Zuo, F. X., Bao, X. J., Sun, X. C., Wu, J., Bai, Q. R., Chen, G., et al. (2015). Transplantation of human neural stem cells in a parkinsonian model exerts neuroprotection via regulation of the host microenvironment. Int. J. Mol. Sci. 16, 26473–26492. doi: 10.3390/ijms161125966


OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Regulation of microglia function by neural stem cells



		Neural stem and precursor cells build and regenerate the brain



		Role of microglia in regulating NPC biology



		“Immune” roles of NPCs in CNS development and regeneration



		Effect of transplanted NPCs on microglia fates



		Role of endogenous NPCs in regulating microglia biology



		The role of NPC secretome in regulating microglia function



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















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













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







OPS/images/fncel-17-1130205-g001.jpg
A Effect of transplanted NPCs on microglia fates

w /\m NPC

* Traumatic brain injury

+ Huntington's disease
v EAE
+ Spinal cord injury

-Microglia Inflammatory

< abundance M1-like Pelizaeus-Merzbacher
4 Cerebral ischemia microglia ' disease
abundance

* Alzheimer's disease

+ Traumatic brain injury f Traumatic brain injury
+ Spinal cord injury f Huntington's disease
+ Parkinson's disease Repair * EAE

v Neuroinflammation M2-like Pelizaeus-Merzbacher

. , microglia disease
{ Pelizaeus-Merzbacher disease abundance

B Role of endogenous NPCs in regulating microglia biology

Loss of NPC invivo :+  Addition of NPC in vitro
:  NPCCM NPC
, Microglia ', .. | slice
i v culture A Al culture
~ Microglia . / \ / \
“abundance |
+ Developing cortex E T%}: T %ﬁ
Developing SVZ-VZ : Density IBAT expression
. o ' Proliferation Migration
+ Traumatic brain injury : Phagocytosis

C The role of NPC secretome in regulating microglia function

«\“a

CXCR4/CXCL1 2

MlCI’OQ|la chemotaxus

morphology

‘ : : ) Inflammatory Repair . .
Change in microglia M1-like = M2-like Modulate microglia

Microglia polarization

Mfge8 %é
) _' \ \ ”; 'f)

Microglia Phagocytosns

% Increase
reactivity v Decrease






