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Cerebral ischemia may cause irreversible neural network damage and result in functional deficits. Targeting neuronal repair after stroke potentiates the formation of new connections, which can be translated into a better functional outcome. Innate and adaptive immune responses in the brain and the periphery triggered by ischemic damage participate in regulating neural repair after a stroke. Immune cells in the blood circulation and gut lymphatic tissues that have been shaped by immune components including gut microbiota and metabolites can infiltrate the ischemic brain and, once there, influence neuronal regeneration either directly or by modulating the properties of brain-resident immune cells. Immune-related signalings and metabolites from the gut microbiota can also directly alter the phenotypes of resident immune cells to promote neuronal regeneration. In this review, we discuss several potential mechanisms through which peripheral and brain-resident immune components can cooperate to promote first the resolution of neuroinflammation and subsequently to improved neural regeneration and a better functional recovery. We propose that new insights into discovery of regulators targeting pro-regenerative process in this complex neuro-immune network may lead to novel strategies for neuronal regeneration.

Keywords: brain, peripheral, immune system, gut microbiota, communication, stroke, neuronal regeneration


INTRODUCTION

Stroke is one of the leading causes of functional deficits and death for aged populations. The lack of blood flow in ischemic conditions causes irreversible damage to neurons, and this disrupts the functioning of many neuronal networks. As a result, more and more attention has been paid in searching for therapies that can promote neuroplasticity. SVZ (subventricular zone) and SGZ (subgranular zone) are important areas for the proliferation of NPCs (neural precursor cells). The robustly increased proliferation of NPCs in these areas serves as the first step of neurogenesis after an ischemic stroke, and then newly generated neuroblasts migrate to the peri-infarct area, differentiate into mature neurons, and finally are able to compensate for the damaged neural network (1). Axonal regeneration is another critical component of the post-stroke neuronal regeneration process. This refers to certain conditions such as budding, growth and extension, and re-contacting of axons with their target cells to re-establish neural control and restore functions. These newly generated connections provide an anatomical basis for compensating for the loss of function after stroke. Therefore, both positive and negative regulators of neuronal regeneration need to be manipulated if one hopes to achieve a better functional outcome.

Previous studies have mainly focused on promoting neuroplasticity through growth factors and neurotrophic factors. These growth factors and neurotrophic factors also have immunomodulatory effects. Neurotrophic factors from NGF (nerve growth factor), GDNF (glial cell-derived neurotrophic factor), and BDNF (brain-derived neurotrophic factor) may attenuate the neurotoxic inflammatory response after a stroke (2). The brain also has its own resident immune cells such as microglia. Microglia together with infiltrated immune components initiate the immune response in the ischemic brain. However, changes in immune components are not only present in brain. Brain antigens can also be captured by peripheral immune cells and shape peripheral immune environment (3). This long-lasting immunological communication between brain and the periphery has been studied to mitigate ischemic injury in previous studies and also provides a new target for strengthening the repair process during the late stage of stroke (4, 5). As a result, either strengthening the repair-promoting immune responses or weakening the neurotoxic immune responses may promote neuroplasticity after stroke. Gut microbiota and their metabolites are also essential components of this repair system. As well as having a regulatory effect on the gastrointestinal tract, altered gut microbiota can also regulate brain function through neural, metabolic, endocrine, and immune mechanisms via the brain–gut axis (6). Recent studies have revealed that there are changes in gut microbiota related with the brain damage caused by a stroke and, furthermore, that these can influence the functional outcome after a stroke (7). The mechanisms by which gut microbiota influence functional recovery after a stroke are not fully clarified; their pivotal roles in bi-directional neuro-immune crosstalk are thought to regulate the integration and function of neural networks. Here, we first review some of the evidence emerging from experiments examining how communications between the peripheral immune response and neuroinflammation after stroke might be beneficial for neuronal regeneration and the functional recovery after a stroke. Then, the roles of gut microbiota in this immunological crosstalk are discussed. Finally, the potential benefits of immunomodulatory therapy will also be evaluated in this review. An overview of the bi-directional neuro-immune communications occurs in neuronal repair after stroke is schematized in Figure 1.
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FIGURE 1. Brain and peripheral immune responses cooperate to repair a neural network damaged by ischemia: the inflammatory response triggered by neural debris may cause alterations in both brain and peripheral immune components. In the subacute or chronic stage of stroke, peripheral immune cells, cytokines, or microbiota metabolites from bone marrow, blood circulation, or gut can infiltrate the stroke-damaged brain and promote a bi-directional communication between resident and infiltrated cells. Then, the infiltrated cells can either exert direct regulatory effects on neurons or promote regulatory effects on the polarization of resident immune cells to initiate neuronal repair.




PERIPHERAL IMMUNE COMPONENTS INFLUENCE NEURONAL REPAIR AFTER STROKE


Infiltrating Peripheral Immune Cells and Their Functions After Stroke

There is evidence pointing to the existence of communications between immune components in brain and peripheral circulation, and thus, it may be possible to target these systemic immune responses as a way of influencing the stroke outcome. Following cerebral ischemia and reperfusion damage, resting microglia are activated and release chemo-attractive cytokines; this allows the infiltration of peripheral myeloid cells through the disrupted blood–brain barrier and initiates the innate stage of immune response (8). After the innate stage, the release of brain antigens causes dendritic cell (DC) precursors to infiltrate quickly into the brain; these cells exist in the brain for a long time and it has been claimed that they determine stroke outcome by influencing the long-term T cell response (9). Brain antigens can also be captured by antigen-presenting cells in cervical lymph nodes; these are subsequently presented to different types of T cells in the cervical lymph nodes to initiate an adaptive immune response (3). In this section, we will review the infiltration of immune cells and their functions in detail.


Monocytes and Macrophages

In the acute phase of stroke, bone marrow-derived peripheral monocytes are recruited into the brain through a CCR2 (chemokine receptor 2)-dependent mechanism and their numbers peak at day 3 to day 4 after stroke (10). The two subtypes of Mo/MΦ (monocyte/macrophage) have different spatial distributions: CCR2+ Mo/MΦ are mainly located in the ischemic core and can be switched into alternatively active CX3CR1+ Mo/MΦ in the subacute and chronic phase, while CX3CR1+ Mo/MΦ mainly surround the ischemic area (11). The long-term existence of infiltrated Mo/MΦ suggests that they can also participate in neural repair after stroke. Infiltrated Mo/MΦ first upregulate wound-healing genes and then shift to pro-inflammatory ones in the ischemic microenvironment, leading to neurotoxic inflammatory injury and compromised endogenous neurogenesis (12, 13). However, they gradually switch into an anti-inflammatory and pro-regenerative phenotype and contribute to the neural repair process in chronic stage (14). These cells cooperate with resident microglia and macrophage to promote neuroinflammation resolution through efferocytosis of neural debris, and then they show a genomic reprogram and upregulate genes related with neurovascular plasticity biological processes (15, 16). CCL2/CCR2 signaling, which mediates the invasion of monocytes, has been demonstrated to promote neural differentiation and neurite elongation (17). The functions of Mo/MΦ have been further demonstrated by the fact that after CCR2 antagonist treatment, there is a suppression of neural repair and a worse outcome (18). Mo/MΦ also cooperate with other immune cells such as regulatory T cells to potentiate neuro-regeneration. Monocyte-derived macrophages regulate the recruitment of regulatory T cells into damaged CNS tissues, which is also beneficial for the repair process after stroke (19). Collectively, infiltrated Mo/MΦ functions alone or through interaction, show a beneficial effect in the post-stroke neural repair process. Future studies can be conducted from two perspectives: The first is identifying the precise time course of pro-regenerative Mo/MΦ activation. The second is finding extracellular and intracellular signalings that control the pro-regenerative conversion of infiltrated Mo/MΦ.



Regulatory T Cells

In stroke models, it has been demonstrated that immune components in both the brain and periphery can communicate and contribute to the expansion of Treg cells, leading to a long-term immunomodulatory effect after stroke (20). The massive accumulation and infiltration of lymphocytes can persist in ischemic brain even in the delayed phase after a stroke (4). Anti-inflammatory cytokines from regulatory T cells such as IL-10 and TGF-β interact with both positive and negative regulators of neural regeneration and influence the repair process after a stroke. After binding to its receptor, the classic anti-inflammatory cytokine, IL-10, protects neurons from apoptosis after ischemic injury, promotes neural stem cell proliferation in SVZ, and promotes neural progenitor differentiation and neurite outgrowth through phosphorylating PI3K/AKT and JAK/STAT-3 (21–23). IL-10 also neutralizes the properties of pro-inflammatory cytokines and increases the levels of nerve growth factors to preserve neural integration by the inhibition of caspase-3 activity (24). Therefore, a specific depletion of regulatory T cells can lead to a reduction in the number of NPCs (25). TGF-β is another anti-inflammatory cytokine with growth-promoting properties. The anti-inflammatory effect of TGF-β may limit neuroinflammation during the subacute phase after a stroke. GDF10 (growth and differentiation factor 10) is a member of the TGFβ superfamily; its levels are upregulated in the peri-infarct area during the initiation of axonal sprouting (26). GDF10 downregulates PTEN, upregulates PI3K signaling, and induces axonal guidance factors to promote axonal sprouting after ischemic damage (26). However, another key member of the TGFβ superfamily, BMPs (bone morphogenetic proteins), exerts an inhibitory effect on brain repair. The increased expression of BMPs can be detected from 1 week after the stroke and lasts for 4 weeks; these agents participate in the repair process by modulating astrogliosis (27). Treatment with noggin, an endogenous antagonist of BMP, was able to attenuate glial scar formation, increase axon growth-related protein GAP-43, and elevate the number of M2 microglia present in ipsilateral ischemic brain (28), which are all beneficial with respect to axonal repair. Noggin also shifted reactive microglia to an iron-releasing state and promoted remyelination in the ischemic brain (29). In addition to the anti-inflammatory cytokines, other products from Treg cells are also beneficial for neural network reconstruction after stroke. CCN3 (Cellular Communication Network Factor 3) from Treg cells has been confirmed to contribute to the axonal and myelin repair process following an ischemic injury (30). Hence, regulatory T cells and their products may provide new perspectives for neuronal regeneration after stroke.



Cytokines From Infiltrated Immune Cells

After a stroke, DAMPs (damage-associated molecular patterns) released from cellular debris cause IL-23 secretion from microglia and macrophage via TLRs (Toll-like receptors), and then brain-resident microglia, infiltrating Th17 cells, and γδ T cells activated by IL-23 can release the neurotoxic inflammatory cytokines (31). NF-κB and CREB are essential transcription factors in inflammatory cascades; inflammatory factors like IL-17, IL-1, and IFNγ may shift the balance between NF-κB and CREB toward NF-κB domination until the chronic phase of stroke, which may cause neural damage and inhibit neural plasticity (32). After binding to endothelial IL-1R1 (interleukin 1 receptor, type I), IL-1 triggers the release of pro-inflammatory factors from activated microglia, promotes the invasion of leukocytes, and exerts inhibitory effects on neurogenesis (33). Pro-inflammatory IFNγ can cause neurodegeneration and mediate the detrimental effects of T cells on neurogenesis in the SVZ area (34). Some existing evidence support the proposal that inhibiting NF-κB-mediated inflammatory cascades seems to be a promising approach to potentiate post-stroke neural repair process. Elevated CREB concentration promotes axonal circuit plasticity and improves functional recovery after a stroke (35). The potential mechanism can be attributed to the downregulation of inhibitors of axonal regeneration including MAG (myelin-associated glycoprotein), Nogo, and oligodendrocyte myelin glycoprotein, and induction of neural repair-related FGF (fibroblast growth factors), GDNF, and their receptors (35, 36). Stimulating axon outgrowth and neurogenesis-related PI3K signaling also upregulates CREB and downregulates NF-κB through GSK-3β inhibition, which also polarizes microglia so that they adopt a repair-related M2 subtype (37). In addition to NF-κB, inflammatory cytokines can also inhibit axonal growth through the inhibition of TGF-β-induced Smad2/3 and p38 MAPK signaling (38).

However, there is evidence to suggest pro-inflammatory cytokines in contrast to their detrimental effects may also be a positive regulator of neuroplasticity. Elevated levels of IL-6 and TNF-α in the spinal cord after stroke upregulate the concentrations of GAP-43 (growth-associated protein 43), NT-3 (neurotrophin-3), and BDNF, all of which are known to be involved in spinal axonal plasticity and lead to better spontaneous post-stroke recovery (39). After neutralizing IL-6 with a specific antibody, the proliferation and differentiation of neural stem cells in SVZ was found to be significantly attenuated (40). A recent study about brain repair after traumatic brain injury suggests that repopulated microglia may serve as an important source of IL-6 and initiate pro-regenerative IL-6 trans-signaling, and then the IL-6/sIL-6R complex in neurons activated gp130 and downstream STAT3 pathway to promote the repair of injured brain (41). All these suggest that stroke-induced neuroinflammation is a double-edged sword in neural functional recovery, and it should be precisely manipulated to create a favorable environment for neuro-regeneration.




Gut Microbiota as Potential Regulators of Neural Repair

More and more studies have shown that gut microbiota and their metabolites not only are an important part of the peripheral immune system but also exert a regulatory effect on the bi-directional gut–brain axis. Central nervous system diseases including stroke may cause a secondary dysfunction of gastrointestinal tract and alter the composition of the gut microbiota (42). A reduced diversity of microbiota species and an overgrowth of bacteria are the main features of post-stroke microbiota dysbiosis, which polarizes immune cells both in gut and brain to adopt a pro-inflammatory phenotype, and this may influence the stroke outcome (43). The leaky gut barrier caused by a stroke also leads to the translocation microbiota and metabolites to trigger neuroinflammation and a peripheral immune response (44). Accumulating evidence suggest that altering the gut microbiota composition can shape the local immune environment in the brain in favor of neurogenesis and axon growth after stroke because lymphocytes have been shown to migrate from gut to brain after stroke: Gut-derived CD4+ T cells migrate to meninges and control the balance between M1 and M2 microglia/macrophage after ischemic injury (45). Transplantation of dysbiotic microbiota into germ-free mice was claimed to shift T cells in gut and brain so that they adopted a pro-inflammatory polarization and enlarged the area of infarct (43). In contrast, treatment with gut-derived Prevotella histicola suppressed neuroinflammation; the mechanism was mediated by a regulation of systemic immune responses due to an increase in anti-inflammatory cells like Treg cells (46). The PSA (polysaccharide A) present on Bacteroides fragilis may stimulate the migration of CD103 expressing DCs to cervical lymph nodes and may inhibit demyelination by promoting the conversion of native CD4+ T cells to Treg cells (47). In addition to T lymphocytes, macrophage and monocytes are also involved in the repair-promoting effect of gut microbiota. Mice treated with antibiotics or CCR2 antibody experience a decrease in neurogenesis due to the lower number of ly6chi monocytes (48).

A different form of immune-modulatory effect in the microbiota–gut–brain crosstalk can be exerted by the metabolites of gut microbiota, such as SCFAs (short-chain fatty acids). Gut microbiota are important potential mediators of adult neurogenesis after stroke, as evidenced by SCFA-enriched fecal microbiota transplantation or butyric acid supplement, which have both been able to promote neurological recovery (49). SCFAs can modulate immune homeostasis not only in gut but also in the peripheral immune system and brain; both immune cells from peripheral circulation and those resident in the brain are targets of SCFAs (50). SCFAs generated by microbiota can induce the production of IL-10 from differentiated Th1 cells in gut and contribute to homeostasis in gut through STAT3 and mTOR signaling (51). Butyrate and propionate together enable DCs to promote extrathymic generation of Treg cells (52). After binding to Ffar2 (GPR43) on T cells, SCFAs inhibit the function of HDAC to promote the expression of transcription factor Foxp3, which leads to elevated numbers of colonic Treg cells (53). Activation of another butyrate receptor, Gpr109a, promotes the formation of anti-inflammatory colonic macrophages and DCs and this enables the induction of Treg cells (54). T cells activated by SCFAs then regulates the function of brain-resident microglia to promote synaptic plasticity after a stroke (55). It could be speculated that it is the migration of lymphocyte from gut to brain that mediates the modulatory effects of SCFA on neuroinflammation, as confirmed in a recent study: Transferring Treg cells from SCFA pre-treated mice reduced autoimmunity and inhibited axonal damage in the recipient mice, the authors speculated that the MAP kinase family and lipin-2 may have mediated the resolution of neuroinflammation (56). In summary, gut microbiota functions as a potential regulator of the brain's infiltrated peripheral immune cells and may, in this way, contribute to the repair process occurring after stroke. Further researches can be carried out to find out which microbiomes influence neural repair process and then verify their roles through fecal microbiota transplantation.




ALTERATIONS IN BRAIN-RESIDENT IMMUNE CELLS CAN PROMOTE NEURONAL REPAIR AFTER A STROKE


Resident Immune Cells and Neuroplasticity

Microglia are the brain-resident macrophages that function as the first immune responder and are also important contributors to the repair of damaged neural networks in ischemic brain. A recent study has demonstrated that efficient regeneration of damaged axons involves necroptosis of pro-inflammatory microglia followed by a repopulation of anti-inflammatory and pro-regenerative microglia (57). The cells may shift their polarization; i.e., they can exist either as the proinflammatory M1 type or the anti-inflammatory M2 type depending on the type of stimulation such as that present in cerebral ischemia and inflammation. The M2 type can be further divided into M2a, M2b, and M2c subtypes. M2a and M2c microglia exert anti-inflammatory and reparative properties, while M2b microglia mainly produce an anti-inflammatory cytokine (58). Thus, shifting the polarization of microglia seems to be a promising method to promote neuroplasticity after stroke. Clearance of dead cell debris by microglia serves as the first step in the repair process, since this prevents secondary inflammation and creates a favorable environment for neural repair and functional recovery after stroke. Soluble CX3CL1 released from dead neurons can bind to CX3CR1 on microglia and then trigger the phagocytic process to clear not only debris but also the unfavorable factors preventing neural repair (59). Then, alternatively activated microglia in SVZ serve as a source of IGF-1 (insulin-like growth factor 1) and also directly contribute to neural stem cells proliferation, differentiation, and migration to the striatum (60). Injured neurons can also release LCN2 (Lipocalin-2), which can induce microglia to polarize into the repair associated form, increase the release of anti-inflammatory cytokines and synaptic proteins, and exert neuroprotective effects (61). However, there is a less beneficial side to activated microglia as they have detrimental effects on neuroplasticity by producing IL-1β, which can trigger p53-mediated neural cell death (62). Therefore, promoting microglia M2 polarization or inhibiting M1 polarization seems to be a feasible method for neuronal repair after stroke.

Although astrocytes are not considered as typical brain-resident immune cells, they also show regulatory functions in both the innate and adaptive immune response (63). Following ischemic injury, astrocytes become activated and contribute to endogenous neural repair. Through secreting neuroblast attractive SDF-1 (stromal cell-derived factor-1), astrocytes contribute to the migration of neuroblasts to infarct area and compensate for the neural death caused by stroke (64). Furthermore, astrocytes can be reprogrammed into a neurogenic state and then be converted to neurons when Notch signaling is downregulated (65). In addition to regulating neurogenesis, astrogliosis also plays a controversial role in axon extension. On one hand, activation of neurotoxic A1 reactive astrocytes and inhibitory molecules from glia scar restrict axonal repair (66, 67). On the other hand, the glia scar serves as a physical and molecular wall surrounding the damaged area in an attempt to localize the ischemic lesion (68) and also release trophic factors (64), thus creating favorable milieus for axon regeneration. So, the formation of glial scar needs to be differentially manipulated at different stages of recovery rather than merely inhibiting scar formation in order to promote axonal extension.



Interactions Between Microglia and Infiltrated Cells

Following ischemic injury, immune system, and related signaling may interact to promote the activation and polarization of microglia, and this process plays a crucial role in post-stroke neural repair. The intense pro-inflammatory stimulus in the microenvironment after a stroke activates microglia and upregulates M1 microglial TREM1 expression through NF-κB (69). Increased numbers of M1 microglia may further function as a source of inflammatory cytokines and facilitate the infiltration of peripheral immune cells. The M2 polarization of microglia can also be shaped by infiltrated immune cells. Chemokines and their receptors represent a target for communications between infiltrated monocyte/macrophage and resident cells, so they serve as a promising therapy for neural repair after stroke. Infiltrating Ly6C(hi) monocytes with CCR2 can promote M2 macrophage polarization (70), and this may induce a similar axonal repair process in a spinal cord injury (71). Another member of Chemokine Receptor family, CCR5, is commonly expressed on brain-resident cells like neurons, microglia, and infiltrated Mo/MΦ, which can be upregulated after an ischemic stroke (72). Several studies have indicated that maraviroc, a CCR5 antagonist can inhibit excessive pro-inflammatory responses caused by imbalanced CNS-peripheral immune crosstalk. In a spinal cord injury model, CCR5 blockade stimulated the release of an anti-inflammatory cytokine, which may further activate PPAR γ signaling and then shift the polarization of microglia toward the repair favoring M2 type (73). Treatment with the CCR5 inhibitor maraviroc in experimental autoimmune encephalitis (EAE) mice has also been reported to resolve neuroinflammation by attenuating inflammatory T cell infiltration without affecting anti-inflammatory regulatory T cells (74). More importantly, a recent study confirms that CCR5 inhibition after a stroke promotes neuroplasticity. Administration of AAV-shCCR5 or pharmacological knockdown of CCR5 with maraviroc leads to enhanced axonal sprouting to the contralateral motor cortex, possibly through an upregulation of CREB and DLK signaling in neurons, a downregulation of astrocyte reactivity, and a lack of inflammatory macrophage recruitment (72). In addition to chemokines and receptor signaling, the release of anti-inflammatory cytokines from infiltrated and resident cells is also important for the M2 polarization of microglia. TGF-β1 produced in the ischemic core may diffuse and upregulate TREM2 (triggering receptor expressed on myeloid cells 2) expression on NG2 (Neuron-glial antigen 2) chondroitin sulfate proteoglycan positive microglia in the peri-infarct area, which may promote phagocytosis of neural debris (75). After clearance of the debris, the main components of adaptive immunity T cells are often activated and the crosstalk between T cells and microglia may create a favorable immune environment for neural regeneration. Regulatory T cells can restrain LPS-induced inflammatory response of microglia via IL-10 secretion, and astrocyte-Treg interaction also contributes to this anti-inflammatory effect (76). In the experimental stroke model, exogenous delivery of the neuroprotective T cell cytokine, IL-33, also promotes anti-inflammatory IL-10 and IL-4 secretion, which may limit the extent of the neuroinflammation, reduce the infarct area, shift microglia toward the M2 polarization, and promote neural repair (77, 78). Using evidence learned from the LPS-induced neuro-inflammation model, we propose that Treg cells are mediators of IL-33's anti-inflammatory functions on microglia. Cyclic AMP signaling has long been considered to be related with neurogenesis and axon growth; e.g., when combined with Th2 cytokines, cAMP signaling can promote M2 polarization more efficiently (79). Since there exists a bi-directional crosstalk between infiltrated immune cells and resident microglia, microglia also show a regulatory effect on the infiltration of peripheral immune cells. M2 polarized microglia are important contributors to the release of anti-inflammatory cytokines following ischemic injury; these cytokines may further increase the proportion of anti-inflammatory immune cells and be beneficial for neural regeneration (80). This suggests that microglia polarization serves as a potential target for elevating anti-inflammatory and repair-promoting interactions between microglia and infiltrated peripheral cells. The therapeutic potential of promoting microglia M2 polarization by Fasudil supplement has been explored in the EAE model, in which the downregulation of IL-17 secretion from T cells was mediated by M2 polarized microglia after Fasudil treatment (81). Collectively, interactions between microglia and peripheral immune cells show a repair-promoting effect mainly through promoting subtype conversion of microglia. Future exploratory studies can be conducted to find mechanisms under this subtype conversion and then develop potential therapeutic methods targeting this immune crosstalk.



Interactions Between Astrocytes and Infiltrated Cells

Astrocytes can both respond to and regulate neuroinflammation. MAPK, NF-κB, and the STAT3 pathways are considered shared mediators of the astrocytic immune response (63). Accumulating evidence suggest that astrocytic immune response shows a regulatory effect on post-stroke neuroplasticity. Astrocytic NF-κB activation is recognized as a key contributor to neuroinflammation; trans-genetic inhibition of astrocytic NF-κB reduced the amount of neuroinflammation and lowered the CSPG (chondroitin sulfate proteoglycan) presence, which may further lead to increased axonal growth (82). Astrocytic MAPK signaling provides another link between neuroinflammation and astrogliosis and thereby may influence axon sprouting after stroke. After an ischemic injury, inflammatory cytokines of the IL-6 family bind to gp130 and activate the downstream MAPK and STAT3 pathways to influence astrogliosis (63). Astrocytic MAPK signaling then mediates the inhibition of GFAP (glial fibrillary acidic protein) overexpression and the release of neurite outgrowth promoting HMGB1 (high-mobility group box 1) from activated astrocytes (83, 84). Astrocytic STAT3 is also a key signaling pathway activated by neuroinflammation, which has been demonstrated to be involved in neuro-regeneration. In the initial stage after injury, neuroinflammation triggers the activation of TLR4/NF-κB/STAT3 signaling, leading to increased expression GAP43 and axonal plasticity (85). Activation of STAT3 also greatly improved axonal outgrowth in CNS neurons possibly through the downregulation of RhoA (86). Although the studies mentioned above indicate that STAT3 activation promotes axonal growth, STAT3 may play a controversial role in axon growth due to its regulation of glia scar formation (87). There are some studies demonstrating the detrimental effects of STAT3. It was reported that inhibition of JAK2-STAT3-involved inflammatory and apoptosis signaling in astrocytes could exert a neuroprotective effect in animals subjected to stroke (88). Recent studies show that regulatory T cells serve as effective inhibitors of STAT3-mediated neurotoxic inflammatory response from reactive astrocytes, which are associated with neuroprotection and improved functional recovery (20, 89). So, amplifying beneficial regulatory T cell responses through IL-2, IL-33, CCL1, or CCL20 may offer new opportunities for neuro-restoration (20).

In addition to responding to cytokines, astrocytes are also an important source of cytokines and chemokines following a neural injury. Cytokines and chemokines from astrocytes are important regulators of neuronal regeneration. CCL2 released from activated astrocytes can attract the infiltration of peripheral monocytes and macrophages (90). In turn, the infiltrated monocytes can regulate the proliferation of astrocytes and the formation of GFAP+ glia scar (91). During the subacute phase of stroke, two anti-inflammatory cytokines, IL-10 and TGF-β, from astrocytes can reduce the number of activated microglia, macrophage, and monocytes, which may be related to improved axonal repair (92). Astrocytes are also an important source of pro-inflammatory cytokines. Astrocyte-derived IL-15 aggravated cerebral ischemic injury through their activation of neurotoxic CD8+ T and natural killer (NK) cells (93), neutralizing IL-15-attenuated brain injury and promoting recovery in stroke mice (94). The release of RGMa (Repulsive Guidance Molecule BMP Co-Receptor A) from astrocytes show neurite outgrowth inhibitory effects and also exert immunoregulatory effects by serving as the mediator of Th17 cell-induced neurodegeneration (95). However, at the chronic stage, another inflammatory cytokine, IL-17A, from astrocytes shows different functions compared with T cell-derived IL-17A in the acute phase; astrocytic IL-17A is essential for precursor cell survival and differentiation by the activation of MAPK signaling (96). Furthermore, ischemic brain injury also stimulates the release of neurotrophic factors from activated astrocytes, which may have potential regulatory effects on both neural repair and neuroinflammation (64, 97). As a result, enhancing the anti-inflammatory effects of astrocyte-derived neurotrophic factors may promote the resolution of neuroinflammation. Galectin-1 has been demonstrated to promote astrocyte-derived BDNF secretion and functional recovery in a rat stroke model (98); evidence from the LPS-induced neuro-inflammation model suggest that the potential mechanism might be attributed to the immunoregulatory function of BDNF on microglia responses (99, 100). Given their close relationships with both neuroinflammation and neuronal regeneration, astrocytic immune responses can be manipulated to provide new therapeutic targets for neural damage caused by stroke.



Alterations in Brain-Resident Immune Cells Through Immune-Related Pathways

PPAR-γ (peroxisome proliferator-activated receptor γ) is a master gatekeeper of neural inflammation. By suppressing NF-κB -mediated inflammation, PPARγ ameliorates the ischemic injury and attempts to prevent neural cell death (101). PPARγ selectively modulates microglia/macrophages to adopt the anti-inflammatory and phagocytic M2 phenotype following cerebral ischemia, facilitating neural regeneration through promoting debris clearance (37). Anti-inflammatory cytokine can further accentuate the PPARγ-dependent phagocytic process being performed by M2 microglia in the ischemic brain (102). PPARγ also indirectly promotes the transition of microglia to the M2 type by suppressing the release of inflammatory cytokines (103). Activating PPARγ signaling through Bexarotene, a retinoid X receptor agonist, has been proved to reduce neuroinflammation and promote debris clearance by M2 polarized microglia (104, 105). However, the potential efficacy of bexarotene in resolving stroke-induced inflammation remains to be explored by future studies.

Toll-like receptors are present on both immune cells and neural cells including microglia, astrocytes, and oligodendrocytes; they provide a link between the immune and central nervous systems. The neuroinflammatory response after cerebral ischemia activates the microglia-mediated TLR signaling, and this subsequently increases the release of inflammatory cytokines and exacerbates neural damage in the acute phase of stroke (106). The negative effect of TLR signaling in neuro-regeneration has been shown in some existing studies. TLR2-deficient mice had higher levels of GAP43 expression, which may allow increased axonal growth following ischemia (107). TLR signaling also limits axon sprouting through the production of CSPG (108). However, there are evidence that have revealed the beneficial role of TLR signaling in stroke recovery. TLR4-dependent clearance of axon debris by microglia has been claimed to be essential for axonal growth; this was demonstrated after either pharmacological or genetic inhibition of TLR4 (109). After clearing axon debris, TLR4 signaling mediates the migration of neuroblasts and the generation of newborn cortical neurons, possibly through producing neurogenic mediators (110). TAM (Tyro3, Axl, and Mertk) receptors, which are upstream regulators of TLR signaling, can affect neurogenesis through inhibiting detrimental MAP kinase and NF-κB activations as well as inhibiting the production of pro-inflammatory cytokines by microglia (111). TLR activation also mediates the myelin sheath formation process of newly regenerated axons. After binding with endogenous ligand high-mobility group box 1 (HMGB1), TLR2 promotes the maturation and survival of oligodendrocytes (112). As a result, future studies are required to find out new strategies that can attenuate the detrimental inflammatory effects of TLR signaling without inhibiting the favorable effect of TLR signaling in neural repair.



Metabolites of Gut Microbiota Can Alter Brain-Resident Immune Cells

The receptor of SCFA has been demonstrated to exist on the surface of microglia, which means that SCFA can influence the function of microglia. Through SCFA receptor signaling and HDAC (histone deacetylase) inhibition, SCFAs can modulate immune homeostasis in gut, peripheral immune system, and brain (50). Supplement of SCFAs in drinking water ameliorates microglia dysfunction caused by reduced complexity or depletion of gut microbiota (113). In ischemic conditions, SCFAs promote the phenotype transition of microglia and exert neurogenesis and neurite outgrowth permissive effects by activating BDNF–TrkB signaling (114, 115). HDAC inhibition also protects white matter by polarizing microglia/macrophage into the protective type through the GSK3β/PTEN/Akt axis (114). A main component of SCFA-sodium butyrate through its HDAC-inhibiting ability can promote the expression of anti-inflammatory (IL-10) genes and the downstream IL-10/STAT3 pathway in microglia, which can positively promote neurogenesis and axonal growth after a stroke insult (116). In addition to SCFA, metabolites of tryptophan also control the activation of astrocytes and microglia and modulate neuroinflammation through AHR (aryl hydrocarbon receptor) signaling (117). Activation of AHR signaling has been shown to exert an inhibitory effect on adult hippocampus neurogenesis (118). In ischemic brain, upregulated AHR protein level mediates acute neural damage and activates pro-inflammatory gliosis, both of which attenuate neuronal regeneration in subacute or chronic stage (119, 120). Altogether, these findings suggest that functions and phenotypes of brain-resident immune cells can be directly shaped by metabolites from gut microbiota, which can further influence neural regeneration after stroke.




THERAPEUTIC STRATEGIES TARGETING BRAIN–PERIPHERAL IMMUNE CROSSTALK

As discussed in the above sections, crosstalk between brain-resident and peripheral immune system presents an increasingly attractive target for developing neural repair strategies. Investigations aim at finding repair-promoting therapies targeting brain–peripheral immunological interactions were mainly conducted in two perspectives: One is downregulating the detrimental pro-inflammatory responses and downstream pro-apoptotic cascades caused by this interaction, which can protect the newly generated and uninjured brain tissue. The other is upregulating levels of anti-inflammatory factors to facilitate debris clearance, growth factor release, and finally the activation of neuroplasticity-related pathways by cooperation of infiltrated and brain-resident immune cells. Preliminary studies have suggested that pharmacological strategies targeting this crosstalk can create a favorable immune microenvironment and finally lead to better clinical outcomes (Table 1).


Table 1. Therapeutic interventions targeting brain–peripheral immune communications in clinical studies.
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Anti-inflammatory agents were proved to be beneficial for neurological recovery in clinical trials. They can directly counteract the neurotoxic inflammatory responses of brain-resident immune cells or alleviate neuroinflammation by shaping peripheral immune components. Fingolimod (FTY720) is now applied in the treatment for multiple sclerosis, and the therapeutic effects can be attributed to the inhibition of inflammatory T-lymphocyte infiltration (132). In experimental stroke models, FTY720 shows neuroprotective functions by modulating microglia M2 polarization and also improves synaptic plasticity (133, 134). In acute ischemic stroke patients, oral FTY720 was tolerant and exhibited better neural functional recovery and reduced lesion volumes and lower levels of inflammation (121, 122). Etanercept, a selective tumor necrosis factor (TNF) inhibitor, is also a promising strategy targeting neurotoxic immune response. In a Phase I/II clinical trial, peri-spinal administration of etanercept significantly improved mobility function in chronic stroke patients (123). In addition to inhibiting inflammatory processes, boosting beneficial anti-inflammatory processes also shows a positive role in recovery. A bacteriostatic antibiotic minocycline is responsible for aiding alternative M2 polarization of microglia and inhibiting M1 polarization of microglia (135). Oral and intravenous minocycline therapy in stroke patients contributed to functional recovery (124). If applied and combined with rt-PA therapy, minocycline can reduce inflammatory responses triggered by rt-PA (125).

Bone marrow mononuclear cells (BMNCs) are composed of heterogeneous populations of hematopoietic lineage cells, stem cells, progenitor cells, as well as mesenchymal stromal cells. BMNCs promote neural stem cell proliferation and exert regulatory effects in immunological interactions between infiltrated and brain-resident cells (136, 137). Therapeutic efficacy of BMNC transplantation has been tested in several clinical studies. Among all completed trials, bone marrow stem cell infusion was demonstrated to be safe for ischemic stroke patients; intra-arterial and intracerebral delivery were related to improved clinical functional outcomes (126, 127). Furthermore, intra-arterial transplantation in the sub-acute stage also elevated serum levels of several growth factors and lowered levels of inflammatory cytokines (126). Transplantations through intravenous routes were safe but not related to clinical recovery (128, 129), so we speculate that different routes of transplantation may have possible impacts on therapeutic effects. In addition to direct transplantation of BMNCs, granulocyte colony-stimulating factor (G-CSF) can also mobilize BMNCs to ischemic brain and show immunoregulatory effects (138). Although G-CSF treatment promoted alternative microglia polarization, neurotrophic factor production, and axonal sprouting in preclinical studies (139, 140), existing evidence are not sufficient for clinical translation (130), and larger-scale trails are warranted to test the efficacy and to find out the appropriate dose and delivery time course of G-CSF. Furthermore, direct transplantation of autologous repair-promoting M2 macrophage was also proven feasible and led to better neurological recovery in patients (131).

The emerging role of the gut–immune–brain axis in stroke recovery has been investigated in several preclinical studies by fecal microbiota transplantation or metabolite supplement. As a result, targeting gut microbiota provides a new perspective for stroke therapy and needs to be clarified by clinical studies. Existing evidence from completed studies shows that compared with healthy control, stroke patients showed a reduction in SCFA production-related gut microbiota (7); dysbiosis index of gut microbiota was a predictor of unfavorable clinical outcome (141). Furthermore, ongoing clinical studies may also provide further evidence on how the dysbiosis of gut microbiota influences peripheral immune response and stroke outcome, as well as the potential efficacy of dietary supplements (Table 2).


Table 2. Ongoing clinical studies about gut microbiota and stroke.
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As discussed above, therapies targeting brain–peripheral immune crosstalk can be translated into better functional recovery in stroke patients, but more convincing evidence from clinical trials of the later phase are also required for therapeutic translation. Furthermore, functional recovery was mainly assessed by scale score (for example, NIHSS score and mRS score) in existing studies; whether the improved neurological outcomes were gained by functional compensation or neural regeneration still requires verification through in vivo imaging methods. The immunoregulatory functions of these therapies were initially demonstrated by markers showing alterations in peripheral immune responses. Recent studies show that the activation state of brain-resident and infiltrated immune cells can also be visualized by medical imaging techniques (142, 143), so more direct evidence of alteration in neuroinflammation can be obtained from stroke patients in future studies. Besides, as the important therapeutic role of thrombolysis in acute ischemic stroke, the safety and potential efficacy of combining these immunomodulatory agents with rt-PA therapy can be explored in future studies.



CONCLUSIONS AND FUTURE DIRECTIONS

Neural repair processes including neurogenesis and axonal growth provide an important anatomical structure for functional reorganization and promoting recovery after an ischemic stroke. There is convincing evidence to suggest that the immune responses induced by ischemic injury can shape the microenvironment and alter the positive and negative regulators of neuronal repair. Immune cells, the cytokines and chemokines that they secrete, and immune-related ligands not only may directly regulate neuronal regeneration but also may act indirectly via their interactions with brain-resident immune cells. As a result, therapies targeting the immune responses after stroke seem to be feasible. However, in the contemporary stage, we can only establish an associative rather than causal link between immune responses and post-stroke neuronal repair, and further mechanistic researches are required to gain a comprehensive understanding of this neuro-immune crosstalk. As brain-infiltrated immune cells did not simply originate from passive diffusion of immune cells in peripheral circulation, one important direction for future studies is to find out upstream regulators of immune cell infiltration and their repair-associated phenotype transition. However, immune responses triggered by these infiltrated cells cannot be simply regarded as regenerative or destructive ones. It is important to boost proper repair-promoting immune responses at a proper time course during recovery. For example, depletion of monocytes at an early stage can reduce neural damage and promote neurogenesis after stroke, but this abolishment of monocytes hinders long-term functional recovery after stroke. Monocyte-derived macrophages share many similar properties with CNS-resident microglia, which poses a challenge to explore their respective roles during stroke recovery. Hence, studies about distinguishing monocyte-derived macrophages from brain-resident immune cells through high-throughput sequencing like single-cell RNA-Seq or through transgenic models deserve to be carried out in the future.

Preliminary studies suggest that gut microbiota and metabolites influence stroke recovery through immunological mechanisms. Gut microbiota and metabolites can directly regulate immune cells from gut, which can then migrate to the ischemic brain and participate in neural damage and repair processes. They also play a pivotal role in regulating permeability of gut barrier and further influence immune responses triggered by translocated microbiota or metabolites in peripheral circulation. Furthermore, they also possess the ability to alter the responses of glia cells in the central nervous system, potentially endowing these cells with neuronal repair regulating functions. However, the ways that these changes in microbiota composition after a stroke influence CNS neurogenesis and axonal growth need to be further clarified and verified through germ-free or fecal microbiota transplantation mouse models in future studies. The efficacy of fecal microbiota transplantation and supplement of probiotics or dietary fiber to stroke patients also need to be tested in clinical practice. Collectively, one can speculate that these communications between peripheral and the brain-resident immune system may represent a new therapeutic approach for reducing the neural damage and promoting the neuronal repair that occurs after a stroke.



AUTHOR CONTRIBUTIONS

FL has drafted the manuscript. XC, SZ, and CL have provided editing and writing assistance. JJ, XZ, and ZL have revised it critically for important intellectual content. CZ has approved the final version to be published. All authors have made substantial contributions to this manuscript, contributed to the writing of the manuscript, and read and approved the final manuscript.



FUNDING

This work was supported by the following grants: Epilepsy Research Fund of China Association against Epilepsy (No. 2016010), the Key Project of Liaoning Key Research and Development Plan (No. 2017225005), the Support Programs for Young Scientific and Technological Innovation Talents of Shenyang (No. 2400018022), and the China Medical University High-level Innovation Team Training Plan (No. 2017CXTD02).



REFERENCES

 1. Parent JM, Vexler ZS, Gong C, Derugin N, Ferriero DM. Rat forebrain neurogenesis and striatal neuron replacement after focal stroke. Ann Neurol. (2010) 52:802–13. doi: 10.1002/ana.10393

 2. Ravina K, Briggs DI, Kislal S, Warraich Z, Nguyen T, Lam RK, et al. Intracerebral delivery of brain-derived neurotrophic factor using HyStem®-C hydrogel implants improves functional recovery and reduces neuroinflammation in a rat model of ischemic stroke. Int J Mol Sci. (2018) 19:3782. doi: 10.3390/ijms19123782

 3. Miró-Mur F, Urra X, Gallizioli M, Chamorro A, Planas AM. Antigen presentation after stroke. Neurotherapeutics. (2016) 13:719–28. doi: 10.1007/s13311-016-0469-8

 4. Feng Y, Liao S, Wei C, Jia D, Wood K, Liu Q, et al. Infiltration and persistence of lymphocytes during late-stage cerebral ischemia in middle cerebral artery occlusion and photothrombotic stroke models. J Neuroinflammation. (2017) 14:248. doi: 10.1186/s12974-017-1017-0

 5. Jian Z, Liu R, Zhu X, Smerin D, Zhong Y, Gu L, et al. The involvement and therapy target of immune cells after ischemic stroke. Front Immunol. (2019) 10:2167. doi: 10.3389/fimmu.2019.02167

 6. Powell N, Walker MM, Talley NJ. The mucosal immune system: master regulator of bidirectional gut-brain communications. Nat Rev Gastroenterol Hepatol. (2017) 14:143–59. doi: 10.1038/nrgastro.2016.191

 7. Li N, Wang X, Sun C, Wu X, Lu M, Si Y, et al. Change of intestinal microbiota in cerebral ischemic stroke patients. BMC Microbiol. (2019) 19:191. doi: 10.1186/s12866-019-1552-1

 8. Iadecola C, Anrather J. The immunology of stroke: from mechanisms to translation. Nat Med. (2011) 17:796–808. doi: 10.1038/nm.2399

 9. Felger JC, Abe T, Kaunzner UW, Gottfried-Blackmore A, Gal-Toth J, McEwen BS, et al. Brain dendritic cells in ischemic stroke: time course, activation state, and origin. Brain Behav Immun. (2010) 24:724–37. doi: 10.1016/j.bbi.2009.11.002

 10. Miró-Mur F, Pérez-de-Puig I, Ferrer-Ferrer M, Urra X, Justicia C, Chamorro A, et al. Immature monocytes recruited to the ischemic mouse brain differentiate into macrophages with features of alternative activation. Brain Behav Immun. (2016) 53:18–33. doi: 10.1016/j.bbi.2015.08.010

 11. Garcia-Bonilla L, Faraco G, Moore J, Murphy M, Racchumi G, Srinivasan J, et al. Spatio-temporal profile, phenotypic diversity, and fate of recruited monocytes into the post-ischemic brain. J Neuroinflammation. (2016) 13:285. doi: 10.1186/s12974-016-0750-0

 12. Rajan WD, Wojtas B, Gielniewski B, Gieryng A, Zawadzka M, Kaminska B. Dissecting functional phenotypes of microglia and macrophages in the rat brain after transient cerebral ischemia. Glia. (2019) 67:232–45. doi: 10.1002/glia.23536

 13. Laterza C, Wattananit S, Uoshima N, Ge R, Pekny R, Tornero D, et al. Monocyte depletion early after stroke promotes neurogenesis from endogenous neural stem cells in adult brain. Exp Neurol. (2017) 297:129–37. doi: 10.1016/j.expneurol.2017.07.012

 14. Fang W, Zhai X, Han D, Xiong X, Wang T, Zeng X, et al. CCR2-dependent monocytes/macrophages exacerbate acute brain injury but promote functional recovery after ischemic stroke in mice. Theranostics. (2018) 8:3530–43. doi: 10.7150/thno.24475

 15. Wang R, Liu Y, Ye Q, Hassan SH, Zhao J, Li S, et al. RNA sequencing reveals novel macrophage transcriptome favoring neurovascular plasticity after ischemic stroke. J Cereb Blood Flow Metab. (2020) 40:720–38. doi: 10.1177/0271678X19888630

 16. Zhang W, Zhao J, Wang R, Jiang M, Ye Q, Smith AD, et al. Macrophages reprogram after ischemic stroke and promote efferocytosis and inflammation resolution in the mouse brain. CNS Neurosci Ther. (2019) 25:1329–42. doi: 10.1111/cns.13256

 17. Colucci-D'Amato L, Cicatiello AE, Reccia MG, Volpicelli F, Severino V, Russo R, et al. A targeted secretome profiling by multiplexed immunoassay revealed that secreted chemokine ligand 2 (MCP-1/CCL2) affects neural differentiation in mesencephalic neural progenitor cells. Proteomics. (2015) 15:714–24. doi: 10.1002/pmic.201400360

 18. Wattananit S, Tornero D, Graubardt N, Memanishvili T, Monni E, Tatarishvili J, et al. Monocyte-derived macrophages contribute to spontaneous long-term functional recovery after stroke in mice. J Neurosci. (2016) 36:4182–95. doi: 10.1523/JNEUROSCI.4317-15.2016

 19. Raposo C, Graubardt N, Cohen M, Eitan C, London A, Berkutzki T, et al. CNS repair requires both effector and regulatory T cells with distinct temporal and spatial profiles. J Neurosci. (2014) 34:10141–55. doi: 10.1523/JNEUROSCI.0076-14.2014

 20. Ito M, Komai K, Mise-Omata S, Iizuka-Koga M, Noguchi Y, Kondo T, et al. Brain regulatory T cells suppress astrogliosis and potentiate neurological recovery. Nature. (2019) 565:246–50. doi: 10.1038/s41586-018-0824-5

 21. Chen H, Lin W, Zhang Y, Lin L, Chen J, Zeng Y, et al. IL-10 Promotes neurite outgrowth and synapse formation in cultured cortical neurons after the oxygen-glucose deprivation via JAK1/STAT3 pathway. Sci Rep. (2016) 6:30459. doi: 10.1038/srep30459

 22. Pereira L, Font-Nieves M, Van den Haute C, Baekelandt V, Planas AM, Pozas E. IL-10 regulates adult neurogenesis by modulating ERK and STAT3 activity. Front Cell Neurosci. (2015) 9:57. doi: 10.3389/fncel.2015.00057

 23. Wang J, Xie L, Yang C, Ren C, Zhou K, Wang B, et al. Activated regulatory T cell regulates neural stem cell proliferation in the subventricular zone of normal and ischemic mouse brain through interleukin 10. Front Cell Neurosci. (2015) 9:361. doi: 10.3389/fncel.2015.00361

 24. de Bilbao F, Arsenijevic D, Moll T, Garcia-Gabay I, Vallet P, Langhans W, et al. In vivo over-expression of interleukin-10 increases resistance to focal brain ischemia in mice. J Neurochem. (2009) 110:12–22. doi: 10.1111/j.1471-4159.2009.06098.x

 25. Saino O, Taguchi A, Nakagomi T, Nakano-Doi A, Kashiwamura S, Doe N, et al. Immunodeficiency reduces neural stem/progenitor cell apoptosis and enhances neurogenesis in the cerebral cortex after stroke. J Neurosci Res. (2010) 88:2385–97. doi: 10.1002/jnr.22410

 26. Li S, Nie EH, Yin Y, Benowitz LI, Tung S, Vinters HV, et al. GDF10 is a signal for axonal sprouting and functional recovery after stroke. Nat Neurosci. (2015) 18:1737–45. doi: 10.1038/nn.4146

 27. Shin JA, Kang JL, Lee KE, Park EM. Different temporal patterns in the expressions of bone morphogenetic proteins and noggin during astroglial scar formation after ischemic stroke. Cell Mol Neurobiol. (2012) 32:587–97. doi: 10.1007/s10571-012-9806-6

 28. Shin JA, Lim SM, Jeong SI, Kang JL, Park EM. Noggin improves ischemic brain tissue repair and promotes alternative activation of microglia in mice. Brain Behav Immun. (2014) 40:143–54. doi: 10.1016/j.bbi.2014.03.013

 29. Shin JA, Kim YA, Kim HW, Kim HS, Lee KE, Kang JL, et al. Iron released from reactive microglia by noggin improves myelin repair in the ischemic brain. Neuropharmacology. (2018) 133:202–15. doi: 10.1016/j.neuropharm.2018.01.038

 30. Dombrowski Y, O'Hagan T, Dittmer M, Penalva R, Mayoral SR, Bankhead P, et al. Regulatory T cells promote myelin regeneration in the central nervous system. Nat Neurosci. (2017) 20:674–80. doi: 10.1038/nn.4528

 31. Waisman A, Hauptmann J, Regen T. The role of IL-17 in CNS diseases. Acta Neuropathol. (2015) 129:625–37. doi: 10.1007/s00401-015-1402-7

 32. Swardfager W, Winer DA, Herrmann N, Winer S, Lanctôt KL. Interleukin-17 in post-stroke neurodegeneration. Neurosci Biobehav Rev. (2013) 37:436–47. doi: 10.1016/j.neubiorev.2013.01.021

 33. Liu X, Nemeth DP, McKim DB, Zhu L, DiSabato DJ, Berdysz O, et al. Cell-type-specific interleukin 1 receptor 1 signaling in the brain regulates distinct neuroimmune activities. Immunity. (2019) 50:317–33.e6. doi: 10.1016/j.immuni.2018.12.012

 34. Dulken BW, Buckley MT, Navarro Negredo P, Saligrama N, Cayrol R, Leeman DS, et al. Single-cell analysis reveals T cell infiltration in old neurogenic niches. Nature. (2019) 571:205–10. doi: 10.1038/s41586-019-1362-5

 35. Caracciolo L, Marosi M, Mazzitelli J, Latifi S, Sano Y, Galvan L, et al. CREB controls cortical circuit plasticity and functional recovery after stroke. Nat Commun. (2018) 9:2250. doi: 10.1038/s41467-018-04445-9

 36. Gao Y, Deng K, Hou J, Bryson JB, Barco A, Nikulina E, et al. Activated CREB is sufficient to overcome inhibitors in myelin and promote spinal axon regeneration in vivo. Neuron. (2004) 44:609–21. doi: 10.1016/j.neuron.2004.10.030

 37. Xia CY, Zhang S, Gao Y, Wang ZZ, Chen NH. Selective modulation of microglia polarization to M2 phenotype for stroke treatment. Int Immunopharmacol. (2015) 25:377–82. doi: 10.1016/j.intimp.2015.02.019

 38. Ohta M, Chosa N, Kyakumoto S, Yokota S, Okubo N, Nemoto A, et al. IL-1β and TNF-α suppress TGF-β-promoted NGF expression in periodontal ligament-derived fibroblasts through inactivation of TGF-β-induced Smad2/3- and p38 MAPK-mediated signals. Int J Mol Med. (2018) 42:1484–94. doi: 10.3892/ijmm.2018.3714

 39. Sist B, Fouad K, Winship IR. Plasticity beyond peri-infarct cortex: spinal up regulation of structural plasticity, neurotrophins, and inflammatory cytokines during recovery from cortical stroke. Exp Neurol. (2014) 252:47–56. doi: 10.1016/j.expneurol.2013.11.019

 40. Meng C, Zhang JC, Shi RL, Zhang SH, Yuan SY. Inhibition of interleukin-6 abolishes the promoting effects of pair housing on post-stroke neurogenesis. Neuroscience. (2015) 307:160–70. doi: 10.1016/j.neuroscience.2015.08.055

 41. Willis EF, MacDonald KPA, Nguyen QH, Garrido AL, Gillespie ER, Harley SBR, et al. Repopulating microglia promote brain repair in an IL-6-dependent manner. Cell. (2020) 180:833–46.e16. doi: 10.1016/j.cell.2020.02.013

 42. Wang Y, Kasper LH. The role of microbiome in central nervous system disorders. Brain Behav Immun. (2014) 38:1–12. doi: 10.1016/j.bbi.2013.12.015

 43. Singh V, Roth S, Llovera G, Sadler R, Garzetti D, Stecher B, et al. Microbiota dysbiosis controls the neuroinflammatory response after stroke. J Neurosci. (2016) 36:7428–40. doi: 10.1523/JNEUROSCI.1114-16.2016

 44. Liu Q, Johnson EM, Lam RK, Wang Q, Bo Ye H, Wilson EN, et al. Peripheral TREM1 responses to brain and intestinal immunogens amplify stroke severity. Nat Immunol. (2019) 20:1023–34. doi: 10.1038/s41590-019-0421-2

 45. Feng Y, He X, Luo S, Chen X, Long S, Liang F, et al. Chronic colitis induces meninges traffic of gut-derived T cells, unbalances M1 and M2 microglia/macrophage and increases ischemic brain injury in mice. Brain Res. (2019) 1707:8–17. doi: 10.1016/j.brainres.2018.11.019

 46. Mangalam A, Shahi SK, Luckey D, Karau M, Marietta E, Luo N, et al. Human gut-derived commensal bacteria suppress CNS inflammatory and demyelinating disease. Cell Rep. (2017) 20:1269–77. doi: 10.1016/j.celrep.2017.07.031

 47. Ochoa-Repáraz J, Mielcarz DW, Wang Y, Begum-Haque S, Dasgupta S, Kasper DL, et al. A polysaccharide from the human commensal Bacteroides fragilis protects against CNS demyelinating disease. Mucosal Immunol. (2010) 3:487–95. doi: 10.1038/mi.2010.29

 48. Möhle L, Mattei D, Heimesaat MM, Bereswill S, Fischer A, Alutis M, et al. Ly6C(hi) monocytes provide a link between antibiotic-induced changes in gut microbiota and adult hippocampal neurogenesis. Cell Rep. (2016) 15:1945–56. doi: 10.1016/j.celrep.2016.04.074

 49. Chen R, Xu Y, Wu P, Zhou H, Lasanajak Y, Fang Y, et al. Transplantation of fecal microbiota rich in short chain fatty acids and butyric acid treat cerebral ischemic stroke by regulating gut microbiota. Pharmacol Res. (2019) 148:104403. doi: 10.1016/j.phrs.2019.104403

 50. Dalile B, Van Oudenhove L, Vervliet B, Verbeke K. The role of short-chain fatty acids in microbiota-gut-brain communication. Nat Rev Gastroenterol Hepatol. (2019) 16:461–78. doi: 10.1038/s41575-019-0157-3

 51. Sun M, Wu W, Chen L, Yang W, Huang X, Ma C, et al. Microbiota-derived short-chain fatty acids promote Th1 cell IL-10 production to maintain intestinal homeostasis. Nat Commun. (2018) 9:3555. doi: 10.1038/s41467-018-05901-2

 52. Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, deRoos P, et al. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature. (2013) 504:451–5. doi: 10.1038/nature12726

 53. Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly YM, et al. The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science. (2013) 341:569–73. doi: 10.1126/science.1241165

 54. Singh N, Gurav A, Sivaprakasam S, Brady E, Padia R, Shi H, et al. Activation of Gpr109a, receptor for niacin and the commensal metabolite butyrate, suppresses colonic inflammation and carcinogenesis. Immunity. (2014) 40:128–39. doi: 10.1016/j.immuni.2013.12.007

 55. Sadler R, Cramer JV, Heindl S, Kostidis S, Betz D, Zuurbier KR, et al. Short-chain fatty acids improve poststroke recovery via immunological mechanisms. J Neurosci. (2020) 40:1162–73. doi: 10.1523/JNEUROSCI.1359-19.2019

 56. Haghikia A, Jörg S, Duscha A, Berg J, Manzel A, Waschbisch A, et al. Dietary fatty acids directly impact central nervous system autoimmunity via the small intestine. Immunity. (2016) 44:951–3. doi: 10.1016/j.immuni.2016.04.006

 57. Lloyd AF, Davies CL, Holloway RK, Labrak Y, Ireland G, Carradori D, et al. Central nervous system regeneration is driven by microglia necroptosis and repopulation. Nat Neurosci. (2019) 22:1046–52. doi: 10.1038/s41593-019-0418-z

 58. David S, Kroner A. Repertoire of microglial and macrophage responses after spinal cord injury. Nat Rev Neurosci. (2011) 12:388–99. doi: 10.1038/nrn3053

 59. Noda M, Doi Y, Liang J, Kawanokuchi J, Sonobe Y, Takeuchi H, et al. Fractalkine attenuates excito-neurotoxicity via microglial clearance of damaged neurons and antioxidant enzyme heme oxygenase-1 expression. J Biol Chem. (2011) 286:2308–19. doi: 10.1074/jbc.M110.169839

 60. Thored P, Heldmann U, Gomes-Leal W, Gisler R, Darsalia V, Taneera J, et al. Long-term accumulation of microglia with proneurogenic phenotype concomitant with persistent neurogenesis in adult subventricular zone after stroke. Glia. (2009) 57:835–49. doi: 10.1002/glia.20810

 61. Xing C, Wang X, Cheng C, Montaner J, Mandeville E, Leung W, et al. Neuronal production of lipocalin-2 as a help-me signal for glial activation. Stroke. (2014) 45:2085–92. doi: 10.1161/STROKEAHA.114.005733

 62. Guadagno J, Swan P, Shaikh R, Cregan SP. Microglia-derived IL-1β triggers p53-mediated cell cycle arrest and apoptosis in neural precursor cells. Cell Death Dis. (2015) 6:e1779. doi: 10.1038/cddis.2015.151

 63. Colombo E, Farina C. Astrocytes: key regulators of neuroinflammation. Trends Immunol. (2016) 37:608–20. doi: 10.1016/j.it.2016.06.006

 64. Liu Z, Chopp M. Astrocytes, therapeutic targets for neuroprotection and neurorestoration in ischemic stroke. Prog Neurobiol. (2016) 144:103–20. doi: 10.1016/j.pneurobio.2015.09.008

 65. Magnusson JP, Göritz C, Tatarishvili J, Dias DO, Smith EM, Lindvall O, et al. A latent neurogenic program in astrocytes regulated by Notch signaling in the mouse. Science. (2014) 346:237–41. doi: 10.1126/science.346.6206.237

 66. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature. (2017) 541:481–7. doi: 10.1038/nature21029

 67. Overman JJ, Clarkson AN, Wanner IB, Overman WT, Eckstein I, Maguire JL, et al. A role for ephrin-A5 in axonal sprouting, recovery, and activity-dependent plasticity after stroke. Proc Natl Acad Sci U S A. (2012) 109:E2230–9. doi: 10.1073/pnas.1204386109

 68. Liu Z, Li Y, Cui Y, Roberts C, Lu M, Wilhelmsson U, et al. Beneficial effects of gfap/vimentin reactive astrocytes for axonal remodeling and motor behavioral recovery in mice after stroke. Glia. (2014) 62:2022–33. doi: 10.1002/glia.22723

 69. Owens R, Grabert K, Davies CL, Alfieri A, Antel JP, Healy LM, et al. Divergent neuroinflammatory regulation of microglial TREM expression and involvement of NF-κB. Front Cell Neurosci. (2017) 11:56. doi: 10.3389/fncel.2017.00256

 70. Chu HX, Broughton BR, Kim HA, Lee S, Drummond GR, Sobey CG. Evidence that Ly6C(hi) monocytes are protective in acute ischemic stroke by promoting M2 macrophage polarization. Stroke. (2015) 46:1929–37. doi: 10.1161/STROKEAHA.115.009426

 71. Gensel JC, Zhang B. Macrophage activation and its role in repair and pathology after spinal cord injury. Brain Res. (2015) 1619:1–11. doi: 10.1016/j.brainres.2014.12.045

 72. Joy MT, Ben Assayag E, Shabashov-Stone D, Liraz-Zaltsman S, Mazzitelli J, Arenas M, et al. CCR5 is a therapeutic target for recovery after stroke and traumatic brain injury. Cell. (2019) 176:1143–57.e13. doi: 10.1016/j.cell.2019.01.044

 73. Li F, Cheng B, Cheng J, Wang D, Li H, He X. CCR5 blockade promotes M2 macrophage activation and improves locomotor recovery after spinal cord injury in mice. Inflammation. (2015) 38:126–33. doi: 10.1007/s10753-014-0014-z

 74. Karampoor S, Zahednasab H, Amini R, Esghaei M, Sholeh M, Keyvani H. Maraviroc attenuates the pathogenesis of experimental autoimmune encephalitis. Int Immunopharmacol. (2020) 80:106138. doi: 10.1016/j.intimp.2019.106138

 75. Sugimoto K, Nishioka R, Ikeda A, Mise A, Takahashi H, Yano H, et al. Activated microglia in a rat stroke model express NG2 proteoglycan in peri-infarct tissue through the involvement of TGF-β1. Glia. (2014) 62:185–98. doi: 10.1002/glia.22598

 76. Xie L, Choudhury GR, Winters A, Yang SH, Jin K. Cerebral regulatory T cells restrain microglia/macrophage-mediated inflammatory responses via IL-10. Eur J Immunol. (2015) 45:180–91. doi: 10.1002/eji.201444823

 77. Yang Y, Liu H, Zhang H, Ye Q, Wang J, Yang B, et al. ST2/IL-33-dependent microglial response limits acute ischemic brain injury. J Neurosci. (2017) 37:4692–704. doi: 10.1523/JNEUROSCI.3233-16.2017

 78. Liu X, Liu J, Zhao S, Zhang H, Cai W, Cai M, et al. Interleukin-4 is essential for microglia/macrophage M2 polarization and long-term recovery after cerebral ischemia. Stroke. (2016) 47:498–504. doi: 10.1161/STROKEAHA.115.012079

 79. Ghosh M, Xu Y, Pearse DD. Cyclic AMP is a key regulator of M1 to M2a phenotypic conversion of microglia in the presence of Th2 cytokines. J Neuroinflammation. (2016) 13:9. doi: 10.1186/s12974-015-0463-9

 80. Wang S, Zhang H, Xu Y. Crosstalk between microglia and T cells contributes to brain damage and recovery after ischemic stroke. Neurol Res. (2016) 38:495–503. doi: 10.1080/01616412.2016.1188473

 81. Chen C, Li YH, Zhang Q, Yu JZ, Zhao YF, Ma CG, et al. Fasudil regulates T cell responses through polarization of BV-2 cells in mice experimental autoimmune encephalomyelitis. Acta Pharmacol Sin. (2014) 35:1428–38. doi: 10.1038/aps.2014.68

 82. Brambilla R, Hurtado A, Persaud T, Esham K, Pearse DD, Oudega M, et al. Transgenic inhibition of astroglial NF-kappa B leads to increased axonal sparing and sprouting following spinal cord injury. J Neurochem. (2009) 110:765–78. doi: 10.1111/j.1471-4159.2009.06190.x

 83. Hayakawa K, Arai K, Lo EH. Role of ERK map kinase and CRM1 in IL-1beta-stimulated release of HMGB1 from cortical astrocytes. Glia. (2010) 58:1007–15. doi: 10.1002/glia.20982

 84. Huang W, Lv B, Zeng H, Shi D, Liu Y, Chen F, et al. Paracrine factors secreted by MSCs promote astrocyte survival associated with GFAP downregulation after ischemic stroke via p38 MAPK and JNK. J Cell Physiol. (2015) 230:2461–75. doi: 10.1002/jcp.24981

 85. Hung CC, Lin CH, Chang H, Wang CY, Lin SH, Hsu PC, et al. Astrocytic GAP43 induced by the TLR4/NF-κB/STAT3 axis attenuates astrogliosis-mediated microglial activation and neurotoxicity. J Neurosci. (2016) 36:2027–43. doi: 10.1523/JNEUROSCI.3457-15.2016

 86. Renault-Mihara F, Mukaino M, Shinozaki M, Kumamaru H, Kawase S, Baudoux M, et al. Regulation of RhoA by STAT3 coordinates glial scar formation. J Cell Biol. (2017) 216:2533–50. doi: 10.1083/jcb.201610102

 87. Wanner IB, Anderson MA, Song B, Levine J, Fernandez A, Gray-Thompson Z, et al. Glial scar borders are formed by newly proliferated, elongated astrocytes that interact to corral inflammatory and fibrotic cells via STAT3-dependent mechanisms after spinal cord injury. J Neurosci. (2013) 33:12870–86. doi: 10.1523/JNEUROSCI.2121-13.2013

 88. Rakers C, Schleif M, Blank N, Matušková H, Ulas T, Händler K, et al. Stroke target identification guided by astrocyte transcriptome analysis. Glia. (2019) 67:619–33. doi: 10.1002/glia.23544

 89. Mayo L, Cunha APD, Madi A, Beynon V, Yang Z, Alvarez JI, et al. IL-10-dependent Tr1 cells attenuate astrocyte activation and ameliorate chronic central nervous system inflammation. Brain. (2016) 139:1939–57. doi: 10.1093/brain/aww113

 90. Strack A, Asensio VC, Campbell IL, Schlüter D, Deckert M. Chemokines are differentially expressed by astrocytes, microglia and inflammatory leukocytes in Toxoplasma encephalitis and critically regulated by interferon-gamma. Acta Neuropathol. (2002) 103:458–68. doi: 10.1007/s00401-001-0491-7

 91. Frik J, Merl-Pham J, Plesnila N, Mattugini N, Kjell J, Kraska J, et al. Cross-talk between monocyte invasion and astrocyte proliferation regulates scarring in brain injury. EMBO Rep. (2018) 19:e45294. doi: 10.15252/embr.201745294

 92. Cekanaviciute E, Fathali N, Doyle KP, Williams AM, Han J, Buckwalter MS. Astrocytic transforming growth factor-beta signaling reduces subacute neuroinflammation after stroke in mice. Glia. (2014) 62:1227–40. doi: 10.1002/glia.22675

 93. Li M, Li Z, Yao Y, Jin W-N, Wood K, Liu Q, et al. Astrocyte-derived interleukin-15 exacerbates ischemic brain injury via propagation of cellular immunity. Proc Natl Acad Sci U S A. (2017) 114:E396–E405. doi: 10.1073/pnas.1612930114

 94. Lee GA, Lin TN, Chen CY, Mau SY, Huang WZ, Kao YC, et al. Interleukin 15 blockade protects the brain from cerebral ischemia-reperfusion injury. Brain Behav Immun. (2018) 73:562–70. doi: 10.1016/j.bbi.2018.06.021

 95. Tanabe S, Yamashita T. Repulsive guidance molecule-a is involved in Th17-cell-induced neurodegeneration in autoimmune encephalomyelitis. Cell Rep. (2014) 9:1459–70. doi: 10.1016/j.celrep.2014.10.038

 96. Lin Y, Zhang JC, Yao CY, Wu Y, Abdelgawad AF, Yao SL, et al. Critical role of astrocytic interleukin-17 A in post-stroke survival and neuronal differentiation of neural precursor cells in adult mice. Cell Death Dis. (2016) 7:e2273. doi: 10.1038/cddis.2015.284

 97. Rocha SM, Cristovão AC, Campos FL, Fonseca CP, Baltazar G. Astrocyte-derived GDNF is a potent inhibitor of microglial activation. Neurobiol Dis. (2012) 47:407–15. doi: 10.1016/j.nbd.2012.04.014

 98. Qu W-s, Wang Y-h, Wang J-p, Tang Y-x, Zhang Q, Tian D-s, et al. Galectin-1 enhances astrocytic BDNF production and improves functional outcome in rats following ischemia. Neurochem Res. (2010) 35:1716–24. doi: 10.1007/s11064-010-0234-z

 99. Li Y, Chen N, Wu C, Lu Y, Gao G, Duan C, et al. Galectin-1 attenuates neurodegeneration in Parkinson's disease model by modulating microglial MAPK/IκB/NFκB axis through its carbohydrate-recognition domain. Brain Behav Immun. (2020) 83:214–25. doi: 10.1016/j.bbi.2019.10.015

 100. Lai S-W, Chen J-H, Lin H-Y, Liu Y-S, Tsai C-F, Chang P-C, et al. Regulatory effects of neuroinflammatory responses through brain-derived neurotrophic factor signaling in microglial cells. Mol Neurobiol. (2018) 55:7487–99. doi: 10.1007/s12035-018-0933-z

 101. Wu JS, Tsai HD, Cheung WM, Hsu CY, Lin TN. PPAR-γ Ameliorates neuronal apoptosis and ischemic brain injury via suppressing NF-κB-driven p22phox transcription. Mol Neurobiol. (2016) 53:3626–45. doi: 10.1007/s12035-015-9294-z

 102. Zhao X, Wang H, Sun G, Zhang J, Edwards NJ, Aronowski J. Neuronal interleukin-4 as a modulator of microglial pathways and ischemic brain damage. J Neurosci. (2015) 35:11281–91. doi: 10.1523/JNEUROSCI.1685-15.2015

 103. Tureyen K, Kapadia R, Bowen KK, Satriotomo I, Liang J, Feinstein DL, et al. Peroxisome proliferator-activated receptor-gamma agonists induce neuroprotection following transient focal ischemia in normotensive, normoglycemic as well as hypertensive and type-2 diabetic rodents. J Neurochem. (2007) 101:41–56. doi: 10.1111/j.1471-4159.2006.04376.x

 104. Natrajan MS, de la Fuente AG, Crawford AH, Linehan E, Nuñez V, Johnson KR, et al. Retinoid X receptor activation reverses age-related deficiencies in myelin debris phagocytosis and remyelination. Brain. (2015) 138:3581–97. doi: 10.1093/brain/awv289

 105. He J, Liu H, Zhong J, Guo Z, Wu J, Zhang H, et al. Bexarotene protects against neurotoxicity partially through a PPARγ-dependent mechanism in mice following traumatic brain injury. Neurobiol Dis. (2018) 117:114–24. doi: 10.1016/j.nbd.2018.06.003

 106. Tajalli-Nezhad S, Karimian M, Beyer C, Atlasi MA, Azami Tameh A. The regulatory role of Toll-like receptors after ischemic stroke: neurosteroids as TLR modulators with the focus on TLR2/4. Cell Mol Life Sci. (2019) 76:523–37. doi: 10.1007/s00018-018-2953-2

 107. Gorup D, Škokić S, Kriz J, Gajović S. Tlr2 deficiency is associated with enhanced elements of neuronal repair and caspase 3 activation following brain ischemia. Sci Rep. (2019) 9:2821. doi: 10.1038/s41598-019-39541-3

 108. Li L, Ni L, Eugenin EA, Heary RF, Elkabes S. Toll-like receptor 9 antagonism modulates astrocyte function and preserves proximal axons following spinal cord injury. Brain Behav Immun. (2019) 80:328–43. doi: 10.1016/j.bbi.2019.04.010

 109. Rajbhandari L, Tegenge MA, Shrestha S, Ganesh Kumar N, Malik A, Mithal A, et al. Toll-like receptor 4 deficiency impairs microglial phagocytosis of degenerating axons. Glia. (2014) 62:1982–91. doi: 10.1002/glia.22719

 110. Palma-Tortosa S, Hurtado O, Pradillo JM, Ferreras-Martín R, García-Yébenes I, García-Culebras A, et al. Toll-like receptor 4 regulates subventricular zone proliferation and neuroblast migration after experimental stroke. Brain Behav Immun. (2019) 80:573–82. doi: 10.1016/j.bbi.2019.05.002

 111. Ji R, Tian S, Lu HJ, Lu Q, Zheng Y, Wang X, et al. TAM receptors affect adult brain neurogenesis by negative regulation of microglial cell activation. J Immunol. (2013) 191:6165–77. doi: 10.4049/jimmunol.1302229

 112. Choi JY, Kim BG. Toll-like Receptor 2: A novel therapeutic target for ischemic white matter injury and oligodendrocyte death. Exp Neurobiol. (2017) 26:186–94. doi: 10.5607/en.2017.26.4.186

 113. Erny D, Hrabe de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, David E, et al. Host microbiota constantly control maturation and function of microglia in the CNS. Nat Neurosci. (2015) 18:965–77. doi: 10.1038/nn.4030

 114. Hasan MR, Kim JH, Kim YJ, Kwon KJ, Shin CY, Kim HY, et al. Effect of HDAC inhibitors on neuroprotection and neurite outgrowth in primary rat cortical neurons following ischemic insult. Neurochem Res. (2013) 38:1921–34. doi: 10.1007/s11064-013-1098-9

 115. Jaworska J, Zalewska T, Sypecka J, Ziemka-Nalecz M. Effect of the HDAC inhibitor, sodium butyrate, on neurogenesis in a rat model of neonatal hypoxia-ischemia: potential mechanism of action. Mol Neurobiol. (2019) 56:6341–70. doi: 10.1007/s12035-019-1518-1

 116. Patnala R, Arumugam TV, Gupta N, Dheen ST. HDAC inhibitor sodium butyrate-mediated epigenetic regulation enhances neuroprotective function of microglia during ischemic stroke. Mol Neurobiol. (2017) 54:6391–411. doi: 10.1007/s12035-016-0149-z

 117. Rothhammer V, Borucki DM, Tjon EC, Takenaka MC, Chao C-C, Ardura-Fabregat A, et al. Microglial control of astrocytes in response to microbial metabolites. Nature. (2018) 557:724–8. doi: 10.1038/s41586-018-0119-x

 118. Latchney SE, Hein AM, O'Banion MK, DiCicco-Bloom E, Opanashuk LA. Deletion or activation of the aryl hydrocarbon receptor alters adult hippocampal neurogenesis and contextual fear memory. J Neurochem. (2013) 125:430–45. doi: 10.1111/jnc.12130

 119. Chen W-C, Chang L-H, Huang S-S, Huang Y-J, Chih C-L, Kuo H-C, et al. Aryl hydrocarbon receptor modulates stroke-induced astrogliosis and neurogenesis in the adult mouse brain. J Neuroinflammation. (2019) 16:187. doi: 10.1186/s12974-019-1572-7

 120. Cuartero MI, Ballesteros I, de la Parra J, Harkin AL, Abautret-Daly A, Sherwin E, et al. L-kynurenine/aryl hydrocarbon receptor pathway mediates brain damage after experimental stroke. Circulation. (2014) 130:2040–51. doi: 10.1161/CIRCULATIONAHA.114.011394

 121. Fu Y, Zhang N, Ren L, Yan Y, Sun N, Li Y-J, et al. Impact of an immune modulator fingolimod on acute ischemic stroke. Proc Natl Acad Sci U S A. (2014) 111:18315–20. doi: 10.1073/pnas.1416166111

 122. Zhu Z, Fu Y, Tian D, Sun N, Han W, Chang G, et al. Combination of the immune modulator fingolimod with alteplase in acute ischemic stroke: a pilot trial. Circulation. (2015) 132:1104–12. doi: 10.1161/CIRCULATIONAHA.115.016371

 123. Ralph SJ, Weissenberger A, Bonev V, King LD, Bonham MD, Ferguson S, et al. Phase I/II parallel double-blind randomized controlled clinical trial of perispinal etanercept for chronic stroke: improved mobility and pain alleviation. Expert Opin Investig Drugs. (2020) 29:311–26. doi: 10.1080/13543784.2020.1709822

 124. Malhotra K, Chang JJ, Khunger A, Blacker D, Switzer JA, Goyal N, et al. Minocycline for acute stroke treatment: a systematic review and meta-analysis of randomized clinical trials. J Neurol. (2018) 265:1871–9. doi: 10.1007/s00415-018-8935-3

 125. Switzer JA, Hess DC, Ergul A, Waller JL, Machado LS, Portik-Dobos V, et al. Matrix metalloproteinase-9 in an exploratory trial of intravenous minocycline for acute ischemic stroke. Stroke. (2011) 42:2633–5. doi: 10.1161/STROKEAHA.111.618215

 126. Moniche F, Montaner J, Gonzalez-Marcos J-R, Carmona M, Piñero P, Espigado I, et al. Intra-arterial bone marrow mononuclear cell transplantation correlates with GM-CSF, PDGF-BB, and MMP-2 serum levels in stroke patients: results from a clinical trial. Cell Transplant. (2014) 23 Suppl 1:S57–S64. doi: 10.3727/096368914X684934

 127. Steinberg GK, Kondziolka D, Wechsler LR, Lunsford LD, Coburn ML, Billigen JB, et al. Clinical outcomes of transplanted modified bone marrow-derived mesenchymal stem cells in stroke: a phase 1/2a study. Stroke. (2016) 47:1817–24. doi: 10.1161/STROKEAHA.116.012995

 128. Prasad K, Sharma A, Garg A, Mohanty S, Bhatnagar S, Johri S, et al. Intravenous autologous bone marrow mononuclear stem cell therapy for ischemic stroke: a multicentric, randomized trial. Stroke. (2014) 45:3618–24. doi: 10.1161/STROKEAHA.114.007028

 129. Hess DC, Wechsler LR, Clark WM, Savitz SI, Ford GA, Chiu D, et al. Safety and efficacy of multipotent adult progenitor cells in acute ischaemic stroke (MASTERS): a randomised, double-blind, placebo-controlled, phase 2 trial. Lancet Neurol. (2017) 16:360–8. doi: 10.1016/S1474-4422(17)30046-7

 130. England TJ, Sprigg N, Alasheev AM, Belkin AA, Kumar A, Prasad K, et al. Granulocyte-colony stimulating factor (G-CSF) for stroke: an individual patient data meta-analysis. Sci Rep. (2016) 6:36567. doi: 10.1038/srep36567

 131. Chernykh ER, Shevela EY, Starostina NM, Morozov SA, Davydova MN, Menyaeva EV, et al. Safety and therapeutic potential of M2 macrophages in stroke treatment. Cell Transplant. (2016) 25:1461–71. doi: 10.3727/096368915X690279

 132. Cohen JA, Chun J. Mechanisms of fingolimod's efficacy and adverse effects in multiple sclerosis. Ann Neurol. (2011) 69:759–77. doi: 10.1002/ana.22426

 133. Nazari M, Keshavarz S, Rafati A, Namavar MR, Haghani M. Fingolimod (FTY720) improves hippocampal synaptic plasticity and memory deficit in rats following focal cerebral ischemia. Brain Res Bull. (2016) 124:95–102. doi: 10.1016/j.brainresbull.2016.04.004

 134. Qin C, Fan WH, Liu Q, Shang K, Murugan M, Wu LJ, et al. Fingolimod protects against ischemic white matter damage by modulating microglia toward M2 polarization via STAT3 pathway. Stroke. (2017) 48:3336–46. doi: 10.1161/STROKEAHA.117.018505

 135. Yang Y, Salayandia VM, Thompson JF, Yang LY, Estrada EY, Yang Y. Attenuation of acute stroke injury in rat brain by minocycline promotes blood-brain barrierremodeling and alternative microglia/macrophage activation during recovery. J Neuroinflammation. (2015) 12:26. doi: 10.1186/s12974-015-0245-4

 136. Sharma S, Yang B, Strong R, Xi X, Brenneman M, Grotta JC, et al. Bone marrow mononuclear cells protect neurons and modulate microglia in cell culture models of ischemic stroke. J Neurosci Res. (2010) 88:2869–76. doi: 10.1002/jnr.22452

 137. Nakano-Doi A, Nakagomi T, Fujikawa M, Nakagomi N, Kubo S, Lu S, et al. Bone marrow mononuclear cells promote proliferation of endogenous neural stem cells through vascular niches after cerebral infarction. Stem Cells. (2010) 28:1292–302. doi: 10.1002/stem.454

 138. England TJ, Abaei M, Auer DP, Lowe J, Jones DRE, Sare G, et al. Granulocyte-colony stimulating factor for mobilizing bone marrow stem cells in subacute stroke: the stem cell trial of recovery enhancement after stroke 2 randomized controlled trial. Stroke. (2012) 43:405–11. doi: 10.1161/STROKEAHA.111.636449

 139. Cui L, Duchamp NS, Boston DJ, Ren X, Zhang X, Hu H, et al. NF-κB is involved in brain repair by stem cell factor and granulocyte-colony stimulating factor in chronic stroke. Exp Neurol. (2015) 263:17–27. doi: 10.1016/j.expneurol.2014.08.026

 140. Guo Y, Zhang H, Yang J, Liu S, Bing L, Gao J, et al. Granulocyte colony-stimulating factor improves alternative activation of microglia under microenvironment of spinal cord injury. Neuroscience. (2013) 238:1–10. doi: 10.1016/j.neuroscience.2013.01.047

 141. Xia G-H, You C, Gao X-X, Zeng X-L, Zhu J-J, Xu K-Y, et al. Stroke Dysbiosis Index (SDI) in gut microbiome are associated with brain injury and prognosis of stroke. Front Neurol. (2019) 10:397. doi: 10.3389/fneur.2019.00397

 142. Saleh A, Schroeter M, Jonkmanns C, Hartung H-P, Mödder U, Jander S. In vivo MRI of brain inflammation in human ischaemic stroke. Brain. (2004) 127:1670–7. doi: 10.1093/brain/awh191

 143. Villa A, Klein B, Janssen B, Pedragosa J, Pepe G, Zinnhardt B, et al. Identification of new molecular targets for PET imaging of the microglial anti-inflammatory activation state. Theranostics. (2018) 8:5400–18. doi: 10.7150/thno.25572

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

Copyright © 2020 Liu, Cheng, Zhong, Liu, Jolkkonen, Zhang, Liang, Liu and Zhao. 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/fimmu-11-01931-t002.jpg
Status

Recruiting

Recruiting

Recruiting
Recruiting

Completed

ClinicalTrials.gov
Identifier

NCT03470506

NCT04315922

NCT03934021
NCT038124456

NCT02008804

Title

A Study of the Relationship of Gut Microbial
‘Composition and Stroke Outcome

Multiomics Targeting Microbiome Associated
Changes in Stroke Patients

Gut Microbiota in Acute Stroke Patients
Cognition and Gut Microbiome Associated Study of
Shanghai People With Acute Ischernic Stroke

Influence of Stroke on the Composition of Intestinal
Microbiota

Objective

Investigate the relationship between gut microbiota, inflammation, and
the injured brain

Characterize features of gut dysbiosis in acute phase after stroke and
during 3 months follow-up

Identification of dysregulated microbiome metabolites and immune
cells during the 3-month follow-up period

Find out the characteristics of gut-microbiota changes in acute stroke
Investigate the efficacy of probiotics on altering gut microbiota in
ischemic stroke patients

Characterize composition of intestinal microbiome; evaluate
relationships between alterations in gut microbiota and immunological
parameters (HLA-DR)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Communications Between Peripheral and the Brain-Resident Immune System in Neuronal Regeneration After Stroke



		Introduction



		Peripheral Immune Components Influence Neuronal Repair After Stroke



		Infiltrating Peripheral Immune Cells and Their Functions After Stroke



		Monocytes and Macrophages



		Regulatory T Cells



		Cytokines From Infiltrated Immune Cells









		Gut Microbiota as Potential Regulators of Neural Repair







		Alterations in Brain-Resident Immune Cells Can Promote Neuronal Repair After a Stroke



		Resident Immune Cells and Neuroplasticity



		Interactions Between Microglia and Infiltrated Cells



		Interactions Between Astrocytes and Infiltrated Cells



		Alterations in Brain-Resident Immune Cells Through Immune-Related Pathways



		Metabolites of Gut Microbiota Can Alter Brain-Resident Immune Cells







		Therapeutic Strategies Targeting Brain–Peripheral Immune Crosstalk



		Conclusions and Future Directions



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Communications Between
Peripheral and the Brain-Resident
Immune System in Neuronal
Regeneration After Stroke





OPS/images/fimmu-11-01931-g001.gif





OPS/images/fimmu-11-01931-t001.jpg
Intervention Mechanism Study design Results References
Fingolimod Inhibit inflammatory  Open-label, evaluator-blinded, Oral fingolimod was safe within 72 of stroke onset; (121)
parallel-group
T-lymphocyte infitration Clinical pilot trial Oral fingolimod reduced secondary tissue injury and microvascular
permeability, attenuated neurological deficits, and promoted
recovery
Randomized, open-label, Combination therapy of fingolimod and alteplase reduced (122)
evaluator-biind, multicenter pilot trial  reperfusion injury, improved dlinical outcomes, and was tolerated
in acute ischemic stroke patients
Etanercept Reduce TNF secretion  Phase I parallel double-blind Peri-spinal etanercept promoted mobilty of paretic arm and (128)
randomized controlled clinical trial alleviated pain in chronic stroke
Minocycline Microglia polarization  Systematic review and meta-analysis  Minocycline improved functional recovery in acute stroke patients (124)
Exploratory trial Combining minocycline with tPA lowered plasma matrix (125)
metalloproteinase-9 level
Single-blind (outcomes assessor) Intra-arterial BMNC transplantation between day 5 and 9 after (126)
phase Ul controlled ciinical trial stroke elevated GM-CSF and PDGF-BB levels, lowered MMP-2
level, showed better functional outcome
Open-label, single-arm phase Vi Surgical transplantation of bone marrow-derived mesenchymal (127)
study stem cells was safe and related with improved clinical outcome
BMNCs Anti-inflammatory, phase Il, multicenter, parallel group,  Bone marrow mononuclear stem cells transplanted intravenously (128)
neurotrophic randomized trial with blinded after stroke at a median of 18.5 days were safe but showed no
outcome measure beneficial effects for recovery
Randomized, double-blind, Intravenous bone marrow-derived multipotent adult progenitor (129)
placebo-controlled, phase 2 trial cells were safe in acute stroke patients but no significant functional
improvement was found
G-CSF Bone marrow stem Meta-analysis G-CSF did not improve neurological outcome in stroke patients (130)
cells
M2 macrophage Prospective phase VIl nonrandomized Intrathecal M2 macrophage therapy was safe and promoted (131)

open-label clinical study

neurological recovery









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





