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Background

Neuroinflammation following spinal cord injury (SCI) results in prolonged neurological damage and locomotor dysfunction. Polarization of microglia is vital to regulation of neuroinflammation, although the underlying mechanisms have not yet been elucidated. Endocannabinoid receptor subtype 2 (CB2R) is reported to ameliorate neurodegeneration via immunomodulation activities. However, the underlying machinery in the context of SCI remains unclear.



Methods

A lipopolysaccharide-induced microglia inflammation model and a mouse model of SCI were employed to investigate the regulatory role of CB2R in the polarization of microglia in response to excess neuroinflammation. Markers of inflammation and autophagy were measured by Western blot analysis, immunofluorescence, flow cytometry, and enzyme-linked immunosorbent assays. Histological staining with hematoxylin and eosin, Nissl, and Luxol® fast blue was conducted using commercial kits. The locomotor function of the hindlimbs of the experimental mice was evaluated with the Basso Mouse Scale, Louisville Swim Scale, and footprint assay.



Results

The results showed that CB2R promoted M2 differentiation, increased interleukin (IL)-10 expression, and inhibited M1 differentiation with decreased expression of IL-1β and IL-6. CB2R activation also increased ubiquitination of the NLRP3 inflammasome and interacted with the autophagy-related proteins p62 and microtubule-associated proteins 1B light chain 3. Treatment with the CB2R activator JWH-133 reduced loss of myelin, apoptosis of neurons, and glial scarring, leading to improved functional recovery of the hindlimbs, while the CB2R antagonist AM630 produced opposite results.



Conclusion

Taken together, these results suggested that CB2R activation attenuated neuroinflammation targeting microglial polarization by promoting NLRP3 clearance, thereby facilitating functional recovery post-SCI.
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Introduction

Spinal cord injury (SCI) is a deteriorative neuropathy that results in irreversible neurological dysfunction and severe physio-psychological damage to the patient (1, 2). However, the pathogenesis of SCI remains unclear, as available reports have mostly focused on either the induction of neuroinflammation, accumulation of reactive oxygen species (ROS), or development of neurotoxicity (3). Microglia are indispensable components of pathological events (4). Damage to the spinal cord initiates various inflammatory responses via immunoregulation of microglial injury and subsequent activation of damage-associated molecular patterns, which promote activation of microglia in the resting state via multiple molecular signaling pathways, leading to increased differentiation of M1 microglia that release destructive pro-inflammatory mediators and induce ROS generation and a lack of M2 microglia, thereby limiting excess inflammation, but fueling neuroinflammation (5–7). The cross-kingdom efficacy of microglial polarization as an immune-inflammatory junction suggests a potential target as a defensive mechanism, although the specific components remain unclear.

The NLRP3 (NOD-, LRR-, and pyrin domain-containing 3) inflammasome, an intracellular signaling multiprotein complex, is reported to be activated in M1 microglia. It promotes production of numerous inflammatory amplifiers and has been implicated in the pathogenesis of various non-infectious diseases (8–10). As the most characteristic inflammatory sensor molecule, NLRP3 triggers activation of capase-1 and maturation of interleukin (IL)-1β and IL-18 (11, 12). Moreover, autophagy is a scavenging mechanism that delivers damaged organelles as well as excess proteins to lysosomes. Multiple lines of evidence show that accumulation of the NLRP3 inflammasome induces autophagosome formation, which limits inflammasome activity (13–15). However, the therapeutic effect of the destruction of the NLRP3 inflammasome via regulation of autophagy to alleviate secondary injury post-SCI remains unclear.

Previous studies have suggested that activated microglia produce endocannabinoids and express cannabinoid receptor subtypes that suppress neuroinflammation (16). In addition, endocannabinoids were reported to be an effective adjuvant to inhibit activation of NLRP3 inflammasome (17). The endocannabinoid system is mainly composed of endocannabinoid receptor subtype 1 (CB1R), endocannabinoid receptor subtype 2 (CB2R), and endocannabinoids like 2-arachidonoyl glycerol, anandamide, and other structurally related lipids, as well as related enzymes for transportation, synthesis, and degradation, which are involved in a variety of physiological functions and pathological processes (18–20). Of interest, activation of CB2R in the central nervous system plays a protective role against neurodegenerative diseases attributed to immune regulation (21–25). Previous reports suggest that targeting CB2R manipulates M1/M2 transition of macrophages in response to inflammation and regulates autophagy-related signaling (26, 27). However, the unique mechanisms underlying regulation of neuroinflammation post-SCI via CB2R and autophagy remain elusive.

In the present study, a model of lipopolysaccharide (LPS)-induced inflammation of microglia and a mouse model of contusion-induced SCI were employed to explore the role of CB2R in SCI-induced neuroinflammation in vitro and in vivo, respectively. The results showed that activation of CB2R facilitated phenotype transition of microglia to the M2 state, rather than M1, restrained neuronal apoptosis, and protected neurological functions, suggesting that CB2R attenuated SCI-induced neuroinflammation by promoting ubiquitination and clearance of NLRP3 through autophagy in microglia.



Materials and methods


Study approval

The animal study protocol was approved by the Institutional Animal Care and Use Committee of Nanjing Medical University (Nanjing, China) and conducted in accordance with the guidelines described in “Animal Research: Reporting of In Vivo Experiments”.



Antibodies

The antibodies (Abs) mentioned in this study are listed in Table 1.


Table 1 | The information of Abs





Cell culture

BV2 microglia and human embryonic kidney (HEK)-293T cells were obtained from the Institute of Cell Research, Chinese Academy of Medical Sciences (Shanghai, China) and cultured in Dulbecco’s modified Eagle medium (KGM12800-500; Nanjing KeyGen Biotech. Co. Ltd., Nanjing, China) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA). At 80% confluence, the microglia and HEK-293T cells were pretreated for 24 h with the CB2R activator JWH-133 (10 nM; B7941; APExBIO Technology LLC, Houston, TX, USA) or antagonist AM630 (40 nM; A3168; APExBIO Technology LLC) dissolved in 0.1% dimethyl sulfoxide (KGT5131; Nanjing KeyGen Biotech. Co. Ltd.). Inflammation was stimulated by treatment with 1 μg/ml of LPS (Sigma-Aldrich, St. Louis, MO, USA) for 24 h.



Establishment of a mouse model of SCI

Male C57BL/6J mice, aged 8 weeks, were obtained from the Experimental Animal Center of Nanjing Medical University and randomly assigned to one of the following four groups: sham group (laminectomy and daily intraperitoneal [i.p.] administration of a vehicle solution composed of 5% ethanol, 5% dimethyl sulfoxide, 5% Tween 20, and 85% normal saline), SCI group (SCI and i.p. administration of the vehicle solution), SCI+J group (SCI and i.p. administration of JWH-133 at 2 mg/kg per day), or SCI+A group (SCI and i.p. administration of AM630 at 2 mg/kg per day). JWH-133 and AM630 were initially administered 30 min prior to SCI and continued for 3 days. For SCI modeling, mice were anesthetized with ketamine (80 mg/kg) and xylazine (4 mg/kg) prior to laminectomy. A moderate contusion to the spinal cord at T10 was created with a 5-g impactor dropped from a height of 5 cm (28). The bladder of all mice with SCI was manually emptied once per day until the development of incontinence.



Western blot analysis

Proteins were extracted from cells and tissues using a total protein extraction kit (KGP2100; Nanjing KeyGen Biotech. Co. Ltd.) in accordance with the manufacturer’s protocol. Following quantification using an enhanced bicinchoninic acid kit (P0010; Beyotime Institute of Biotechnology, Shanghai, China), equal amounts of protein from each group were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred to polyvinylidene fluoride membranes (thickness, 0.45 μm; EMD Millipore Corporation, Billerica, MA, USA), which were blocked with 5% skim milk diluted in tris-buffered saline-Tween-20 for 1 h at room temperature and then incubated with primary Abs overnight at 4°C, followed by secondary Abs for 1 h at room temperature. Afterward, the membrane was visualized using a chemiluminescence system (4600; Tanon Science and Technology Co., Ltd., Shanghai, China) and analyzed with ImageJ software (https://imagej.nih.gov/ij/).



Enzyme-linked immunosorbent assay

The supernatant of the cell culture of each group was collected by centrifugation at 3,000 rpm for 10 min and stored at −80°C. Expression levels of inflammatory markers (IL-1β, IL-6, and IL-10) were measured using appropriate ELISA kits [EK201B, EK206, EK210; Multisciences (Lianke) Biotech Co., Ltd., Hangzhou, China] in accordance with the manufacturer’s protocols. Absorbance was determined at 550 nm using a multifunctional microplate reader (Synergy™ HT; BioTek Instruments, Winooski, VT, USA).



Flow cytometry

Polarization of microglia was induced by incubation with phycoerythrin (PE)-conjugated F4/80 Ab plus fluorescein isothiocyanate-conjugated Ab against inducible nitric oxide synthase (iNOS) or PE-conjugated F4/80 Ab plus allophycocyanin-conjugated Ab against CD206 at 4°C for 30 min. Then, the proportions of polarized microglia in each group were determined using a BD FACSVerse™ flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The generated dataset was analyzed using FlowJo software (version 8.0; https://www.flowjo.com/).



Terminal-deoxynucleotidyl transferase mediated nick end labeling assay

Cell death in injured spinal cord tissue was determined using a one-step terminal-deoxynucleotidyl transferase mediated nick end labeling (TUNEL) apoptosis kit (KGA7062; Nanjing KeyGen Biotech. Co. Ltd.) in accordance with the manufacturer’s instructions. Briefly, tissue sections were incubated with a working buffer containing proteinase K at 37°C for 30 min, then washed three times with PBS for 5 min and incubated in DNase I solution at 37°C for 30 min. Afterward, the tissue sections were probed with an enzyme working buffer at 37°C for 1 h, then labeled with tetramethylrhodamine-conjugated streptavidin in the dark at 37°C for 30 min. The nuclei were counterstained with Fluoromount-G®, a water-soluble compound containing 4´,6-diamidino-2-phenylindole (0100; SouthernBiotech, Birmingham, AL, USA). The tissue sections were imaged with a fluorescence microscope (BX51; Olympus Corporation, Tokyo, Japan).



Immunoprecipitation

BV2 and HEK-293T cells were lysed with protein lysis buffer on ice for 30 min and centrifugated at 12,000 × g and 4°C for 10 min. Then, 50 μl of the supernatant containing protein was collected as the “input” group, while the remaining supernatant was probed with Protein G Sepharose® 4 Fast Flow beads (GE Healthcare Sverige AB, Stockholm, Sweden) coated with an Ab against NLRP3 at 60 rpm and 4°C overnight using a rotary table. The beads were boiled twice in 2× loading buffer at 100°C for 5 min and then washed at 120 rpm and 4°C.



Immunofluorescence staining

Microglia were deparaffinated, rehydrated, and fixed with 4% paraformaldehyde (P0099; Beyotime Institute of Biotechnology) for 15 min for antigen retrieval and blocked using Immunol Staining Blocking Buffer (P0102; Beyotime Institute of Biotechnology) at room temperature for 1 h. The samples were probed with primary Abs overnight at 4°C, followed by secondary fluorescent Abs at room temperature for 1 h. The nuclei were counterstained with Fluoromount-G® and the samples were observed using a fluorescence microscope.



Histological staining

Histological staining with hematoxylin and eosin (H&E), Nissl, and Luxol® fast blue (LFB) was conducted using commercial kits (G1120, G1436, G3240; Beijing Solarbio Science and Technology Co., Ltd., Beijing, China) in accordance with the manufacturer’s protocols. Sections were mounted with neutral balsam (G8590; Beijing Solarbio Science and Technology Co., Ltd.) and then photographed using a fluorescence microscope.



Behavioral assessment

Locomotor function of the hindlimbs of the experimental mice was evaluated by two blinded researchers in accordance with the Basso Mouse Scale, the Louisville Swim Scale, and a footprint assay as previously described (29, 30).



Statistical analysis

Statistical analysis was performed with Prism 8.3.0 software (GraphPad Software, Inc., San Diego, CA, USA) and the data are presented as the mean ± standard deviation. Comparisons between two groups were conducted using the unpaired t-test and among three or more groups using one-way or two-way analysis of variance followed by Tukey’s post hoc test. A probability (p) value < 0.05 was considered statistically significant.




Results


Expression patterns of CB2R in cord tissue post-SCI

CB2R protein expression was measured from day 3 to week 6 post-SCI (Figure 1A). Post-SCI, CB2R protein expression significantly increased and peaked by 1 week, then gradually decreased to week 6 (Figure 1B), which was consistent with the IF staining results (Figure 1C). Furthermore, IF staining on day 7 post-SCI showed that the distribution of CB2R expression largely overlapped with the neuron-specific marker NeuN and microglia-specific marker IBA-1 in both the uninjured and injured mice. In contrast, astrocytes positive for expression of glial fibrillary acidic protein (GFAP) had expressed relatively low levels of CB2R (Figures 1D, E). Hence, microglia were selected for further studies.




Figure 1 | Expression patterns of CB2R in cord tissues post-SCI. (A) Representative protein band of CB2R on day 3 and weeks 1, 2, 4, and 6 post-SCI. (B) Quantitative analysis showing that CB2R expression was significantly increased on day 3 and weeks 1 and 2 post-SCI. (C) IF staining showing that CB2R (red) in cords of mice within 6W post-SCI. (D) IF staining of CB2R (red) with GFAP, Neun, or IBA-1 (green) in cords of sham mice. (E) IF staining of CB2R (red) with GFAP, Neun, or IBA-1 (green) in SCI mice on day 7 post-SCI. Scale bar = 100 μm. *p < 0.05.





CB2R regulates inflammation-mediated polarization of microglia

The CB2R activator JWH-133 and antagonist AM630 were employed to determine whether CB2R participates in regulation of the immunophenotype of LPS-treated microglia (31, 32). Specifically, the expression patterns of the M1 subtype marker iNOS and M2 subtype marker ARG-1 were determined by IF staining (Figure 2A). The results showed that LPS markedly increased expression of iNOS, but reduced that of ARG-1 in microglia. Subsequent treatment with JWH-133 decreased LPS-stimulated upregulated expression of iNOS, but rescued pull-down of ARG-1, while treatment with AM630 aggravated LPS-stimulated upregulation of iNOS and inhibited expression of ARG-1 (Figures 2B, C). In addition, the proportion of polarized cells was determined by flow cytometry. The results showed that the proportion of iNOS+ M1 microglia was significantly increased after LPS stimulation, and activation of CB2R by JWH-133 remarkably reduced such increase, while inhibition of CB2R by AM630 further intensified this effect (Figures 2D, E). In contrast, LPS stimulation remarkably reduced the proportion of CD206+ M2 microglia, which was further decreased by treatment with AM630 but increased by treatment with JWH-133 (Figures 2F, G). LPS stimulation increased expression of IL-1β, IL-6, and IL-10, whereas JWH-133 decreased expression of IL-1β and IL-6, but increased that of IL-10. In contrast, AM630 increased expression of IL-1β and IL-6, but decreased that of IL-10 (Figures 2H–J).




Figure 2 | CB2R regulates inflammation-mediated polarization of microglia. (A) IF staining of iNOS (red) and ARG-1 (green) in BV2 microglia after LPS insult for 24 h with CB2R activation by JWH-133 (J) or inactivation by AM630 (A). Scale bar = 50 μm. (B) Quantitative analysis indicating that CB2R significantly altered expression of the M1 marker iNOS during inflammation. (C) Quantitative analysis indicating that CB2R significantly altered expression of the M2 marker ARG-1 after LPS stimulation. (D) Flow cytometry results showing the relative proportion of M1 microglia (red) after LPS insult with and without CB2R activation or inactivation. (E) Quantitative analysis of M1 microglia. (F) Flow cytometry results showing the relative proportion of M2 microglia (red) after LPS insult with and without CB2R activation or inactivation. (G) Quantitative analysis of M2 microglia. ELISA results of IL-1β (H), IL-6 (I), and IL-10 (J) in the control, LPS, LPS+J (JWH-133), and LPS+A (AM630) groups. *p < 0.05. n.s means no significance.





CB2R promoted ubiquitination and autophagy-induced degradation of NLRP3 via the adenosine monophosphate-activated protein kinase/unc-51-like autophagy activating kinase signaling pathway

To elucidate the specific mechanism underlying CB2R-regulated polarization of microglia, the relationship between NLRP3 and CB2R was determined by IF staining. As shown in Figure 3A, stimulation with LPS increased expression of CB2R and NLRP3, while treatment with JWH-133 increased expression of CB2R, but decreased that of NLRP3, and treatment with AM630 had opposite effects (Figures 3B, C). Furthermore, the expression levels of the autophagy-related proteins adenosine monophosphate-activated protein kinase (AMPK), unc-51-like autophagy activating kinase 1 (ULK1), and microtubule-associated proteins 1A/1B light chain 3 (LC3A/B) were determined by WB analysis. The results showed that treatment with JWH-133 promoted phosphorylation of AMPK and ULK-1, leading to significantly increased expression of LC3B, which was reversed following CB2R inhibition by AM630 (Figures 3D–G). Moreover, activation of CB2R by JWH-133 decreased LPS-induced upregulation of NLRP3 and significantly reduced expression of p62, while treatment with AM630 had opposite effects (Figures 3H, J, K). Moreover, activation of CB2R inhibited phosphorylation of p65, while inhibition of CB2R fueled phosphorylation and nuclear expression of p65 (Figures 3H, I, L). The results of IP analysis showed that p62 was pulled down by NLRP3, indicating a direct interaction between NLRP3 and p62 (Figure 3M). Furthermore, in LPS-stimulated HEK-293T cells, treatment with JWH-133 increased binding of ubiquitin linkage-specific K48 to NLRP3, while treatment with AM630 had opposite effects (Figure 3N). These findings indicated that CB2R might also regulate ubiquitination of NLRP3 in LPS-stimulated microglia.




Figure 3 | CB2R promoted ubiquitination and autophagy-induced degradation of NLRP3 via the AMPK/ULK signaling pathway. (A) IF staining of CB2R (red) and NLRP3 (green) after LPS stimuli for 24 h with CB2R activation by JWH-133 (J) or inactivation by AM630 (A). Scale bar = 50 μm. (B) Quantitative analysis of CB2R. (C) Quantitative analysis of NLRP3. (D) Representative protein bands of p-AMPK, AMPK, p-ULK1, ULK1, LC3A, and LC3B in each group after 24 h of LPS insult. (E) Quantitative analysis of the p-AMPK/AMPK ratio. (F) Quantitative analysis of the p-ULK1/ULK1 ratio. (G) Quantitative analysis of the LC3B/LC3A ratio. (H) Representative protein bands of p-p65, p65, NLRP3, and p62 after 24 h of LPS stimulation. (I) Quantitative analysis of the p-p65/p65 ratio. (J) Quantitative analysis of NLRP3. (K) Quantitative analysis of p62. (L) IF staining of CB2R (red) and NLRP3 (green) after LPS stimulation for 24 h with CB2R activation by JWH-133 or CB2R inactivation by AM630. Scale bar = 50 μm. (M) Representative protein bands of NLRP3 and p62 in BV2 microglia after IP assay using an Ab against NLRP3. (N) Representative protein bands of ubiquitin linkage-specific K48 bound to NLRP3. *p < 0.05.





CB2R alleviated inflammation by promoting NLRP3-autophagosome formation in injured cords post-SCI

In vivo, the microglial polarization markers iNOS and ARG-1 with IBA-1 were measured. IF staining showed that the proportion of iNOS+ microglia was increased, while that of ARG-1+ microglia was decreased post-SCI. However, administration of JWH-133 markedly reduced the proportion of M1 microglia and increased that of the M2 subtype, while treatment with AM630 had opposite effects (Figures 4A–D). The WB results showed that JWH-133 treatment significantly increased phosphorylation of APMK and ULK1 as well as the LC3B/LC3A ratio, but markedly decreased NLRP3 expression, while treatment with AM630 had opposite effects (Supplementary Figures 2A–E). In addition, increased NLRP3 expression was mitigated by JWH-133-induced increased LC3B expression on day 3 post-SCI, while treatment with AM630 increased expression of NLRP3 and LC3B (Figure 4E). These results suggested that activated CB2R might protect against neuroinflammation by promoting the formation of the NLRP3-autophagosome.




Figure 4 | CB2R alleviated inflammation by promoting NLRP3-autophagosome formation in injured cords post-SCI. On day 3 post-SCI with CB2R activation by JWH-133 or inactivation by AM630, (A) IF staining of iNOS (red) and IBA-1 (green); (B) IF staining of ARG-1 (red) and IBA-1 (green). Scale bar = 100 μm. (C) Quantitative analysis of the number of iNOS+ microglia. (D) Quantitative analysis of the number of ARG-1+ microglia. (E) IF staining of NLRP3 (red) and LC3B (green) on day 3 post-SCI. Scale bar = 100 μm. *p < 0.05.





CB2R ameliorated secondary neuronal apoptosis and demyelination post-SCI

Given that CB2R was found to play a protective role in secondary injury, the LFB staining profiles of the injured spinal cord on day 7 post-SCI were compared among the groups. The results showed that treatment with JWH-133 resulted in a larger area of myelin as compared to the SCI mice, while treatment with AM630 caused significant myelin loss (Figures 5A, B), which was consistent with IF staining of myelin basic protein (Figures 5C, E). IF staining showed that treatment with JWH-133 increased the amount of neurofilaments, while treatment with AM630 further aggravated loss of neurofilaments as compared to the SCI mice (Figures 5C, D). TUNEL staining revealed that treatment with JWH-133 significantly reduced the amount of dead cells, while treatment with AM630 significantly increased cell death, as compared to the SCI mice (Figures 5F, G). Moreover, the number of apoptotic neurons was determined by staining with Annexin V, a marker of early apoptosis, IF analysis, and Nissl staining. The results showed that, as compared to the SCI mice, administration of JWH-133 resulted in fewer apoptotic neurons and a larger number of viable neurons, while treatment with AM630 produced opposite effects (Figures 5H–K).




Figure 5 | CB2R ameliorated secondary neuronal apoptosis and demyelination post-SCI. (A) LFB staining of spinal cords on day 7 post-SCI. Scale bar = 200 μm. (B) Quantitative analysis of LFB-labeled area. (C) IF staining of NF200 or myelin basic protein (green) on day 7 post-SCI. Scale bar = 500 μm. (D) Quantitative analysis of NF200. (E) Quantitative analysis of myelin basic protein. (F) TUNEL staining of spinal cords on day 7 post-SCI. Scale bar = 100 μm. (G) Quantitative analysis of TUNEL-positive cells. (H) IF staining of Neun (green) and Annexin V (red) on day 7 post-SCI. Scale bar = 100 μm. (I) Quantitative analysis of Annexin V-positive neurons. (J) Nissl staining of spinal cords on day 7 post-SCI. Scale bar = 200 μm. (K) Quantitative analysis of the number of neurons. *p < 0.05. n.s means no significance.





CB2R mitigated expansion of neuronal damage and formation of glial scarring post-SCI

Since glial scarring was initiated on day 7 and completed on day 28 post-SCI, IF staining of the injured foci on days 7 and 28 post-SCI was compared. IF staining on day 7 post-SCI showed that JWH-133 administration significantly reduced the extent of neuronal damage in areas occupied by microglia and astrocytes, as compared to the SCI mice, while administration of AM630 had opposite effects (Figures 6A–D). Assessment of these indices showed consistent trends on days 7 and 28 post-SCI during the period of spontaneous healing (Figures 6E–H).




Figure 6 | CB2R mitigated expansion of neuronal damage and formation of glial scarring post-SCI. (A) IF staining of GFAP (green) and IBA-1 (red) on day 7 post-SCI. Scale bar = 500 μm. Quantitative analysis of the area of injured foci inside the white dotted line (B), microglia-occupied area, (C) and astrocyte-occupied area (D) on day 7 post-SCI. (E) IF staining of GFAP (green) and IBA-1 (red) on day 28 post-SCI. Scale bar = 500 μm. Quantitative analysis of the area of injured foci inside the white dotted line (F), microglia-occupied area, (G) and astrocyte-occupied area (H) on day 28 post-SCI. *p < 0.05.





CB2R attenuated histological and functional damage post-SCI

H&E staining showed that as compared to the SCI group on day 3 post-SCI, administration of JWH-133 reduced the areas of hemorrhage and damage of the injured cord tissues, while administration of AM630 increased the areas of hemorrhage and significantly increased the damaged areas (Figures 7A, B; Supplementary Figure 1A). Furthermore, H&E staining on day 28 post-SCI showed that treatment with JWH-133 prevented further histological damage to the injured foci, while treatment with AM630 exacerbated tissue damage, as compared to the SCI mice (Figures 7C, D; Supplementary Figure 1B). The results of the footprint assay showed that treatment with JWH-133 lowered the frequency of dorsiflexion of the hindlimbs with longer stride length and width, while treatment with AM630 was associated with lower crawling indices, as compared to the SCI mice (Figures 7E–G). The results of the swimming test showed that JWH-133-treated mice exhibited a smaller angle ranging from the trunk to the water surface with a higher frequency of hindlimb movements, while AM630-treated mice seldom exhibited any evident difference, as compared to the SCI mice on day 28 post-SCI (Figure 7H). Therefore, the Louisville Swim Scale scores of the JWH-133-treated mice were higher than those of the SCI mice and AM630-treated mice beginning on day 14 post-SCI (Figure 7I). The Basso Mouse Scale scores also showed that, as compared to the SCI mice, treatment with JWH-133 significantly improved locomotion, while treatment with AM630 significantly decreased locomotion beginning on day 7 post-SCI (Figure 7J).




Figure 7 | CB2R attenuated histological and functional damage post-SCI. (A) Representative images of H&E staining of spinal cords on day 3 post-SCI (injured cords in black frames). Scale bar (i) = 600 μm (ii) = 100 μm. (B) Quantitative analysis of defected area by H&E staining. (C) H&E staining of spinal cords on day 3 post-SCI (injured cords in black frames). Scale bar: (i) = 600 μm, (ii) = 100 μm. (D) Quantitative analysis of defected area by H&E staining. (E) Mouse footprint assay on day 28 post-SCI. Quantitative analysis of stride length (F) and width (G) of the hindlimbs of mice post-SCI. (H) Representative images of a mouse swimming on day 28 post-SCI. Statistical analysis of the Louisville Swim Scale score (I) and Basso Mouse Scale (J) over a 28-day period. *p < 0.05. n.s means no significance.






Discussion

The findings of the present study suggested that the neuroprotective effects of CB2R activation in SCI were partly regulated by two main mechanisms: (i) attenuation of neuroinflammatory responses and reversed microglial polarization through inactivation of NLRP3 via AMPK/ULK1 signaling-induced autophagy and (ii) CB2R mitigation of neuroinflammation-mediated secondary neuropathology due to myelin loss, neuron apoptosis, and glial scar accumulation post-SCI.

LPS provokes inflammatory responses in multiple immune cells, including macrophages, T cells, and microglia (33, 34). Hence, LPS is often used to establish in vitro aseptic inflammatory models to mimic the pathogenesis of various neuro-immune diseases, such as autoimmune encephalomyelitis, multiple sclerosis, and depression (35–37). Of note, LPS is also widely used to induce microglial inflammation in mimetic models of SCI (38–40). LPS binds to Toll-like receptor 4 and promotes activation of p65, which then translocates to the nucleus and triggers the transcription of pro-inflammatory molecules (41, 42). The results of the current study confirmed that CB2R expression was significantly increased both in the cord tissues of SCI mice and in LPS-stimulated microglia, which then inhibited activation of p65, leading to decreased translocation to the nucleus. A previous report also suggested that CB2R activation could mitigate LPS-induced neuroinflammation (43), but the underlying molecular mechanism regulated by CB2R has not yet been elucidated. The results of the current study showed that pharmacological activation of CB2R by JWH-133 inhibited LPS-induced proinflammatory transition of the M1 subtype and increased the proportion of immunoregulatory M2 microglia in vitro, which was reversed by treatment with the CB2R antagonist AM630. These findings indicated that inhibition of neuroinflammation via CB2R potentially occurred through unidentified signaling pathways related to immunoregulation.

NLRP3, a classic biomarker of inflammation, responds to trauma via regulating activation of caspase-1 and maturation of IL-1β, thereby promoting inflammation-dominated neuropathology post-SCI (44, 45). Accumulating evidence indicates that either suppression of NLRP3 expression or promotion of cell autophagy ameliorates neuroinflammation-induced neurological injury, although the underlying mechanisms remain unclear. Numerous mechanisms have been proposed to explain the interactions between the NLRP3 inflammasome and autophagy, including autophagy activation by inflammatory signaling via limited IL-1β production and targeting ubiquitinated inflammasomes (13). In neurological diseases, non-coding RNA, bio-enzymes, and small molecular compounds have been implicated in the interplay between ubiquitination and autophagy of NLRP3 (46–48). In LPS-stimulated microglia, CB2R activation decreased NLRP3 expression associated with formation of autophagosomes, resulting in accumulation of LC3B and exhaustion of p62. Consistently, Shao et al. (49) demonstrated that alleviation of experimental autoimmune encephalomyelitis by CB2R activation was linked to activation of autophagosomes and inhibition of the NLRP3 inflammasome. In contrast, the results of the present study suggest that CB2R regulates NLRP3 ubiquitination by ubiquitin linkage-specific K48 and promotes binding of NLRP3 with p62, an autophagy substrate, and LC3B, an autophagy activator. K48-linked polyubiquitination of NLRP3 mediates self-degradation and reduces cellular NLRP3 levels, which are essential for inactivation of the NLRP3 inflammasome (50) and p62-dependent selective autophagy also inhibited the capacity of NLRP3 inflammasome-related proteins to attenuate inflammation-related pathology (51, 52). These findings confirmed that CB2R activation indeed mitigated neuroinflammation targeting polarization of microglia by regulating autophagy- and ubiquitination-mediated degradation of the NLRP3 inflammasome. AMPK, a nutrient and energy sensor that controls mitochondrial homeostasis, is activated by multiple physio-pathological insults, resulting in inflammation (53, 54), and subsequent phosphorylation of ULK1, resulting in activation of autophagosomes (55). Strikingly, CB2R has been implicated in upregulation of AMPK expression in models of aging, inflammation, and hyperglycemia (55–57), implying that CB2R might also participate in the regulation of autophagy. Interestingly, the results of the present study showed that activation of CB2R increased AMPK/ULK1 phosphorylation, leading to increased expression of LC3B, indicating that CB2R activation in a state of neuroinflammation facilitated autophagy via activation of the AMPK/ULK1 axis.

An increase in the proportion of pro-inflammatory M1 microglia that express iNOS with a decrease in the proportion of anti-inflammatory M2 microglia expressing ARG-1 in the early stage of SCI plays a crucial role in neuroinflammation (58, 59). Therefore, upregulation of iNOS and downregulation of ARG-1 promote deteriorative secondary neuropathy and more intense neuroinflammation in the injured cord tissues post-SCI. The results of the in vivo experiments found that pro-inflammatory M1 microglia predominantly expressing iNOS and penuriously expressing ARG-1 had accumulated in the vicinity of the injured cord, while CB2R activation via administration of JWH-133 resulted in increased expression of ARG-1 with reduced levels of iNOS in microglia around the injury. In contrast, treatment with the CB2R antagonist AM630 promoted the formation of M1, rather than M2, microglia, suggesting that CB2R activation limited inflammation by manipulating polarization of microglia in the injured spinal cord. Accordingly, CB2R activation reduced secondary pathology like neuron loss, demyelination, and glial scarring, thereby improving functional recovery. However, these corrections were neutralized in AM630-treated mice, suggesting that CB2R may play a potent neuroprotective role in addition to anti-inflammatory activities. In summary, CB2R attenuated inflammatory responses via targeting microglial differentiation by facilitating autophagy- and ubiquitination-induced degradation of the NLRP3 inflammasome. CB2R expression in SCI mice reduced the area of glial scarring, rescued the deficiency of neurons and myelin, and improved recovery of locomotor function, in part, by inhibiting neuroinflammation.

These preliminary findings verified the role of CB2R in post-SCI neuroinflammation and subsequent neuropathology. Hence, further research is warranted to explore therapeutic strategies targeting CB2R and other functions of CB2R in neurons to reveal their potential immunotherapeutic value for SCI.
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Microglia are mononuclear phagocytes of mesodermal origin that migrate to the central nervous system (CNS) during the early stages of embryonic development. After colonizing the CNS, they proliferate and remain able to self-renew throughout life, maintaining the number of microglia around 5-12% of the cells in the CNS parenchyma. They are considered to play key roles in development, homeostasis and innate immunity of the CNS. Microglia are exceptionally diverse in their morphological characteristics, actively modifying the shape of their processes and soma in response to different stimuli. This broad morphological spectrum of microglia responses is considered to be closely correlated to their diverse range of functions in health and disease. However, the morphophysiological attributes of microglia, and the structural and functional features of microglia-neuron interactions, remain largely unknown. Here, we assess the current knowledge of the diverse microglial morphologies, with a focus on the correlation between microglial shape and function. We also outline some of the current challenges, opportunities, and future directions that will help us to tackle unanswered questions about microglia, and to continue unravelling the mysteries of microglia, in all its shapes.
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1 Introduction

In the first descriptions of microglia by Pío del Río-Hortega in 1919, microglial activation was depicted as the transition from a ramified morphology (Figure 1A) in the ‘resting’ state to an amoeboid morphology (Figure 1B) in the’activated’ state (1). Now it is widely accepted that ramified microglia actively screen the CNS, establish contacts with neurons and other cells, and monitor and influence neuronal activity (2–4). However, our understanding of microglial physiology in relation to its morphology is still very limited, and a lack of ramification is generally considered an indicator of microglial activation. New genetic, molecular and pharmacological interventions, combined with novel in vivo and ex vivo models, have begun to describe new morphological features of microglia physiology and its interactions with other cells, supporting the idea that microglial morphology is highly dynamic and complex (5–7). These studies of microglial morphophysiological heterogeneity provide further evidence that microglia activation cannot simply be reduced to a structural transition from a ramified to an amoeboid shape.




Figure 1 | Diversity of microglial morphologies. (A) Ramified microglia are highly branched with multiple primary and secondary processes (often considered surveillant). (B) Amoeboid microglia present with a highly rounded morphology compared to their ramified states (often with a high phagocytic and migratory capacity). (C) Microglia can form ball-and-chain structures at the tip of their processes to phagocytose small amounts of material (such as synapses or apoptotic bodies). (D) Hyper-ramified microglia present with increased branching of their processes (often observed in acute and chronic stress models). (E) Microglia display bulbous budding at the end of some of their processes (considered to be important for ATP sensing). (F) Several microglial cells form a network resembling a honeycomb (reported in response to BBB leakage). (G) Jellyfish morphologies have been reported as a morphological transition of honeycomb microglia after extensive astrocytic death in the glia limitans (in response to TBI). (H) Rod microglia are characterized by an elongated, narrowed soma without planar processes that can form trains of rod microglial cells (in response to injury).



Understanding the relationship between microglial morphology and their precise physiological roles provides critical insights into the spatiotemporal dynamics of microglial responses. In turn, this will lead to a greater understanding of how microglia maintain CNS homeostasis or, on the contrary, contribute to disease etiology. We are now aware of the crucial involvement of microglia in synaptogenesis, synaptic plasticity, axonal regeneration, neuronal survival and regulation of neuronal activity, not only during development but throughout adult life (8–15). These additional functional roles of microglia highlight their importance far beyond their well- known roles in CNS immunity and debris elimination.

This review summarizes the current knowledge regarding the correlation of microglia morphology and function from the early stages of embryonic development throughout the adult life, in health, aging and disease. We highlight some of the specific microglial morphological features that we consider important for their functional spectrum and future classifications. We further discuss the importance of investigating microglial dynamics using in vivo and ex vivo approaches to better understand the spatiotemporal changes microglia undergo in certain conditions and throughout life.



2 Microglial biology

Microglia are myeloid phagocytes and the only innate immune cells permanently residing in the central nervous system (CNS). Microglia comprise between 5% and 12% of all the cells in the murine CNS, with variable densities depending on the CNS region studied (16). Microglia have been historically considered as phagocytes and immune cells that react to neuronal insult and pathological events in the CNS. However, it has become apparent that microglia serve more functions besides phagocytosis and the production of inflammatory cytokines (17, 18). Many studies have provided clear evidence that microglia play crucial physiological roles in the healthy brain; being involved in the development of the CNS connectivity, synaptic plasticity, monitoring of neuronal activity, and maintaining CNS homeostasis into adult life (2, 19–21). To perform such a diverse range of functions, microglia must sense different cues in their immediate microenvironment and adapt their morphology to different stimuli, displaying a plethora of cellular shapes (Figure 1). Whether microglia achieve their functional diversity by means of their phenotypic plasticity or through an early diversification into a heterogeneous population of cells is still unknown. The literature states many examples that indicate a correlation between the morphology and function of microglia, i.e. that amoeboid microglia are associated with phagocytosis of cellular debris (2, 22–25). However, the lack of a standard classification of microglia morphophysiology makes it often difficult to compare such associations between studies. It remains unclear whether a certain function is linked to a specific morphology, and/or whether microglia with a certain shape are limited to a particular role.


2.1 Microglial ontology

Unlike neurons and other glial cells (oligodendrocytes and astrocytes), microglia are not of neuroectodermal origin. Instead, they are myeloid cells of hematopoietic origin (2). Microglia arise from erythromyeloid precursors generated in the yolk sac, from where they migrate via the blood stream to the CNS in the early stages of embryonic development (26–29). After colonizing the CNS, the microglial precursors complete their differentiation and microglia remain a stable CNS-resident population, maintaining their numbers through self-renewal (30, 31), where the signaling of the colony-stimulating factor-1 receptor (CSF1R) is crucial for the proliferation, differentiation and survival of mononuclear phagocytes such as macrophages, osteoclasts and microglia (32). For instance, in the human cortex, microglia have a median age of 4.2 years, replacing 28% of the population every year (33). In the murine cortex, microglia have a median lifetime of more than 15 months with approximately 50% of these cells surviving the entire lifespan of the mouse (34). Some studies have shown that circulating monocytes can enter the CNS during inflammation and pathological incidents, where the blood-brain barrier (BBB) permeability is compromised. However, these cells are classified into a differentiated subset of cells, not contributing to the microglial cell pool and without self-renewal capacity (35–38).

Other types of macrophages are located at the CNS interface, such as meningeal macrophages, perivascular macrophages and choroid plexus macrophages (39–41). For decades these macrophages were believed to be derived from blood-borne monocytes, however new evidence suggests that at least some of them also arise from yolk sac precursors, being closer to microglia than to monocytes in their ontogeny (39). Nevertheless, microglia and these non-parenchymal macrophages remain distinct cell populations, with different locations, functions and morphologies (39).



2.2 Microglial functional diversity

Microglia possess a remarkable plasticity that allow them to perform a plethora of functions in the CNS during development, health and disease. As immune effectors of the CNS, microglia are well known to play crucial roles in response to injury and infection (42). Microglia express pattern recognition receptors (PRR) that allow them to recognize molecular patterns associated with pathogens and tissue damage (43). Upon PRR activation, microglia undergo a morphological- and physiological- transformation that leads to the release of pro-inflammatory cytokines, and the phagocytosis of pathogens and cell debris (44, 45). Conventional descriptors of ‘microglial activation’ include a change in functional behavior, as well as the migration to the site of injury, retraction of processes, and ‘compacting’ the cell body into an amoeboid morphology (23, 24, 46). Many of the microglial functions and morphological changes during the innate immune response, and in the diseased CNS, are extensively discussed in the literature (47–52).

In addition, microglia play crucial roles during the embryonic and postnatal development of the CNS. In rodents, microglia display an amoeboid morphology, typical of a phagocytic phenotype (53, 54). Accordingly, it has been shown that microglia control cortical neuron populations through phagocytosis of neural precursor cells (NPC) in rats and primates (55). Also, it has been described in vivo that microglia actively engage in phagocytosis of apoptotic cell bodies in the developing optic tectum and spinal cord of zebrafish (56, 57). In mice, in utero depletion of microglia during gestation, through CSF1R inhibition, led to the accumulation of dead cells in the hypothalamus and a significant increase in cell death throughout the developing hypothalamus, probably due to the lack of microglia-mediated elimination of apoptotic and dead cells (58). Interestingly, manipulating microglial activation had direct effects upon both the precursor cells population and the postnatal neuronal population. Microglial activation enhancement led to a decreased number of NPCs, while microglial deactivation increased the NPCs pool of cells (55). Microglia-mediated phagocytosis of synaptic material, known as synaptic pruning [reviewed in (59)], is crucial for the formation of neuronal pathways and the refining of neuronal circuits during development (60–63), ultimately affecting axonal growth, neuronal positioning and CNS cytoarchitecture (64).

Microglia have also been described to play key roles in the hypothalamus, were they influence the circuitry and signaling of the melanocortin system, responsible for the control of body weight and food intake (58, 65, 66). Administering PLX5622, a CSF1R-inhibitor, to pregnant mice achieved the in utero depletion of embryonic microglia (58), having postnatal effects upon energy balance. At postnatal day 4 (P4), pups from females treated with PLX5622 during pregnancy showed a reduction of 45% in the number of POMC neurons (58), neurons involved in the hypothalamic regulation of food intake through the release of anorexigenic peptides (67). The reduction of POMC neurons in PLX5622-exposed pups was accompanied by a significant increase in body weight gain from P5 to P15, when compared to pups from control females (58). These results show that depletion of microglia during gestation can affect the development of hypothalamic satiety circuits and have lasting effects upon body weight gain after birth (58). Embryonic microglia in the hypothalamus have also been shown to respond to different stimuli during gestation (68–71). In utero electroporation (IUE) is a procedure used to introduce plasmid DNA into the murine embryonic CNS (72). It has been shown that IUE induces morphological and gene expression changes in hypothalamic microglia, concomitant with an increased cell death in the developing hypothalamus (68). Furthermore, embryonic microglia interaction with radial glial cells (RGC) in the hypothalamus after IUE led to microglia-mediated degeneration and phagocytosis of RGC (69). Further evidence of the role of embryonic microglia during gestation has been shown in response to maternal stressors in a gestational cold stress model (70). In this study, cold exposure of pregnant mice led to an increase in the secretion of CCL3 and CCL4 by a subset of hypothalamic microglia, adjacent to neural stem cells (NSC), in the pups (70). Interestingly, this effect was only seen in male pups and was coincident with a decrease in the number of oxytocin neurons in the paraventricular nucleus of the hypothalamus (70). This effect seems to be CCL3 and CCL4-dependent, since these molecules also affected the proliferation and differentiation of hypothalamic NSC in vitro (70). Embryonic microglia have also been shown to be affected by gestational exposure to bisphenol A (BPA) (71). Exposing pregnant mice to BPA led to an increase of microglia numbers in the hypothalamus and changes in the morphology of microglial cells of the pups, showing higher ramification and higher number of phagocytic cups (71). These studies highlight the responsiveness of embryonic microglia to environmental factors, with lasting effects into the postnatal stages. The importance of hypothalamic microglia upon energy balance has also been shown in adults, where the microglia-specific disruption of leptin signaling caused hyperphagia and accelerated body weight gain, with concomitant loss of POMC neurons (66).

The microglial role during development goes beyond its phagocytic capacity, being able to secrete neurotrophic factors to promote neuronal survival, neurogenesis and oligodendrogenesis during early postnatal development (73, 74). In mice, it has been shown that microglia directly contribute to the survival of layer V cortical neurons through the secretion of the trophic factor insulin-like growth factor 1 (IGF-1) during postnatal development (74). In rats, microglia enhanced neurogenesis and oligodendrogenesis in the subventricular zone through the secretion of pro- inflammatory cytokines such as IL-1β, IL-6, TNF-α and IFN-γ (73). These studies highlight the importance of microglia during different stages of CNS development and maturation, not only being involved in the differentiation of other cell types but also refining the neuronal circuitry and CNS organization.

Microglial effects upon neuronal connectivity are also not limited to the developmental stage. In the adult CNS, microglia have been shown to engulf synaptic material in both the healthy brain and in neurodegenerative conditions (13, 75–77). Early ultrastructural studies described microglia-mediated displacement of synaptic terminals, suggesting that microglia actively participate in synaptic plasticity (78–80). More recently, microglia have been related to the elimination of synapses during adulthood and ageing across different regions of the CNS (13, 14, 81, 82). These functions suggest a key role of microglia in the modifications to the neuronal network in response to stress (81), memory maintenance (77), or in experience-dependent behavioral adaptation through synaptic plasticity (13). Interestingly, microglial ablation in adult mice led to a robust increase of the synaptic density in the hippocampus (83). Furthermore, it has been shown that blocking microglial BDNF (brain-derived neurotrophic factor) secretion, leads to a reduction in the formation of cortical dendritic spines associated with deficits in learning. This strongly suggests that microglia are not only involved in synaptic eliminations but also in synaptogenesis, with direct implications for learning-dependent plasticity (84). Altogether, this data show that microglia are involved in synaptic remodeling via both synaptogenesis and elimination, directly influencing neural plasticity.




3 Morphophysiological traits of microglia


3.1 The classic (and outdated) two-state paradigm

The morphological plasticity of microglial cells was already acknowledged by Río-Hortega in his 1919 series of papers about microglia [reviewed in (1)]. He described the morphological changes experienced by microglia after neuronal insult as: “The first phenomenon observed in microglia that evidences their distress in brain pathological processes is an increase in volume which mainly affects their dendrites [“processes”]. Hypertrophy [“increased cell size”] of microglial cell bodies is observed in some cases, and a more or less active hyperplasia [“increased cell density”] can also be observed” (1). Río-Hortega also referred to the gain of migratory and phagocytic characteristics in neurodegenerative processes: “The nomadic character of microglia is best observed in neurodegenerative processes, during which the apparent rest that they enjoyed in the normal state turns into migratory and phagocytic activity” (1). This led to the assumption that microglia exist in two different states: i) ‘Resting’, characterized by a highly ramified morphology and limited phagocytic and migratory activity, and ii) ‘Activated’, characterized by amoeboid shape, high motility, with phagocytic and proliferative capacities. For most of the last century this ‘two-state paradigm’ has been widely adopted, contributing to the misconception that microglia in the healthy brain were functionally quiescent or dormant (85, 86). Equally, the ramified-to-amoeboid transition observed in microglia during infection, trauma or pathological processes was inferred as the key criteria for microglial activation (87). Morphometric parameters such as sphericity, volume, cell body area, number of processes, length of processes, number of endpoints, number of nodes or microglial process area have been extensively used in the assessment of microglial morphology (56, 88, 89). Often these parameters are used to measure how ramified or amoeboid a microglial cell presents itself, using these as an indication of its activation state.

It is now well accepted that microglia undergo a morphological and functional transformation upon neuronal insult. Microglia do indeed migrate to the site of lesion, perform their phagocytic capacity to clear debris or eliminate pathogens and adopt an amoeboid morphology (22, 90). However, it has become evident that microglia are not dormant or quiescent in the so-called ‘resting’ state. In vivo studies have demonstrated that ramified microglia are quite dynamic, and their processes are continuously moving to survey the CNS parenchyma (91, 92). It has been convincingly demonstrated that microglia are very active in the healthy brain, beyond their direct immunological response patterns, playing important roles in synaptic plasticity, neurotrophic support, myelin remodeling, and maintaining homeostasis in the CNS (2, 4, 7). Hence, the morphological changes that were considered for many years as the key indicator of microglial ‘activation’ rather correspond to a morphophysiological transition that reflects a change in function. Further indication that the two-state paradigm fails to accurately reflect the spectrum of microglial phenotypes is the introduction of diverse categories of microglia functions in the literature, including surveillant microglia, proliferating microglia, pruning/neuromodulatory microglia, phagocytic microglia, and inflammatory microglia (93).



3.2 Factors determining the morphophysiological diversity of microglia

Microglia have been historically considered a homogenous population of cells. However, the regional, functional and morphological diversity of neurons, as well as the highly specialized organization of the CNS, suggest that microglial characteristics might reflect a similar heterogeneity (16, 88). Over the last 20 years, it has become more and more apparent that microglia show region-specific characteristics that are also affected by age and sex in the developing and adult CNS, as discussed below.


3.2.1 Region

Early studies in adult mice showed variations in cell density throughout the brain that were accompanied by diverse morphologies of microglia depending on brain regions; with radially orientated arborized cells found abundantly throughout the grey matter, longitudinally branched elongated cells in the white matter, and compact amoeboid cells found around the circumventricular organs (16). Recent studies have also demonstrated region-specific differences in lysosome content and membrane properties of microglia throughout the brain (94, 95). Transcriptomic profiling of different peripheral macrophage populations also demonstrated inter-region variability (96). Further studies using RNA sequencing of microglia have also highlighted strong regional differences. For instance, it has been shown that the expression of genes related to the phagocytic capacity of microglia differ between different regions in mice. Using microglia-specific mRNA extraction, Ayata and colleagues showed that expression of cell-clearance genes was significantly more prominent in cerebellar microglia when compared to striatal or cortical cells (97). The fact that the cerebellum shows higher levels of neuronal loss compared to the striatum or cortex, suggests that microglial phenotypes may be greatly determined by the surrounding microenvironment. Another study in mice used single-cell RNA sequencing (scRNA-seq) to investigate the regional differences of microglia at different developmental stages (6). Interestingly, Li and colleagues showed that early postnatal microglia located in highly proliferative regions showed a similar gene signature to that of degenerative disease-associated microglia. Furthermore, the authors found that the transcriptome of microglia expressing homeostatic genes in the adult mice was very similar regardless of the brain region, suggesting that the regional differences may change among different developmental stages, and that age is also a factor relevant for microglial phenotypic differences (6).



3.2.2 Age

Microglia migrate to the CNS at the very early stages of embryonic development and remain resident in the CNS parenchyma with self-renewal capacity throughout life. Hence, microglia are present during the developmental, adult, and aging stages of the CNS, presumably playing important roles by adapting to the different processes at different stages. The intense phagocytic activity observed during development correlates with the typical amoeboid morphology of phagocytic microglia (53, 54). On the other hand, microglia in the adult CNS show ramified morphology that is often considered an indication of microglial maturation (12, 98). Nonetheless, this loss of amoeboid morphology in adult microglia does not necessarily correlate with a loss of phagocytic activity, as many studies have described that microglia are phagocytically active even in the ramified state (11, 62). Furthermore, a recent study investigating microglial heterogeneity in mice at different ages using scRNA-seq showed that microglia display a higher transcriptomic diversity in the developing, aged, and diseased brain, compared to the adult microglial population (5).



3.2.3 Sex

The CNS presents a series of sex-specific characteristics regarding its anatomy, physiology, morphology, and epigenome (99–101). Sex-specific differences in the density, morphology and phagocytic activity have been described during development and in the adult mice (102), probably due to differential hormonal surges throughout life. This sex dimorphism not only comprises neuronal traits but also entails differences in non-neuronal cells. One of the first studies describing sex-specific differences in the microglial population reported that female mice showed an increase in microglia number, of at least 30% in the hippocampus compared to male littermates at three different ages (103). Another study highlighted that microglia number and morphology are affected by sex, age, and brain region (53). Male rats showed more deramification of microglia, the retraction of microglial processes and microglia adopting an amoeboid shape at early postnatal stages while females showed an increased number of deramified cells in juvenile and adult individuals. These differences in microglial number and morphology were also accompanied by differences in the gene expression of cytokines. These data suggest that microglial morphology, and likely their physiological state, are modulated by sex at different ages and regions. Subsequent studies suggested that microglia might have a relevant role in repressing the feminization of the brain, a process characterized by changes that sexual receptivity and maternal behavior (104). Specifically, one study described an increase in the number of microglia present in the preoptic area (POA) of neonatal male rats, showing a significant role of microglia in the synaptic patterning of the POA, crucial for masculinization of the brain and behavior (105). Interestingly, they also reported differences in the morphology of microglial cells in the POA, where neonatal males had twice as many amoeboid microglia compared to female littermates.

Some studies have also reported sex-specific traits in pain modulation directly related to microglia. For example, male mice were reported to show a TLR4-dependent activation of microglia during inflammation and neuropathic hypersensitivity (106). Another study assessing sciatic nerve hypersensitivity found that microglia were responsible for mediating hypersensitivity in male mice, while the response in females was mediated via T-cells (107). This difference was deemed mainly due to hormonal differences, as castrated males lacking testosterone lost the microglial response, while hypersensitivity was blocked by targeting microglia in females lacking T-cells and treated with testosterone (107). Differences in microglia-mediated pain hypersensitivity were also reported in rats, where inhibition of the P2X4R pathway in microglia resulted in the elimination of hypersensitivity in male rats but not in females, despite both displaying reactive microgliosis (108). Pharmacological modulation of neuropathic pain was also achieved with metformin, an antidiabetic drug, eliminating pain and microglial ‘activation’, determined by the activation marker Iba-1, in the spinal cord of male but not female mice (109). Dimorphic effects of morphine between female and male rats might also be related to sex-specific microglia differences. It has been reported that the increased number of deramified microglia in the periaqueductal gray is responsible for the attenuated effects of morphine seen in female rats (110). Interestingly, this was reversed through microglial modulation by blocking TLR4 in females. Altogether, these studies demonstrate that microglia might play a key role in pain modulation and that this is greatly influenced by sex-specific differences.




3.3 Microglia morphophysiological diversity

Although most studies use the ramified-amoeboid spectrum (Figure 2) to classify the morphology of microglial cells and generally directly correlate the phenotypic appearance with the physiological response, several studies have identified alternative morphologies (Table 1). Importantly, these studies did not find a clear correlation between increased expression of pro- or anti-inflammatory markers with such morphologies. This suggests that microglia are capable of modifying and adapting their morphology in response to stimuli unrelated to their activation or immunological status.


Table 1 | Microglial morphologies and their reported functions.




3.3.1 Microglia fulfill important roles in their ramified state

Deramification (the transition to an amoeboid state) has been considered an indication of microglial activation for many decades. However, many studies have shown that microglia in the so-called ‘resting’ state, characterized by a highly ramified morphology (Figure 1A), are actually extremely dynamic and active. Early evidence was provided in studies using microglia-reporter mice and two-photon microscopy, allowing the observation of microglia and their processes in vivo (91, 92). Those studies revealed that while the soma remained relatively static with few signs of migratory behavior; microglial processes were in constant motion, establishing transient contacts with neurons, astrocytes and blood vessels (92). This constant and rapid extension-contraction of the microglial processes is thought to be part of a continuous surveillance of the CNS microenvironment, allowing the CNS parenchyma to be monitored every few hours (7, 92). Surface receptors allow microglia to detect changes in the environment (82, 132) and to monitor neuronal activity through transient contacts with synaptic structures (7, 13). As we discuss below, the role of ramified microglia is not limited to surveillance. It has been shown that microglia can present with bulbous processes, forming ball-and-chain structures (Figure 1C), which are believed to be an indicator of phagocytosis of small amounts of debris or tissue without transitioning to an amoeboid shape (11). This suggests that such microglial phagocytosis of synapses and apoptotic material might not require the loss of ramified morphology, contrasting with observations in pathological conditions, where phagocytosis is generally performed by amoeboid microglia (59). Some studies have further described ramified or hyper-ramified microglial phenotypes (Figure 1D) that are actively engaged in other scenarios, such as the physiological response to stress and excitotoxicity. For instance, chronic stress resulted in a higher expression of Iba-1 and the hyper-ramification of microglia in the prefrontal cortex of rats, correlating with an enhanced activation of neurons in that region and impaired spatial working memory (122). Another study used mouse organotypic hippocampal slice cultures and showed that ramified microglia exert neuroprotective effects upon neurons during NMDA-induced excitotoxicity (111). Vinet and colleagues demonstrated that some neurons in the CA3 and DG regions of the hippocampus were resistant to excitotoxicity. This resistance was lost after ablation of ramified microglia, severely affecting the viability of neurons, while replenishment of microglia-free slices restored the resistance in those regions (111). Interestingly, the results in this study suggest not only that ramified microglia are able to exert neuroprotective roles in pathologic processes, but also that this function might be region-specific as other hippocampal regions showed different responses.



3.3.2 Alternative microglial morphologies and their function


3.3.2.1 Bulbous endings of microglial processes

As early as 2005, in one of the first in vivo studies describing the dynamic nature of microglial processes, the authors described that microglia extended their processes in response to local brain injury in mice (91). Interestingly, this response was mimicked by local ATP injections and characterized by bulbous endings of microglial processes (Figure 1E). These observations were confirmed in later studies where the outgrowth of microglial processes was associated with a chemotactic response to gradients of neuron-released ATP, through NMDA receptors on the surface of microglial processes (114, 115). Both studies reported that the formation of these bulbous endings was transient and was reversed when ATP application was terminated. The role of ATP in inducing the formation of bulbous structures in microglial processes was also described in vivo in zebrafish (116). The authors revealed that these bulbous microglia-neuron interactions were dependent on neuronal Pannexin-1 hemichannel, permeable to ATP, and ATP/P2 receptors in microglia. Interestingly, they showed that microglia were more prone to form bulbous contacts with neurons depending on their activity, as microglial processes preferentially moved towards neurons showing higher frequencies of Ca2+ activity. Most importantly, they showed that ramified microglia were able to downregulate the activity of those neurons contacted with such bulbous structures. These results suggest that ATP plays an essential role in signaling between neurons and microglia, that microglia are capable of sensing neuronal activity, and that this activity can be modulated via microglial bulbous processes.



3.3.2.2 Ball-and-chain structures

After the initial in vivo observation that ‘resting’ microglia actively and constantly modify the length of their processes to monitor the CNS parenchyma (91, 92), another study showed in the adult murine CNS that immunologically unchallenged ramified microglia are able to phagocytose apoptotic cells (11). The authors described a novel phenomenon in hippocampal sections of 1 month-old mice, where some microglial processes adopted a so-called ball-and-chain structure, in which a spherical phagocytic pouch (ball) was formed at the tip of a microglial terminal branch (chain) during apoptotic clearance (Figure 1C). Other studies also described this morphological type of interaction during early development. In the postnatal (P13) mouse subventricular zone (SVZ), microglia engulfed apoptotic dividing cells by forming phagocytic cups at the tip of the processes (117). In macaque, microglia phagocytosed neural precursor cells in the developing neocortex (E80), through enveloping the cell with a phagocytic structure formed in the distal portion of one of its processes, forming a ball-and-chain structure (55). More recently, a study in rats described that ball-and-chain structures were prominent in early post-developmental SVZ (P10) (118). Interestingly, these structures were also abundant in later stages (P40) in rats exposed to neonatal hypoxia-ischemia surgery, suggesting that they might also be implicated in the response to long-lasting effects of perinatal neuronal challenges. Ball-and-chain structures were also observed in ramified microglia in the developing cerebellar cortex of rats (119). Even though the authors do not explicitly use the ball-and-chain terminology, a recent in vivo study found that microglia phagocytose myelin sheaths during the development of the optic tectum and spinal cord of juvenile zebrafish, in a fashion that resembles the ball-and-chain structure (120). They reported that phagocytic events, identified through calcium signaling, led to the phagocytosis of portions of myelin sheaths. Interestingly their images show elongated microglia with short processes that in some cases showed a phagocytic pouch at their tips, resembling the ball-and-chain morphology. This process was regulated by neuronal activity, with microglia engulfing more myelin when neuronal activity was reduced or suppressed (120). Microglial phagocytosis through ball-and-chain structures has also been shown to be involved in the masculinization of social behavior in juvenile rats (121). Microglia in the developing amygdala of male rats have been shown to have an increased phagocytic activity compared to female juveniles during the first postnatal week (121). The microglia formed ball-and-chain structures that consequently engulfed and phagocytose newborn astrocytes, a process that was testosterone-induced and dependent on endocannabinoid signaling (121). Moreover, phagocytosis of the newborn astrocytes by ball-and-chain structures was complement-dependent, since blocking complement receptor 3 (CR3) signaling increased astrocytic survival and prevented social masculinization (121).



3.3.2.3 Hyper-ramified microglia

Ramified morphology of microglia (Figure 1A) has been considered for many decades as an indication of quiescence or a ‘resting’ state. However, recent studies in rodents have described a process of microglial hyper-ramification (Figure 1D) in response to acute and chronic stress. A study in rats described a non-injury-related hyper-ramification of microglia in the medial prefrontal cortex in response to chronic stress (122, 123). The authors reported that after chronic restraint stress, microglia presented higher ramification through an increase in the branching points of its processes. This hyper-ramification was accompanied by an upregulation of β1integrin, a protein that has been implicated in promoting microglial ramification. This effect was rescued after the administration of minocycline, a microglial inhibitor. Another study, using the chronic despair model (CDM) to induce stress-related depressive-like behavior in mice, observed a change in microglial morphology characterized by longer processes and increased branching in wild-type mice (124). Interestingly, CX3CR1-deficient mice showed enhanced resistance to the effects of CDM in regard to microglial morphology, and the administration of the anti-depressant venlafaxine reversed the hyper-ramification of microglia in the wild-type mice. These results suggest that the fractalkine-CX3CR1 axis might be involved in the neuron-microglia signaling during stress-induced depression. Furthermore, the authors reported that the administration of venlafaxine increased the expression of synaptic plasticity marker Arc/Arg 3.1 in wild-type mice but not in CX3CR1-deficient mice, suggesting that potential synaptic modifications are happening in response to stress. A recent study using a mouse model of post-traumatic stress disorder (PTSD) reported long-lasting fear response, decreased locomotor activity, and impaired behavior accompanied by an increased number of hyper-ramified microglia and loss of dendritic spines in a region-specific manner (125). Overall, these results suggest that microglial hyper-ramification can be a stress/depression-specific response that might also be implicated in synaptic modifications.



3.3.2.4 Honeycomb and jellyfish microglia

Other microglia morphologies have been reported in response to neuronal injury and glia limitans rupture after traumatic brain injury (TBI) in mice (126). The glia limitans is a layer of astrocytes endfeet processes that separate the CNS parenchyma and the perivascular space, just beneath the BBB (133). After thinning of the murine skull, a model of compression-mediated TBI, the authors reported leakage from the BBB through to the CNS parenchyma, mainly due to astrocytic death in the glia limitans (126) In response to this phenomenon, microglia retracted most of their processes except for two or three, forming a contiguous and highly connected network resembling a honeycomb structure (Figure 1F). Interestingly, this seemed to be a coordinated response of several microglial cells that surrounded surviving astrocytes to prevent further disruption of the glia limitans. The same study also reported a morphological transformation of honeycomb microglia into a shape that resembled a jellyfish, by the extension of a single, non-branching process (126) (Figure 1G). This transition from honeycomb to jellyfish-shaped microglia was observed in response to astrocytic death, likely suggesting the formation of a phagocytic cup. These structures were directly related to ATP-mediated microglial activation through the P2RY12 pathway. When the astrocytic release of ATP was inhibited with carbenoxolone, honeycomb and jellyfish structures were inhibited, and microglia remained ramified. These findings may suggest that honeycomb and jellyfish microglia are contributing to maintenance of the BBB integrity after TBI. A role of microglia in BBB integrity after brain injury was also demonstrated in mice, where photoablation of microglia and the inhibition of P2RY12 both resulted in the impairment of BBB closure (134). Inhibition of microglia through P2RY6 antagonism likewise resulted in increased parenchymal cell death 12 hours after compression injury (126).



3.3.2.5 Rod microglia

Until recent years, ramified and amoeboid morphologies have been the predominant morphological descriptors of microglia. However, already in 1899 Franz Nissl described cells with rod-like shape (“Stäbchenzellen”) in the post-mortem brain of patients with general paresis of the insane. These cells are now recognized to be a differentiated morphology of ‘activated’ microglia, commonly referred to as rod microglia (127, 128, 135) (Figure 1H). Later studies from Ramón y Cajal, Río-Hortega, Achúcarro and Alzheimer helped to establish rod microglia as a neuropathological marker of general paresis, cerebral atrophy and multiple sclerosis (128, 135). Further post-mortem studies during the first half of the 20th century showed rod microglia in the cortex of patients with malaria, Alzheimer’s disease, multiple sclerosis, epilepsy, and encephalitis (135). More recent studies defined rod microglia as cells with elongated and narrowed soma, with polarized thin processes mainly in the apical and basal ends of the cell due to the retraction of planar processes (128, 129). The authors observed the morphological transition of microglia adopting a rod-like shape after diffuse brain injury in rats, starting at 1-day post-injury and being prominent at 7 days post-injury (128). Similar results were observed after optic nerve transection in rats, where the presence of rod microglia was prevalent in the retina starting at 7 days after injury and becoming more evident between 14 and 21 days after the nerve transection, with more than 80% of the retinal microglia displaying a rod-like shape (130).

A study of human post-mortem brain samples revealed a correlation between age and the presence of rod microglia in the hippocampus and cerebral cortex (131), suggesting age as a possible factor. The authors also found an increased number of rod microglia in the parietal cortex of samples from patients with Alzheimer’s disease. Interestingly, no correlation was found between the history of traumatic brain injury and the presence of rod microglia, suggesting that the appearance of rod microglia after an acute brain injury might resolve after an undetermined period of time (131). Rod microglia have been usually described to adopt specific orientations and being adjacent to dendrites and axons of injured neurons (22, 128–130), suggesting a possible neuroprotective role by creating a barrier to protect uninjured neurons (129). Furthermore, it has been described that rod microglia align to each other after brain injury and optic nerve transection, forming structures resembling trains of rod microglia (Figure 1H) (128–130), suggesting a coordinated response of multiple rod microglial cells.






4 Discussion

It is remarkable that Pío del Río-Hortega’s conclusions about the dynamic nature of microglia are still valid today considering his observations were based on static examinations of the CNS (1). In 1919, Río-Hortega already mentioned the mesodermal origin of microglia and the correlation existing between morphology and microglial function, noting the ability of these cells to change their shape in response to different stimuli. However, being the only phagocyte resident in the CNS parenchyma, microglia were almost exclusively labeled to be responsible for the initiation and resolution of ‘neuroinflammatory’ reactions. Thus, it is not surprising that other roles of microglia, especially in the healthy CNS, were overlooked. Microglial dynamics have generated significant interest in the field of neurological research, arguably due to technological advances that, for example, allowed in vivo visualizations of ‘resting’ microglia under minimally invasive condition (91, 92). Under near-physiological conditions, these in vivo observations transformed the field by demonstrating the dynamic nature of unchallenged microglia that were considered dormant or quiescent for many years. These observations helped to understand that microglia are not only active in response to pathological changes in the CNS when they adopt an amoeboid shape and increase their phagocytic activity, but that ramified microglia also play very important roles in maintaining CNS homeostasis without losing their ramified morphology.

The use of post-mortem human tissue from brain donors has been especially useful in studying microglial function in neuropathology, including different psychiatric and neurodegenerative disorders (93, 136–139). Post-mortem studies provide a unique opportunity to correlate a characteristic microglial morphology to different disease stages, neuropathological hallmarks and other clinical parameters such as disease severity and duration (140). However, variations of clinical and autopsy-related parameters between cases can impact microglial morphology for histological studies, potentially complicating some interpretation of the results. Also, studying the implications of microglia in non-diseased brains and during the onset and early stages of diseases has been difficult, mainly due to the scarce availability of such tissue (140). Post-mortem studies in animal models have likewise contributed to our understanding of processes such as microgliosis, the proliferation of reactive microglia in response to acute CNS injury and aging (141), or microglia-mediated synaptic modifications (78, 87). For instance, studies using rats undergoing facial nerve axotomy were crucial to reveal the role of microglia in synaptic plasticity through a process called synaptic stripping (78, 113), where microglia have been shown to selectively displace synapses from injured neurons (142). This led to a renewed interest in microglial function, which has since become a highly debated topic in glial biology and neuroscience because of its important implications in CNS homeostasis, disease outcomes, and even potential therapeutic interventions (1).

In vivo studies of microglial responses have revealed unprecedented insights into the behavior, physiology, and spectrum of these cells. It has become apparent that such visualization models can be instrumental in deciphering the diverse spectrum of microglia phenotypes and physiology. In recent years, many studies have investigated the dynamic nature of microglial physiology in both the healthy and diseased brain, from the early stages of embryonic development throughout the adult brain and aging, using in vivo and ex vivo animal models (111, 143–145). These approaches have, for instance, clarified the ontogeny of microglia in mice (26) and zebrafish (29), revealed the role of microglia in eliminating apoptotic cells in zebrafish during development (146) and in the developed CNS (56), identified microglia-mediated synaptic modifications in mice (7, 147), or the microglial proliferation in animal models of disease and aging (34, 148). More recently, the appearance of new molecular techniques, and in particular single-cell RNA sequencing, has made it possible to define new roles and new subpopulations of microglia, such as a recovery-related subpopulation in a mouse model of nerve injury (149), and microglial subpopulations expressing different transcriptional profiles in mice depending on the region, age, or disease state (5).

Many of these findings have illustrated various forms of interactions between microglia and other cells, interactions that differ from the classic ramified/amoeboid paradigm. These studies not only describe unique microglial morphologies, but also demonstrate that the classical associations (‘ramified’ equating ‘resting’ microglia; ‘amoeboid’ equating ‘active’ microglia) are not appropriate in many cases (Figure 1). One of the first in vivo studies of microglia in mice already described the formation of a unique type of bulbous structures at the tips of microglial processes (Figure 1E) in response to neuronal damage and injections of ATP (91). This was later confirmed by other studies in mice (114, 115) and zebrafish (116). These structures appear to be closely related to the chemotactic attraction of microglia by ATP and, as observed in zebrafish, might be also involved in the regulation of neuronal activity (116). Other studies have also highlighted that branched microglia can be phagocytically active. One of the most observed microglia morphologies under physiological conditions is the ball-and-chain structure (Figure 1C), first described ex vivo in adult mice hippocampal sections (11). These structures have also been observed in the developing hippocampus of mice (117), the developing cerebral cortex of macaques (55), in the developing cerebellum in the rat (119), after neonatal hypoxia-ischemia also in rats (118), and remodeling myelin sheaths in zebrafish (120). Several features of these ball-and-chain structures remain unknown, for example whether this phagocytic structure arises exclusively when microglia are immunologically ‘inactive’ (i.e., in the absence of pathogens in the CNS or BBB disruption), or whether the volume of the phagocytosed material is a contributing factor. Another example where branched microglia are phagocytically active is the process of trogocytosis, where tiny pouches form on the surface of microglial processes to eliminate presynaptic structures in mice (147). The retraction of microglial processes has often been considered as indicative of microglial activation. However, some studies have described that microglia can adopt a hyper-ramified morphology in response to stress (122, 123). Other studies of murine models of chronic stress and PTSD correlated microglial hyper-ramification with long-lasting behavioral and motor impairment accompanied by synaptic modifications (124, 125).

Some studies have not only observed unique microglial morphologies but have also described that microglia can form multicellular networks with a very well-defined structure. Such is the case for the trains of rod-shaped microglia (Figure 1H) formed in close relationship with neuronal structures after diffuse brain injury in rats (128), or the arrangement of microglial cells forming a structure reminiscent of a honeycomb (Figure 1F) after TBI in mice (126). This suggests that microglia can orchestrate a joint and coordinated response to CNS insults. It will be interesting to see future studies further unravel our understanding of inter-glia and inter-cellular communication in the CNS, such as the microglia-mediated activation of astrocytes and neuronal degeneration (150). Identifying the molecules and signaling pathways that trigger such inter-cellular responses or intra-cellular morphophysiological transformations will undoubtedly help us to understand the cues leading to microglial differentiation (morphologically and functionally).

Thus, it seems clear that the extraordinary heterogeneity and diversity of microglial cells requires the reconsideration of the outdated dogma of their different activation states being linked to one particular morphology. The classical paradigm of microglia depicts their morphology and activation as correlated and on a linear spectrum — with ramified microglia being non-activated on one end and the amoeboid morphology reflecting activated microglia on the other end (Figure 2A). This paradigm does not account for the great variety of microglia morphologies seen in the CNS and does not encompass the emerging evidence of much more diverse morphophysiological correlations. Certainly, microglial responses are extremely complex and diverse, making it difficult to establish exact correlations between microglial functions and specific morphologies. It is therefore important for researchers to assess microglial dynamics, taking into account the spatiotemporal changes of both microglial morphology and function.




Figure 2 | Spectrums of microglial activation. (A) Classical or ‘linear spectrum’ of microglial activation where ramified microglia are considered non-activated/resting, and amoeboid microglia are considered fully activated. Other microglial morphologies would reflect an intermediate state. (B) Proposed ‘multi-spectrum’ that reflects changes in microglial morphologies and function in a radial pattern, with context-dependent microglial activation.



Species-specific traits of microglia are also important when accounting for variation between microglia morphophysiologies. Despite sharing a highly conserved transcriptome, several studies have already highlighted gene expression differences between human and murine microglia (151–153). Another example is the expression of a surface lectin in microglia, Siglec-11, that seems to be unique to the human brain (154). Torres-Platas and colleagues performed a morphometric analysis of cortical microglia in both humans and mice (88). The most evident differences between mice and human microglia arise from the proportion of the different morphologies described and the shape of the cell bodies. Mouse cortex showed a higher proportion of ramified microglia (≥90%) with microglial somata being highly heterogeneous in their shape, while in human cortex ramified microglia represented 43% of all cells and the cell bodies were classified either as rounded or amoeboid (88). Specifically, ramified, amoeboid and rod morphologies have been described in multiple species, including humans and mice, and highlighted in this review (Table 1). Notably, these are considered classical microglial morphologies, all being described in the first half of the 20th century. It will be interesting to study human microglia by taking into account more recently described morphologies and avoiding the ramified-amoeboid linear spectrum, allowing a more accurate comparison between different species in the future.

For future studies, we suggest the usage of a continuous multi-spectrum (Figure 2B) for microglia morphologies and functions. Such a spectrum accounts for the variety of functional states for each microglia morphology and emphasizes their capacity to alter their ‘activation’ status, independently of their morphological pattern (e.g. it is not clear whether microglia can be ‘locked in’ in a morphological or functional state). Overall, it seems sensible for the field to develop context-specific ways to investigate microglial activation, beyond simply quantifying the ramification or sphericity of these cells. More standardized ways of describing the shapes that microglia can adopt and clearly associate them to particular functions will facilitate the comparison of different microglial responses in different settings and scenarios. In vivo studies of microglial dynamics may help to better define the morphological transitions of microglia and their interactions with other cells in the future.
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Objective

To analyze the macular structure of age-related cataract (ARC) patients with different antibody levels after COVID-19 vaccine injection, in order to obtain the effect of COVID-19 vaccine on the macular structure, and speculate whether the COVID-19 vaccine has adverse effects on the macular structure.



Methods

This retrospective study is conducted to analysis on the status of COVID-19 vaccine and the thickness of different layers at different positions in the macular area of ARC patients. In the age, sex and eye axial length matched population, in the un-injection, no-antibody, IgM and IgG positive groups after vaccination, the choroid, ganglion cell complex, nerve fiber layer and retinal thickness at different positions of ETDRS zoning in the macular area were discussed.



Results

A total of 164 patients (164 eyes) were included in the analysis. There were 63 males and 101 females. The average age was 65.99 ± 8.43 years. There was no significant difference in age and sex among the groups (p>0.05). The average axial length of 164 eyes was 23.56 ± 1.46mm, and no significant difference between the groups (p>0.05). Non parametric test and ANOVA test for the thickness of choroid, retina, ganglion cell complex and retinal nerve fiber layer in each division of ETDRS showed no significant difference in the four groups of un-injection, no-antibody, IgM and IgG (p>0.05). There was no correlation between the antibody concentration and the thickness of macular structure (p>0.05).



Conclusion

There was no significant difference in the thickness of choroid, retina, ganglion cell complex and retinal fiber layer in different macular areas after COVID-19 vaccine injection. There was no linear correlation between the thickness of choroid, retina, ganglion cell complex and retinal fiber layer and the antibody concentration produced after COVID-19 vaccine injection. It suggests that the injection of COVID-19 vaccine might have no significant effect on the macular structure of eye.
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Background

Novel coronavirus disease 2019 (COVID-19) is a global health disaster and a great challenge for mankind. The prevalence of COVID-19 has greatly impacted the global health system, disrupted the worldwide economy and caused incalculable losses (1). In the face of serious epidemic situation, in addition to avoiding contact with infectious sources as much as possible, the COVID-19 vaccination has brought new hope for the alleviation of epidemic. China is currently using five vaccine development technologies to develop and produce COVID-19 vaccines: whole virus inactivated vaccine, adenovirus vector vaccine, recombinant subunit vaccine, mRNA vaccine and attenuated influenza virus vector vaccine. Several studies have shown the effectiveness of different COVID-19 vaccines in inhibiting COVID-19. A meta-analysis by Zeng et al. evaluated the effectiveness of eleven COVID-19 vaccines against different variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (2). Another study reported that the efficacy of nine COVID-19 vaccines against symptomatic COVID-19 exceeded 50% (3).

COVID-19 is characterized by fever, fatigue and muscle soreness. As the disease progresses, dyspnea, respiratory failure, shock and multiple organ dysfunction may occur (4). Although ocular tissues are relatively less involved, some studies have reported ocular manifestations in patients with COVID-19 (5–9). Some studies found RNA of SARS-Cov-2 in the human ocular tissues (10–12). At present, conjunctivitis is the earliest ocular disorder caused by COVID-19 reported in the literature (13–15). COVID-19 conjunctivitis is similar to other viral conjunctivitis. At present, there is no case report of conjunctivitis affecting vision. However, the greater threat to vision is the vitreoretinopathy associated with COVID-19 infection, such as the manifestation of cotton wool spots and bleeding spots (16), flaming hemorrhage and ischemic lesions (cotton wool spots and retinal fan pallor) (17), retinal vein occlusion and retinal artery occlusion (18), resulting in macular lesions or change of thickness (16, 19–22).

COVID-19 vaccine is of great significance for the epidemic control, but its safety cannot be ignored. Some studies have reported the effects of COVID-19 vaccine on the eyes, mainly involving the posterior segment of the eyeball. The uvea, choroid and retinal vessels are most frequently affected. The median time of ocular pathological manifestations was 4 days after vaccine injected (23). The main manifestations are uveitis, white spot syndrome, central serous chorioretinopathy, retinal vein occlusion, acute macular neuroretinopathy and acute paracentric middle-level maculopathy. Other ocular manifestations include eyelid edema and rash, optic neuritis, oculomotor paralysis, etc (23). However, the causal relationship between the appearance of ocular pathology and the COVID-19 vaccine has not been confirmed by large sample and multi center research data. This study intends to analyze the macular structure of age-related cataract (ARC) patients with different antibody levels after COVID-19 vaccine injection, so as to obtain the effect of COVID-19 vaccine on the macular structure, and speculate whether the COVID-19 vaccine has adverse effects on the macular structure.



Methods


Recruitment of patients, and inclusion and exclusion criteria

This retrospective study is conducted in the Peking University International Hospital (PUIH), Beijing, China. The study is approved by the local ethical review board in accordance with the Declaration of Helsinki, and all patients provided the informed consent. In this study, ARC patients who were admitted to PUIH for ARC surgery, who were examined by optical coherence tomography (OCT) in the macula area and detected by COVID-19 antibody before surgery, were included. The vaccine is inactivated vaccine, which is inoculated according to personal wishes before they came to PUIH. According to whether the COVID-19 vaccine was injected or not and the antibody production after the COVID-19 vaccine injection, the differences in the macular structure of different groups were analyzed to obtain the effect of COVID-19 vaccine on the macular structure. Inclusion criteria: patients who were hospitalized in PUIH, planned to undergo ARC surgery, and who underwent macular OCT and novel coronavirus antibody detection before surgery. Exclusion criteria: Patients with severe lens opacity and unable to clearly display macular structure by OCT were excluded. Patients with severe lens opacity and unable to accurately measure the ocular axial length were excluded. Patients with anterior and posterior segment diseases such as uveitis, exudative senile macular degeneration, anterior macular membrane and glaucoma were excluded. To avoid the influence of abnormal macular structure, patients with pathological myopia were excluded. In order to reduce the possible influence of systemic diseases on the macular structure, patients with diabetes were excluded. Exclude patients with hepatitis B, hepatitis C and other vaccines in the past half year. Patients who could not obtain COVID-19 vaccination information were excluded.



Clinical observations

Clinical history and routine clinical examination were performed by slit-lamp microscopy, indirect ophthalmoscopy, uncorrected (UCVA) and best-corrected visual acuity (BCVA) logMAR were tested, besides intraocular pressure (IOP). IOP was measured by noncontact tonometer (Canon TX-10/TX-F, Tokyo, Japan), slit lamp examination (Topcon SL-1E, Tokyo, Japan), and fundus examination (90 Dioptre, Volk Optical, Mentor, OH) with undilated pupil. All tests were performed in the outpatient of eye clinic.



OCT measurement

Macular thickness is measured with DRI OCT Trion (Topcon Corp., Tokyo, Japan), and the radiation scanning mode is adopted for the macular area. Before the examination, the patient was dripped with tropicamide eye drops to dilate the pupils. OCT can display the thickness of choroid (CHO), retina, ganglion cell complex (inner plexiform layer + ganglion cell layer, GCL+, GCLp), retinal nerve fiber layer (RNFL) in layers. The image of the structural thickness of each layer in the macular region is represented by ETDRS partitions, which include the central region (1mm in diameter, marked with C), the inner ring region (3mm in diameter, marked with I), and the outer ring region (6mm in diameter, marked with O). The inner and outer circles are respectively divided into superior, inferior, nasal and temporal regions, which are marked as S, I, N and T. For example, ChoC as the thickness for the central region of choroid, ChoIT, ChoIS, ChoIN and ChoII as the thickness for the inner temporal, superior, nasal and inferior ring region of choroid, ChoOT, ChoOS, ChoON and ChoOI as the thickness for the outer temporal, superior, nasal and inferior ring region of choroid, and ChoT as the thickness for the total choroid.



Detection of novel coronavirus antibody

The detection of SARS-Cov-2 antibody in this study uses the novel coronavirus (2019-nCoV) IgM antibody detection kit and novel coronavirus (2019-nCoV) IgG antibody detection kit provided by Maccura Biotechnology Co., Ltd. The determination method is micro magnetic particle chemi-luminescence immunoassay. The blood sample is mixed with the micro magnetic particle coated with the mouse anti human IgM/IgG monoclonal antibody. The antibody in the sample forms an immune complex with the mouse anti human antibody. After washing, the acridine ester labeled novel coronavirus antigen is added. After washing again, the substrate solution was added to generate a chemiluminescence reaction, and the luminescence signal value was measured to obtain the antibody content.



Grouping

IgM antibody positive (IgG positive or negative) after injection of COVID-19 vaccine was defined as IgM group. IgG group was defined as IgG antibody positive (IgM negative) after injection of COVID-19 vaccine; The patients with negative antibody after injection of COVID-19 vaccine were defined as no-antibody group. Those who did not receive the COVID-19 vaccine were defined as the un-injection group.



Statistical analysis

SPSS statistical software (SPSS version 20.0, Armonk, New York, USA) was used for statistical analysis. In this study, except for gender and eye, the data are expressed as mean ± IQR or mean ± SD. Chi square analysis was used to compare the gender data. Kolmogorov–Smirnov test and Shapiro-Wilk test were used to test the normality of the thickness data for each layer in the macular area. Nonparametric test and ANOVA were used to compare the differences between groups. P < 0.05 means that the difference is statistically significant.




Results


General information

A total of 190 patients and 338 eyes were included in this study, who had the cataract operation in May 1st 2021 to May 31st 2022. Among them, 81 were male and 109 were female. The average age was 65.45 ± 9.39 years. To avoid research errors, only the data of right eye for all patients were taken for statistical analysis.

A total of 164 patients with 164 eyes were included as the right eye. There were 63 males and 101 females. The average age was 65.99 ± 8.43 years. Among them, 39 were in the un-injection group, 14 were male and 25 were female, with an average age of 66.26 ± 7.74 years. There were 35 in the no-antibody group, 17 males and 18 females, with an average age of 66.89 ± 6.54 years. IgM group has 12 patients, 3 males and 9 females, with an average age of 67.25 ± 9.51 years; The IgG group consisted of 78 persons, 29 males and 49 females, with an average age of 65.27 ± 9.38 years. There was no significant difference in age and gender among the groups (p=0.739 and p=0.459). See Table 1 for age and gender distribution information of patients in each group.


Table 1 | General information for the included age-related cataract patients.





Axial length (AL)

Previous studies have shown that AL may affect the structure of the macular area (24). Therefore, we made statistical analysis and comparison on AL of each group. The average AL of 164 eyes was 23.56 ± 1.46mm. Among them, AL of the un-injection group was 23.41 ± 1.14mm, of the no-antibody group was 23.65 ± 1.30mm, of the IgM group was 23.52 ± 2.42mm, and of the IgG group was 23.60 ± 1.60mm. There was no significant difference in AL between the groups (p=0.894).



Analysis of macular structure

We tested the normal distribution of the macular structure data obtained by OCT. As some data are skew distribution, the nonparametric test is used for data statistical analysis. However, in order to avoid the false negative errors in statistics, one-way ANOVA was used for verification.

The choroidal thickness of the un-injection, no-antibody, IgM and IgG group in each division of the ETDRS table is shown in Table 2. The nonparametric test and ANOVA test of the thickness of each partition between these four groups showed no statistical significance (P > 0.05).


Table 2 | Analysis of choroidal thickness in the age-related cataract patients with different COVID-19 antibody statues (median ± IQR, μm).



See Table 3 for the retinal thickness of the un-injection, no-antibody, IgM and IgG group in each division of the ETDRS table. Nonparametric test and ANOVA test showed no significant difference between these four groups. (P > 0.05). Table 4 shows the thickness of ganglion cell complex in each division of ETDRS in the un-injection, no-antibody, IgM and IgG groups. Nonparametric test and ANOVA test showed no significant difference between these four groups. (P > 0.05). Table 5 shows the thickness of retinal nerve fiber layer of un-injection, no-antibody, IgM and IgG groups in each division of ETDRS table. Nonparametric test and ANOVA test showed no significant difference between these four groups. (P > 0.05).


Table 3 | Analysis of retinal thickness in the age-related cataract patients with different COVID-19 antibody statues (median ± IQR, μm).




Table 4 | Analysis of ganglion cell complex thickness in the age-related cataract patients with different COVID-19 antibody statues (median ± IQR, μm).




Table 5 | Analysis of retinal nerve fiber layer thickness in age-related cataract patients with different COVID-19 antibody statues (median ± IQR, μm).



The correlation analysis between the antibody concentration after COVID-19 vaccine injection and the thickness of each layer in the macular region was performed on 90 patients (90 eyes) in the antibody group (IgM group + IgG group), 12 patients (12 eyes) in IgM group, and 78 patients (78 eyes) in the IgG group. The results showed that there was no correlation between the antibody concentration of IgM group, IgG group or antibody group and the thickness of each layer for the macular structure (P > 0.05).




Discussion

In 2019, novel coronavirus pneumonia (COVID-19) began to rage. With the variation of sars-cov-2 virus strain, the severity of the disease and the immune escape ability of the virus are also constantly changing. In the face of the serious epidemic situation, in addition to avoiding contact with infectious sources as much as possible, COVID-19 vaccination has brought new hope for the alleviation of the epidemic situation (2, 25). At present, China is using five vaccine development technologies to develop and produce COVID-19 vaccine: whole virus inactivated vaccine, adenovirus vector vaccine, recombinant subunit vaccine, mRNA vaccine and attenuated influenza virus vector vaccine.

Inactivated vaccines are most widely used in China, accounting for more than 85%. Among them, two vaccine manufacturers, BBIBP-CorV and CoronaVac, are the most widely used vaccines (26). A retrospective cohort study showed that the resistance rate to infection was 51%, the resistance rate to COVID-19 pneumonia was 61%, and the resistance rate to severe COVID-19 was 82% (26). Completing two doses of inactivated vaccine can reduce the risk of COVID-19 from mild to moderate to severe by 74%. The efficacy of BBIBP-CorV and CoronaVac vaccines was similar. 164 right eye patients were included in our study, of which 39 had no history of vaccine injection, and 125 had been injected with COVID-19 vaccine, with an injection rate of 76.2%. Although the samples are only from age-related cataract diseases in one hospital in Beijing, the proportion of vaccine injection in the samples also indicates that the current vaccine injection in China has reached a certain proportion, which provides a certain basis for epidemic control.

IgM is mainly produced in the primary immune response to infectious factors or antigens, as IgG mainly produced in the secondary. Studies have shown that SARS specific antibodies are produced in the second week of infection and last for a long time, while IgM is transiently expression (27). IgM is an antibody in the acute phase, which generally appears 3-5 days after the onset of the disease, remains positive for about one month, and then gradually decreases. IgG is a kind of recovery antibody and the main component of neutralizing antibody. The detection time of IgG is generally several days later than that of IgM, and it reaches the peak several weeks after the onset, and it can last for months or even years (28). Some studies analyzed the coronavirus antibody in the serum of patients with COVID-19. It was found that IgM antibody and IgG antibody appeared one after another in the first to second weeks after sars-cov-2 infection. After 3 weeks, IgM antibody of some individuals gradually disappeared and IgG antibody continued to exist (28). The kit of gold immunochromatography say (GICA) (Innovita Biotechnology Co., Ltd. Tangshan, China) was used in this study.

Among the 164 patients included in our study, 125 had a previous history of COVID-19 vaccine injection, including 12 (9.6%) patients with IgM antibody positive, 78 (62.4%) patients with IgG antibody positive, and 35 (28%) patients with negative antibody test. The total antibody positive rate was 72%, suggesting that COVID-19 vaccine can induce the immune response against sars-cov-2 virus antigen in vivo. However, it is worth noting that the antibodies measured by the clinical antibody kit are not neutralizing antibodies to sars-cov-2. Therefore, the negative antibody does not mean that the body has no immunity to sars-cov-2. Currently, inactivated vaccines are the main COVID-19 vaccines in China, accounting for more than 85%. The inactivated vaccine might need to be injected with booster injections before it can produce sufficient immune effect. It is speculated that some of the vaccine antibody negative patients may be related to not receiving intensive injection therapy. However, due to the age of the included patients, it is difficult to collect information such as vaccine injection time and injections. This study did not obtain enough information to verify this hypothesis.

Although COVID-19 vaccine injection is of great significance for epidemic control, its safety cannot be ignored. According to the report of the US vaccine adverse event reporting system, after 1893360 doses of bnt162b2 vaccine, the risk of allergic reaction was 11.1 cases/million doses, of which 71% occurred within 15 minutes after vaccination (29). The European Drug Administration recommends that the signs and symptoms of thrombosis and thrombocytopenia caused by the vaccine should be vigilant, such as shortness of breath, chest pain, leg swelling, persistent abdominal pain, neurological symptoms and minor bleeding spots under the skin outside the injection site (25).

Some studies have reported the effects of COVID-19 vaccine on the eyes. Although most of the studies are from case reports, the causal relationship between adverse reactions and COVID-19 vaccine injection events has not been determined. However, with the widespread popularity of vaccine injection, it is important to understand the effects of the vaccine on the eyes (30). At present, the ocular manifestations after COVID-19 vaccine injection mainly involve the posterior segment of the eyeball. The uvea, choroid and retinal vessels are most frequently affected. The median time of ocular adverse reactions was 4 days after the vaccine injection, and the main manifestations were uveitis, white spot syndrome, central serous chorioretinopathy, retinal vein occlusion, acute macular Neuroretinopathy and acute paracentric middle maculopathy. Other ocular manifestations include eyelid edema and rash, optic neuritis, oculomotor paralysis, etc (23). It is speculated that the possible pathogenesis includes molecular simulation of vaccine components and host ocular tissues, antigen-specific cells and antibody mediated hypersensitivity to viral antigens and adjuvants present in the vaccine (23). The causal relationship between ocular signs and symptoms and COVID-19 vaccine has not been determined, and long-term observation and analysis of large sample multicenter data are still needed.

Our study found that after matching gender, age, and axial length, there was no statistical difference in the thickness of each layer in macular structure between vaccinated and unvaccinated patients. Whether the vaccine produces antibodies or not seems to have no effect on the structure and thickness of each layer in the macula. There was no significant difference between IgM group (short time after vaccine injection) and IgG group (long time after vaccine injection) in the thickness of macular structure. No inter group differences were observed even in the choroid, which was most susceptible to immune responses. Previous studies reported that the ocular complications caused by COVID-19 vaccine mostly occurred in the short term after the vaccine injection, with a median time of 4 days. However, our study found that the thickness of each layer in the macular region of IgM positive patients did not change. In antibody positive patients, there was no correlation between the concentration of antibody and the thickness of macular structure. It is suggested that the antibody production induced by the immune response of COVID-19 vaccine could not cause changes in the thickness of the macular layer structure. However, our study could not complete the observation of macular structure changes at the cellular and molecular level, and not analyze whether the macular supermicro structure has no change after COVID-19 vaccine injection. This is the limitation of this study, and we hope that pathological studies can further confirm it.

Most of the previous reports about the effects of COVID-19 vaccine on the eyes were case reports. Our study first analyzed the effects of COVID-19 vaccine on the macular structure from the perspective of different antibody statues after COVID-19 vaccine injection in age-related cataract patients. But our study also has some limitations. First of all, our enrolled patients were all age-related cataract patients and were older, so there was a certain selection bias. Secondly, our research has not been able to analyze the changes of macular structure from the cytological level. We hope that there will be more advanced research in the future to achieve this goal. Thirdly, our sample size is still small, and domestic COVID-19 vaccines are mainly inactivated vaccines, which cannot represent the effects of all COVID-19 vaccines. Therefore, further and more advanced research is needed.
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The central nervous system is the most important nervous system in vertebrates, which is responsible for transmitting information to the peripheral nervous system and controlling the body’s activities. It mainly consists of the brain and spinal cord, which contains rich of neurons, the precision of the neural structures susceptible to damage from the outside world and from the internal factors of inflammation infection, leading to a series of central nervous system diseases, such as traumatic brain injury, nerve inflammation, etc., these diseases may cause irreversible damage on the central nervous or lead to subsequent chronic lesions. After disease or injury, the immune system of the central nervous system will play a role, releasing cytokines to recruit immune cells to enter, and the immune cells will differentiate according to the location and degree of the lesion, and become specific immune cells with different functions, recognize and phagocytose inflammatory factors, and repair the damaged neural structure. However, if the response of these immune cells is not suppressed, the overexpression of some genes can cause further damage to the central nervous system. There is a need to understand the molecular mechanisms by which these immune cells work, and this information may lead to immunotherapies that target certain diseases and avoid over-activation of immune cells. In this review, we summarized several immune cells that mainly play a role in the central nervous system and their roles, and also explained the response process of the immune system in the process of some common neurological diseases, which may provide new insights into the central nervous system.
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Introduction

The immune processes involved in these two types of immunity and the therapeutic regulation of disease and injury by immune cells are not unidirectional in their effects on the CNS, for the reason that the wrong activation or over-response can cause damage to the central nervous system. The developed nervous system of vertebrates is an important sign of high evolution (1, 2). Central Nervous System (CNS) is the main component of the human nervous system, including the brain, which is located in the skull cavity, and the spinal cord, which is located in the spinal canal. CNS can accept incoming information from all over the body, integrate and process it, and finally control the body through outgoing signals (3), or use this information to complete memory and learning, so that the organism can carry out a series of thinking activities.

Because the CNS is the most important vertebrate nervous system, and the brain and spinal cord, the two main components of the CNS, have been shown to be non-renewable (4). Therefore, CNS injury and disease and the subsequent repair of immune responses are crucial for the CNS. Like the immune system of most other tissues, the immune system of CNS is composed of the innate immune system and the specific immune system (5, 6). The innate immune system is mainly composed of congenital macrophages. The main process of specific immunity is the specific immune response produced by the specific combination of antigens and antibodies. The immune process involved in these two immune modes and the therapeutic regulation of immune cells on diseases and injuries have a non-unidirectional effect on the CNS —— incorrect activation or excessive response may cause damage to the central nervous system (7).

At present, there is a relatively clear understanding of the birth and differentiation of immune cells, and more understanding of the possible functions of most immune cells after differentiation. Studies on CNS immunity from 2020 to the present have mainly focused on the molecular mechanism of immune cells entering the CNS and promoting CNS inflammation, and on this basis, how to regulate the response degree of immune cells. For some immune cells, the researchers found other types of differentiation and other effects. Other studies have attempted to explain the link between CNS immunity and other diseases, and have attempted to use CNS immunotherapy as a clinical treatment (8, 9).

In this review, we illustrated the immune components of CNS and their roles, observe the performance of these immune components in different neurological diseases, and judged whether they are beneficial or harmful for CNS diseases. Based on this information, we may find ideas and methods of immunotherapy for these diseases.



Central nervous system


Composition of CNS

The central nervous system of the human body consists of the brain and the spinal cord (Figure 1). The spinal cord is the lowest level of motor center, and it is also the basic reflex center to complete the movement of the organism, under the control of the brain, through the neural circuit signal conduction, so as to achieve motor regulation. The spinal cord is composed of gray and white matter and contains nerve cell bodies and their ascending and descending conduction tracts (10). Classical studies of spinal cord function have focused on well-defined neural pathways that are thought to mediate automatic functions of stereotyping, such as stretch and flexion reflexes, and allocate inputs from sensory and descending fibers to appropriate targets (11).




Figure 1 | The composition of the CNS, the location of its parts, and the major immune cells it contains.



Brain, generally refers to three parts which are: cerebellum, brainstem, diencephalon. The brainstem is an important part of the brain responsible for sensing injury and processing pain signals, and transmits and processes signals between the brain, cerebellum and spinal. The conventional wisdom about the cerebellum is that it is essential for motor function and contributes little to cognitive function (12). However, multiple studies by Middleton FA et al. showed that cerebellar output targets involved multiple cortical regions, including not only primary motor cortex (13, 14), but also oculomotor nerve (15, 16), prefrontal lobe and inferior temporal region (17, 18), which indicates that cerebellum plays a role in both motor and cognitive function.



Working mechanism of CNS

The sensory organs with receptors establish communication with the central nervous system through the afferent nerves, so as to realize the regulation of the central nervous system. Peripheral nerve tissue is composed of afferent sensory fibers and efferent motor fibers. When receptors such as the skin are stimulated by the outside world, they will produce nerve impulses. Nerve synapses release neurotransmitters, which are received by cells, and the resting potential is converted into action potential (19). After receiving the neurotransmitter, the receiver may process it and react on the afferent nerve synapse (20), and intercellular conduction and closed interaction of nerve electrical signals are realized. The electrical signal is transmitted to the CNS along the sensory fibers, and the CNS processes the signal and transmits it along the motor fibers to control the body movement (21). In this way, the CNS is connected to the rest of the nervous system.

Take, for example, the mechanism of regulation of renal afferent sensory nerves in the central nervous system. Kidney is an important sensory organ with abundant baroreceptors and chemoreceptors, as well as a large number of afferent nerves. Renal afferents can directly project to areas of the central nervous system, such as the lateral thalamic area and the paraventricular nucleus (PVN), and indirectly project to other areas of the hypothalamus (22). During stimulation of the afferent renal nerve, the firing frequency of the large-cell neurons in the PVN increased (23). Renal afferents activate the central nervous system and enhance sympathetic activity (24).

In simple terms, the peripheral nervous system gives information to the CNS in the form of electrical stimulation through the afferent nerve, which is processed by the CNS to realize the regulation of the body.




Immune cells and immune system in the CNS


Immune cells

Among all immune cells in the central nervous system, macrophages and glial cells derived from them, as well as lymphocytes including T cells, B cells and self-killing immune cells, play a major role (Table 1).


Table 1 | The distribution, roles, types and relationships of immune cells in the CNS.



Microglia are the main cellular component of the innate immune system of the brain. They are distributed in the whole brain at different densities, accounting for 5%-20% of the total brain cells, and are developed from primitive macrophages (25, 26). Microglia are activated and polarized after being exposed to external stimuli (42), which will present two phenotypes M1/M2 with different functional status and markers (27). The M1 phenotype produced by the general activation pathway can exert pro-inflammatory and neurotoxic effects, while the M2 phenotype produced by the selective activation pathway can exert anti-inflammatory and neuroprotective effects (28, 29), promoting medullary regeneration by inhibiting cell differentiation (34). Such a classification of microglia was originally proposed by Mills et al. (30). However, this classification method based on stimuli does not reflect the range and function of phenotypes well, and Mills himself has also shown that the main existence should be a continuous intermediate of M1 and M2 (43), so this once widely used classification method has been questioned by many people (44, 45). Later, Devanney et al. proposed a function-based classification method (27). For the function of microglia, there has been a high similarity between microglia and macrophages due to their structural characteristics (46), researchers have long thought that its function is mainly an immune response, like macrophages, to recognize and take up pathogens and other substances, and analyze their environment (33). However, many subsequent experiments have shown that, especially when there is no need for immunity, the role of microglia is mainly to carry out sensing, information processing and nerve protection in the central nervous system (25), and maintain the homeostasis of the central nervous system (31, 47). It promotes neural development over a period of time (48) and can affect nerve impulses in the adult brain (49).

Lymphocytes are the main cells of the body’s immune response, which are produced by lymphoid organs and can respond to signals such as foreign pathogens or inflammatory stimuli. T cells, B cells and natural killer cells play a significant role in central nervous system immunity. The main reason for the suppression of immune action in the CNS is the blockage of the blood-brain barrier (50, 51). Only a small number of lymphocytes can enter the CNS through the blood-brain barrier, blood-meningeal barrier, and blood-cerebrospinal fluid barrier during brain health and injury, and play an immune function or promote neuroinflammation (52–54).

T cells and B cells together constitute acquired immunity. They can all differentiate into different subtypes (55), release different cytokines or perform different functions, which greatly contributes to their immune specificity (36, 40, 56–58).

B cells travel from the skull to the meninges through blood vessels (59, 60), and their main role is to produce antibodies (61). After receiving antigen presentation, B cells can differentiate into plasma cells and memory cells. The former will produce specific antibodies that bind to the antigen and destroy it[98][99]. B cells can also act as antigen-presenting cells (APCs), processing antigens and presenting them to antigen-specific T cells (38, 39, 62), and promote the development of pro-inflammatory T cells (63). In the treatment of CNS autoimmune diseases, by depleting activated B cells, B cells as APC can be stimulated to target T cells, so that they can differentiate and develop, thus enhancing the immune effect (64, 65).

T lymphocytes, the sentinels of the adaptive immune system, respond to antigen-specific signals by bursting, proliferating, and differentiating into effector subsets to recognize and eliminate threats to the host (66, 67). In addition to the previously mentioned antigen presentation and immune role with B cells, T cells also have the function of promoting cognitive learning in the brain (41, 68, 69), as well as a certain role in maintaining CNS homeostasis. A large number of T cells are used for immune monitoring of the brain barrier (37).

Natural killer immune cell (NK) is a kind of large granular hematopoietic cell derived from bone marrow (70), and its function varies in different individuals due to different genes (35). Like T and B cells, NK also has a variety of subtypes (71), among which the CD56 bright NK cells are the main ones present in CD56 bright NK cells (72). It has been suggested that NK may play a regulatory role in central nervous system diseases (32). NK can repair nerves after CNS damage, coordinate immune responses, and inhibit the development of inflammation (73, 74). It is able to regulate the neurological diseases such as Parkinson disease, and can play a neuroprotective role by killing T cells that promote neurotoxicity (75). In some neuroinflammation, such as autoimmune encephalomyelitis (EAE), the cytotoxicity is reduced and the memory EAE is inhibited (76, 77). In addition, NK can also work with other lymphocytes (78) to cooperate in immune action in neurological diseases such as Alzheimer’s disease (79).

Recent studies have shown that astrocytes play an important role in CNS immunity by associating with other immune cells. For example, the recognition of astrocytes depends on microglia, and the subsequent release of caspases induced by astrocytes promotes apoptosis and reduces cellular inflammation. IF-33 released by astrocytes can recruit twice as many T cells and promote the repair of CNS diseases such as neurodegenerative diseases and spinal cord injuries (80).



Immune system

The CNS immune system is divided into innate immunity and specific immunity, which make different immune responses in different situations. Some autoimmunity can lead to diseases, but the immune effect after injury helps to recover from injury (81).

After CNS injury, a series of subsequent immune responses are triggered, first innate immunity and then specific immunity. Both types of immunity can expand their number by releasing cytokines and regulating genes from immune cells (82–84). The innate immune system is the first line of defense to help the central nervous system resist foreign pathogens, and the specific immune response is slow, which will gather and play a role after inflammation or injury occurs (85, 86). A correct understanding of the immune system in different CNS diseases at different stages of development can help us find appropriate immunotherapy methods.

Due to the particularity of the CNS, the BBB still acts as a barrier, making the CNS an immune privileged organ. Its carrier and receptor proteins are the only way for outside proteins to enter the CNS, ensuring precise regulation of what enters the brain (87). This barrier creates an important difference between CNS immunity and peripheral nervous system immunity. There are only a small number of protoimmune cells in the CNS. These immune cells and some immune progenitors release chemokines and cytokines to recruit peripheral immune cells after brain injury, thus amplifying the immune effect (88). For example, fatty acids can activate peripheral macrophages through TLR4-mediated mechanism. Such recruitment needs to be carefully regulated, and the process will be discussed later (89).

However, the CNS has connections to all surrounding organs (90). There is an external barrier to immune cells, but the immune system of CNS is not isolated. Cerebrospinal fluid is used as the medium to exchange immune cells with the outside world through the meninges. Compartmentalized immune cells are recruited to cross the blood-brain barrier when the brain needs immune repair (91). These barriers used to be thought to insulate the CNS from its immune system, but recent research suggests that these barriers facilitate communication between the CNS and the outside world. Some of them also act as immune hubs, such as the dura mater, which associates with the brain through the lymphatic system, metabolizing waste and maintaining brain homeostasis (92).




CNS disease and the association with immune system

Central nervous system diseases include central neurodegenerative diseases, nervous system infections, brain tumors and other types of diseases, including brain injury, spinal cord injury and peripheral nerve injury from the point of view of injury and disease location. These diseases are related to the immune system to some extent. Here we focus on central neurodegenerative neurological diseases, CNS tumors, traumatic brain injury, and spinal cord injury.


CNS neoplasms

Brain tumors are generally divided into two categories, namely those from external sources, also known as metastases, and those arising from the central nervous system, such as gliomas (93). We focus on tumors arising spontaneously in the central nervous system. When tumors occur, tumor associated macrophages (TAMs) are the main immune cells in the tumor microenvironment (TME) in the CNS. Studies have shown that the incidence of some primary tumors is very low after immunosuppression (94, 95), which indicates that TAM targeted inhibition plays an important role in tumor therapy (96). Take glioma as an example, it is a tumor developed by glial cells, among which glioblastoma (GBM) is the most common glial tumor and one of the highest mortality among all cancers (97). The average overall survival time is not more than 15 years, and only seven percent of patients can be cured (98, 99). Some other subgroups of low-grade gliomas have molecular features similar to glioblastoma, with an invasive process (100). Glial cells will release CSF-1 and other cytokines and recruit TAM (101). Studies have shown that TAM can promote the growth rate and morphological size of glioma cells (102, 103), and a small number of TAMs and microglia will lead to a larger volume of tumors (104). In fact, in GBM, the number of TAMs is positively correlated with tumor severity, and there are very few in patients who do not relapse after recovery (105). According to this characteristic of TAM, the development of tumor therapy targeting TAM has become a new direction for brain tumor treatment (106, 107).

CNS tumor immune process after the basic follow - tumor immune system cycle, this is Chen et al. Applied to inducing tumor immune response rule (108), after the tumor cells results in the release, antigen precursor release activating factor to activate T cells, as effector cells infiltrating tumor, T cell contact and identify the antibody, to destroy, then the immune cells apoptosis (109). T cells can track and eliminate cancer by recognizing specific exogenous factors to track and damage host cells (79). In fact, the development of tumor immunotherapy based on this principle has been widely carried out and achieved remarkable results (110, 111), and the application in brain tumors is also an example to follow.



Degenerative neurological diseases

In 2019, there were about 50 million people living with neurodegenerative diseases worldwide, and this number is expected to rise to 152 million by 2060 (112). In his study, Richard Armstrong listed a series of factors that lead to degenerative neurological diseases and pointed out that age is the most important risk factor (113). The two diseases with the highest incidence of degenerative neurological diseases are Alzheimer’s disease (AD) (114) and Parkinson’s disease (PD) (115, 116), which are also a hot research topic in CNS diseases.

An important component of neurodegenerative diseases is the triggering of innate immune mechanisms. Microglia and other cell types in the brain can be activated by misfolded proteins or abnormally localized nucleic acids. This detents microglia from their physiological and beneficial functions and leads to a sustained release of their proinflammatory mediators (25). In the process of Parkinson’s disease, for example, after the activation of microglia as the main cells of immune function, may cause nerve nutrition through compound, such as brain derived neurotrophic factor, nerve protective effect, but there are also likely to produce neurotoxicity of proinflammatory cytokines (such as tumor necrosis factor (TNF), interleukins) (117, 118). For these two functions, which are almost opposite to the development of the disease, the current view is that at the beginning, the cytokines of activated microglia may have neuroprotective effects, but then the activated microglia undergo toxic degeneration, leading to the progression of Parkinson’s disease to neurotoxicity (119). Sawada showed in his experimental studies that activated microglia may be neuroprotective in neonatal mice but neurotoxic in aged mice. This conclusion is consistent with the fact that age is a major risk factor in the pathogenesis of degenerative neurological diseases, because the performance of two subsets of activated microglia (with toxic and neuroprotective functions, respectively) is strongly correlated with age.



Spinal cord injury

Spinal cord injury (SCI) refers to the injury of the spinal cord and the pathological changes such as sensory and motor disorders after the body encounters direct or indirect external interference. Spinal cord injury may lead to loss of limb perception, incontinence and even complete paralysis, which may not recover for a lifetime or even be life-threatening (120).

After SCI, to ensure the regeneration of damaged axons (121), the CNS begins to recruit peripheral neutrophils into the CNS (122) and begins to clear axons and myelin debris nerve remnants (123), within the first hour after injury, playing a major clearing role. Subsequently, the recruited neutrophils begin to apoptosis and release attractant factors that attract and recruit monocytes, and at the same time can also recruit certain macrophages. After reaching the injury site, monocytes differentiate into macrophages according to the chemokines at the injury site (124–126), and the macrophages produced at this time will phagocytize the apoptotic neutrophils and other tissue debris (127). Similarly, microglia are also involved in injury repair (128). So similar to the white blood cells, neutrophils and other related immune cells in the spinal cord damage happens after apoptosis, part of the nerve ending structure will be destroyed in the process of damage (120). Experiments have shown that there are many repair factors in the central nervous system that promote regeneration of biological factors in nerve and immune cells (Ramer, Ramer et al., 2005), but regeneration does not represent full functional recovery. Therefore, after the immune system deals with spinal cord injury, the body will have reduced immunity and be prone to infection (129). Moreover, although the immune system responds to traumatic stimuli, it drastically changes as the injury worsens, which may exacerbate the injury and inflammation (130, 131).



Traumatic brain injury

Traumatic brain injury (TBI) is an injury to the brain caused by external forces or external shocks, which may lead to a reduction or change in the state of consciousness and easily cause biochemical cascade damage, so it may be accompanied by long-term sequelae (132). After the occurrence of TBI, symptoms such as intracranial hemorrhage, brain contusion, concussion, and damage to nerve synapses are first caused (133), and a cascade of damage occurs within minutes to months. TBI has a high incidence among both military personnel and the general public (134).

Neuroinflammation and peripheral neuropathy are easily triggered after TBI (135). There are many factors that cause this situation, such as purines, heat shock proteins, and receptors of pathogen associated endogenous molecules (PAMPs) and damage associated endogenous molecules (DAMPs), which may promote inflammation (136–138). The latter can combine with proteins to form inflammasomes, release and infiltrate microglia, astrocytes and other cell populations, and produce proinflammatory factors after activation (139). Proinflammatory factors can further lead to neuroinflammation, and more severe inflammation can even transform TBI into chronic neurological diseases (140).

Similar to other neurological diseases, in TBI, immune cells can both promote recovery and aggravate injury (141). TBI can instantly induce cell death, after which the damaged cells release DAMPs, signal to immune cells, recruit microglia, astrocytes, etc. After they are activated, they will further recruit peripheral immune cells to pass through the damaged blood-brain barrier (142). Microglia respond immediately after injury and accumulate in large numbers in the injured area (33, 143), removing cell debris through phagocytosis (44). It can also release trophic factors to protect nerves (133) and is involved in remodeling injured nerves (144). However, microglial activation will produce excessive inflammatory mediators, recruit peripheral immune cells, produce a large number of pro-inflammatory factors and cytotoxic substances, hinder the repair of the central nervous system, and even lead to cell death and neuronal dysfunction (145, 146). Similarly, although neutrophils can participate in the immune regulation of TBI, they will also release some acute inflammatory cytokines to aggravate brain injury. The protective and injury effects largely depend on the location, type and stage of injury (147). Which more complicated is that the immune function and immune effect after TBI are related to gender (148) and age (149). Therefore, studying the relationship between these influencing factors and immune effect is an important entry point for the treatment of TBI (Table 2).


Table 2 | Studies on the role of different immune cells in TBI.



Now the treatment of some kinds of new ideas are mainly concentrated in cell therapy (151), because the immune cells such as macrophages have different phenotypes, their functions have significant difference, so can adjust the balance between different phenotypes, as far as possible avoid inflammation cause of neurodegenerative diseases, lower immune cell toxicity effect (152). In a study of the effects of Anakinra, a recombinant human IL-1 receptor antagonist, the treatment group had a higher cure rate than the control group (153). In addition, some small particles, such as zinc ions, have also been shown to be involved in neuroprotection and nerve recovery after injury (150). TBI ZnT3-KO mice were more severely injured when compared with juvenile wild-type mice.

In each of these diseases, the brain is damaged to a degree that releases specific substances that activate the innate immune system, which in turn activates and recruits the peripheral immune system. The immune system plays an important role in the anti-inflammatory response to disease injury and subsequent damage repair, but some immune responses also lead to the deterioration of the disease, so it is believed that CNS diseases and CNS immune system have an important relationship (Figure 2).




Figure 2 | The processes by which immune cells exert their effects after CNS tumors and TBI, including their bidirectional effects on the disease.






Conclusion and future prospects

Although some immune cells in the CNS have been discovered and their functions have been relatively obvious, a large part of the CNS is still unknown. Previous studies have shown that the molecular pattern and molecular reason for these apparent phenomena are still unclear after addressing the expression role of the immune system. For example, do NK cells maintain or regulate repair functions in the central nervous system and how do they do it? What is the mechanism of macrophage phagocytosis and foam cell formation after SCI? How do macrophages recognize and internalize specific molecules in apoptotic neutrophils? All these problems now seem difficult to solve (154, 155).

In addition, some immune cells were surprisingly found to be present in specific disease contexts, which could not be explained by current understanding. Some CNS diseases currently have no suitable treatment (156, 157), and some therapies that appear to be effective have substantial limitations. For example, although checkpoint inhibitors have been relatively successful in many solid tumor types, they have been difficult to succeed in CNS tumors. Even some serious CNS diseases have not received enough attention (158).

In the future studies, more neurological diseases will be taken into account, and the immune connection between the CNS and the peripheral nervous system may become an important consideration of immune effects.
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Spinal cord injury (SCI) is a pathological condition that leading to serious nerve damage, disability and even death. Increasing evidence have revealed that circular RNAs (circRNAs) and mRNA are widely involved in the regulation of the pathological process of neurological diseases by sponging microRNAs (miRNAs). Nevertheless, the potential biological functions and regulatory mechanisms of circRNAs in the subacute stage of SCI remain unclear. We analyzed the expression and regulatory patterns of circRNAs and mRNAs in SCI mice models using RNA-sequencing and bioinformatics analysis. A total of 24 circRNAs and 372 mRNAs were identified to be differentially expressed. Then we identifying the immune-related genes (IRGs) from them. The protein-protein interaction network were constructed based on the STRING database and Cytoscape software. Furthermore, Go and KEGG enrichment analysis were conducted to predict the functions of the IRGs and host genes of DECs. These findings will contribute to elucidate the pathophysiology of SCI and provide effective therapeutic targets for SCI patients.
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Introduction

Spinal cord injury (SCI) is a life-shattering central nervous system injury with high disability rate and mortality rate, which is known to bring serious social-economic burden around the world (1, 2). It has been reported that the annual incidence of SCI in different countries ranges from 11.5 to 57.8 cases per million people (3, 4), and these patients face a heavy economic burden and a significantly reduced quality of life because SCI is often accompanied by permanent neurological impairment and various complications (1, 5). At present, the etiological classification of SCI is roughly divided into two categories: traumatic and nontraumatic injuries (2). The traffic and sports accident, violence and falls are the predominant causes of traumatic SCI (2, 3), while nontraumatic injuries is mainly caused by infection and tumor (2, 6). Some scholars have divided the pathophysiology of SCI into primary mechanism and secondary mechanism. SCI often start with primary mechanical injury, the structural integrity of the spinal cord is damaged under severe impact or continuous compression, which is usually the most important factor to determine the severity of SCI; then gradually progress into secondary SCI with a series of endogenous molecular pathological processes, such as the abnormally elevated inflammatory response, oxidative stress, and immune response (7–9). Secondary SCI can be divided into acute, subacute, and chronic stages, with the subacute stage lasting 2 days to 2 weeks after SCI (10, 11). The subacute stage of SCI is a potentially critical time point for further study of SCI repair, which may play a significant role in the secondary SCI (10, 11). Current treatments are limited and cannot completely recover the function of the spinal cord (12, 13), and the effective therapeutic strategies to avoid secondary SCI are still lacking. Therefore, it is very necessary to comprehensively and deeply understand the molecular pathological mechanisms following secondary SCI (especially in the subacute stage) to explore new therapeutic methods that promote the functional recovery of spinal cord.

Non-coding RNAs (ncRNAs) are a group of RNAs that regulate messenger RNAs (mRNAs), and its family includes circular RNAs (circRNAs), long-chain ncRNAs (lncRNAs), and microRNAs (miRNAs), most of which cannot encode proteins and can regulate cellular physiology and functions (14). CircRNA is a major regulatory single-stranded ncRNA and an important post-transcriptional regulatory element without 5’ to 3’ polarity and polyadenylated tail, its 5’ and 3’ ends are linked together to form a covalently closed circular structure, this special structure endows it with high stability and is not easily degraded by exonuclease, which can serve as novel diagnostic and prognostic biomarkers in many diseases (15–17). Accumulating evidence have suggested that miRNAs can accelerate target gene mRNAs degradation prevent its translation and reducing its expression by directly binding to the 3’ untranslated region (3’UTR) of mRNAs in the cytoplasm (18, 19). As competing endogenous RNA (ceRNA), circRNAs were reported to be widely involved in regulating the pathological process after SCI by targeting miRNAs-mRNA pathway, such as inflammatory response, oxidative stress, cell death, autophagy, neuronal migration, and adhesion (20–28). Wang et al. (21) verified that the circPlek/miR-135b-5p/TGF-βR1 signaling axis is involved in the activation of fibroblasts and fibrous scar formation in the subacute stage of SCI. Nevertheless, the potential biological functions and regulatory mechanisms of circRNAs in the subacute stage of SCI remain unclear.

In this study, we construct a contusion SCI mouse model. High-throughput RNA-sequencing (RNA-seq) technology was utilized to measure the circRNAs and mRNAs expression profile on 4th day after SCI in mice. We identified 24 differentially expressed circRNAs (DECs) and 372 differentially expressed genes (DEGs). Then we identifying the immune-related genes (IRGs) from them. In addition, we conducted Go and KEGG enrichment analysis to predict the functions of the IRGs and host genes of DECs.



Material and methods


Construction of mouse SCI model

We purchased six C57BL/6 male mice (8 weeks, weights 20-25g) from the Institute of Radiation Medicine, Chinese Academy of Medical Sciences. They were randomly divided into 2 groups, namely control (n = 3) and SCI group (n = 3). The mice were anesthetized through intraperitoneal injection of 90 mg/kg ketamine and 10 mg/kg xylazine. Three control mice underwent a laminectomy at the T10 level without injury to the spinal cord, the other three experimental mice were placed on the NYU IMPACTOR MODEL-II spinal cord hitter platform after laminectomy at the T10 level, and the T10 spinal cord was hit with a hitting head weighing 10 grams to construct a SCI model. All the six mice were killed on the 4th day after surgery, and the spinal cord tissue about 4 cm long around the T10 level were collected for high-throughput RNA-sequencing. All mice procedures were in consistent with international and national animal care and ethical guidelines and have been approved by the institutional animal welfare committee.



Construction of sequencing library

The TRlzol kit (B511311, Sangon, China) was used to extract total RNAs from spinal cord tissues. Then we added RNase-free DNase I to remove genomic DNA. The ribosomal RNA was removed from total RNA with Ribo-off rRNA depletion kit (Nanjing, China). To measure RNA quality and purity, we used NanoPhotometer ® spectrophotometer (IMPLEN, CA, USA) and an Agilent 2100 bioanalyzer (Agilent Technologies, CA, USA) for detection. Subsequently, VAHTSTM mRNA-seq V2 Library Prep Kit for Illumina® was used to construct sequencing libraries according to manufacturer’s suggestions. High-quality RNA was further purified by a RNeasy mini kit (QIAGEN, GmBH, Germany). Finally, a HiSeq Xen sequencer (Illumina, San Diego, CA) was used for pair-end sequencing of the libraries.



Analysis of circRNAs and mRNAs expression profile

RNA sequencing program were conducted by Sangon Biotechnology Company (Shanghai, China). The quality of the sequencing raw data was assessed by FastQC, and we then performed mass clipping using Trimmomatic to get relatively accurate valid data. The data were aligned to the reference genome using bwa, and circRNAs were then identified by CIRI2. The origination of circRNAs were determined based on their location information and known gene annotations using BEDtools. The expression of circRNAs was calculated by the reads per kilobase of transcript per million mapped reads (RPKM) formula based on BSJ reads. The expression of mRNAs was calculated by the transcripts per kilobase of exon model per million mapped reads (TKM) formula. The data processing were conducted using the R software package. The differentially expressed circRNAs (DECs) and differentially expressed mRNAs (DEMs) were analyzed using DESeq2 software. The screening criteria for DECs was |log2 fold-change (FC)| > 2 and P value < 0.05; and the screening criteria for DEMs was |log2 FC| > 5 and P.adj value < 0.01. Hierarchical Clustering and volcano plot were conducted to display the distinguishable circRNAs and mRNAs expression pattern among samples.



Identifying the IRGs related to SCI

We obtained the IRGs from the online immunology database and analysis portal (immport, https://www.immport.org/home) (29). Venn analysis was performed to select IRGs related to SCI through merging the DEGs and IRGs.



The pathway enrichment analysis

Gene Ontology (GO) functional annotations and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were conducted to predict the potential roles of the host genes of DECs. Briefly, GO analysis was applied to elucidate genetic regulatory networks of interest by forming hierarchical categories according to the BP, CC, and MF aspects of the differentially expressed genes (http://www.geneontology.org). Pathway analysis was performed to explore the significant pathways of the host genes of DECs according to KEGG (http://www.genome.jp/kegg/). The analytical results were visualized by clusterProfiler package in R (30). A value of p <0:05 was set as a statistically significant difference.



Construction protein-protein interaction network and identification of hub genes

The Search Tool for the Retrieval of Interacting Genes (STRING) database (https://cn.string-db.org/) was used to evaluate PPIs in functional protein association networks (31). Then we imported the DEGs into the multiple protein section of STRING database and set the organisms as “Mus musculus” to generate the PPI network data. The “required score” was set at > 0.4. Subsequently, the PPI data was imported into Cytoscape (https://cytoscape.org/) software to obtain the top 10 genes as hub genes using the Maximal Clique Centrality (MCC) method of the cytoHubba plugin (32) in Cytoscape.




Results


Determining the reasonable for the samples selection and grouping

This study collected 6 spinal cord tissues from normal and SCI mice for circRNA-sequencing. In order to ensure more reliable results of the bioinformatics analysis of the sequencing results, we carried out the correlation analysis of expression levels between samples, which is an important indicator to detect the reliability of the experiment and whether the sample selection is reasonable. As shown in Figures 1A–F, the pearson correlation coefficient among samples is close to 1, indicating that the expression patterns among samples are similar. The inter-sample correlation analysis Heatmap (Figure 1G) and the heatmap of distance between samples (Figure 1H) further revealed the high similarity among samples. Moreover, There was a greater differences between intra-group and inter-group, suggesting this grouping is meaningful (Figure 1I). Principal Component Analysis (PCA) can be used to reflect the difference and distance between samples. The closer the distance in the PCA diagram, the more similar the sample composition. Figure 1J presented that there was a relatively consistent similarity between samples and the grouping is reasonable. In addition, the uniformity of each group of repeated samples is good, and the following difference analysis can be carried out (Figure 1J). Taken together, these results unveiled that the samples selection and grouping meet experimental requirements.




Figure 1 | Determining the reasonable for the samples selection. (A–F) Duplicate correlation check scatter plot. The horizontal and vertical coordinates are the log10 (RPKM) values for the two samples, respectively. Three correlation indices are calculated in the figure: pearson, kendall, and spearman. The more similar the samples are, the closer the similarity index is to 1, and most of the points will be concentrated near the diagonal. (G) Inter-sample correlation analysis Heatmap. The color block represents the correlation index value. The grayer the color, the lower the correlation index among samples. The yellower the color, the higher the correlation index. (H) Heatmap of distance between samples. The color block represents the distance value. The grayer the color, the closer the distance between samples and the higher the similarity. The yellower the color, the farther the distance is. (I): Anosim between-group similarity analysis boxplot. The boxes on the left refer to the between-group differences, and the middle and right boxes represent the within-group differences of the normal and SCI groups, respectively. The R value ranges from -1 to +1, with an R value closer to 1 indicating greater between-group differences than within-group differences. (J) Principal component analysis diagram, the horizontal and vertical coordinates reflect the relative distance between samples. Red points indicate control group, whereas green points indicate SCI group.





The characteristics and expression profiles of circRNA in the subacute stage after SCI in mice

We found a total of 6341 circRNAs by circRNA sequencing. The length distribution and GC content distribution of them was shown in Figures 2A, B. Among them, circRNAs with 600-800 and more than 3800 base pairs and 45 GC content accounted for the largest proportion. Then, we evaluated the proportion of circRNAs derived from exons, introns, and intergenic regions in the identified circRNAs, Figure 2C displayed that the vast majority of circRNAs were derived from gene exons regions, and a few circRNAs were derived from gene introns and intergenic regions. Most exonic circRNAs count were between 2-4 (Figure 2D). Interestingly, most exonic circRNAs were 4000 base pairs in length (Figure 2E). Zheng et al (33). reported that there was often a predominantly expressed circRNA isoform from one gene locus, our study also observed that most of the host genes produced one isoform (Figure 2F).




Figure 2 | The characteristics and expression profiles of circRNA in the subacute stage after SCI in mice. (A) The length distribution of circRNAs. (B) The GC content distribution of circRNAs. (C) The statistical diagram of circRNAs sources. (D) The exons count distribution of circRNAs. (E): The exons length distribution of circRNAs. (F) The distribution of circRNA host genes numbers and circRNA isoform count. (G) CircRNA expression density curve. The horizontal axis represent the log (RPKM) value, the higher the value, the higher the circRNA expression level; the vertical axis represent the corresponding relative density value, that is, the number of circRNAs on the horizontal axis/the total number of circRNAs. Each color represents a sample, the area of each region is 1, and the peak of the density curve represents the region with the most concentrated circRNA expression in the entire sample. (H) Violin plot of circRNA expression calculated using RPKM Reads. The horizontal axis represent the sample name, and the vertical axis represent the log (RPKM) value. The width of each violin reflects the number of circRNAs at that expression levels.



FPKM denoted the number of reads per kilobase length from a circRNA per million reads, which can be used to count the abundance of circRNA expression in different samples. RPKM method can eliminate the influence of circRNA length and sequencing quantity difference on the calculation of circRNA expression, and thus FPKM value represented the circRNA expression level. The circRNAs expression abundance in different samples were shown with density curve plot (Figure 2G) and violin plot (Figure 2H) using RPKM method, suggesting that the circRNAs were differential expression in the subacute phase after SCI in mice.



The circRNAs were differentially expressed in the subacute stage after SCI in mice

To compare differences in circRNA expression between the control group and the SCI group, we conducted circRNA differential expression analysis. The significance threshold was set as |log2 (fold-change)| > 2 and P value < 0.05. Through the analysis of the sequencing results, we identified 24 DECs, of which 20 DECs were up-regulated and 4 DECs were down-regulated in the subacute stage after SCI in mice (Figure 3A). Hierarchical clustering analysis further unveiled the 24 DECs between normal and SCI tissues (Figure 3B). According to the log2 (fold-change), the top 20 up-regulated and 4 down-regulated DECs in SCI tissues were visualized in Table 1 and Figure 3C, of which circRNA02778 and circRNA02370 were top up-regulated and circRNA05219 was top down-regulated DECs in SCI tissues. Furthermore, the specific expression of 24 DECs in 3 normal and 3 SCI tissues were further shown with ballon plot (Figure 3D). To explore the origin of these DECs, the distribution of DECs on chromosomes were analyzed. The results unveiled that these DECs were distributed on the human chromosomes 1-7, 9,11, and 14-19 (Figure 3E). To explore the interaction between circRNA and miRNA, miRanda database and the miRBase sequence of the mice are used to predict the target miRNA of circRNA. Venn diagram shown the mmu-miR-7056-5p, mmu-miR-5130, mmu-miR-2861, mmu-miR-6971-5p, mmu-miR-207, and mmu-miR-1956 were the downstream targets of circRNA02370 (Figure 3F).




Figure 3 | The circRNAs were differentially expressed in the subacute stage after SCI in mice. (A) Volcano plot. Green points indicate down-regulation (left side), gray points indicate undifferential expression (middle), and red points indicate up-regulation (right side). (B) Hierarchical clustering. with rows indicating DECs and columns indicating samples. (C) Bar plot shown the top 20 upregulated and 4 downregulated DECs in SCI tissues. The X-axis represents miRNA and the Y-axis represents log2 fold change. Red means up-regulation, above the X-axis; green means down-regulation, below the X-axis. (D) Ballon plot. The size of the circle shows the size of each value in the matrix, and the size of the value is represented by the shade of color. (E) The distribution of DECs on chromosomes. (F) CircRNA targeted miRNA distribution circle. The orange circle represents circRNA, and the red segment represents miRNA.




Table 1 | The expression profile of DEC sin SCI tissue sin mice.





The genes were differentially expressed in the subacute stage after SCI in mice

The expression of genes in the subacute stage after SCI was calculated by the TKM method. Based on this method, the genes expression abundance in different samples were displayed using density curve plot (Figure 4A) and violin plot (Figure 4B). Differential genes expression analysis uncovered that 372 DEGs after SCI, among which 274 DEGs were up-regulated and 98 DEGs were down-regulated based on the standard of |log2 fold-change| > 5 and P.adj value < 0.01 (Figure 4C). Moreover, the specific expression of top 10 up-regulated and down-regulated DEGs were presented with hierarchical clustering, ballon plot, and Bar plot (Figures 4D–F). The most significantly up- and down-regulated genes were Ctsd and Huwe1, respectively (Figures 4C–F).




Figure 4 | The genes were differentially expressed in the subacute stage after SCI in mice. (A) Gene expression density curve. The horizontal axis represent the log (TPM) value, the higher the value, the higher the gene expression level; the vertical axis represent the number of genes on the horizontal axis/the total number of genes. (B) Violin plot of gene expression calculated using TPM. The horizontal axis represent the sample name, and the vertical axis represent the log (TPM) value. The width of each violin reflects the number of genes at that expression levels. (C) Volcano plot. Green points indicate down-regulation (left side), gray points indicate undifferential expression (middle), and red points indicate up-regulation (right side). (D) Hierarchical clustering shown the top 10 upregulated and top 10 downregulated genes. with rows indicating DECs and columns indicating samples. (E) Ballon plot. The size of the circle shows the size of each value in the matrix, and the size of the value is represented by the shade of color. (F) Bar plot shown the top 10 upregulated and top 10 downregulated genes in SCI tissues. The X-axis represents gene and the Y-axis represents log2 fold change. Red means up-regulation, above the X-axis; green means down-regulation, below the X-axis.





Identifying the IRGs related to SCI

Immune and neuroinflammation exert an important role after SCI (34). Thus, we selected the IRGs related to SCI via the intersection of DEGs and IRGs. A total of 73 DEGs were identified as IRGs (Figure 5A). To further identify the key hub genes, we constructed a PPI network of 73 DEGs using the STRING database. Then we used the MCC algorithms of the cytoHubba plugin in Cytoscape to obtain the top 10 genes as hub genes (Figures 5B, C). The top 10 genes were listed as follows: Ptprc, Fcgr2b, Ccl2, Tlr7, Cxcl10, Cd28, Ccr1, Il10ra, Cd68, and Tlr3 (Figure 5C). Interestingly, they all significantly upregulated after SCI (Figure 5D). Additionally, we used MCC, MNC, Degree, EPC, and Closeness algorithms to verify the obtaining 10 hub genes in Cytoscape software. A total of 9 overlapping genes (except Ccr1) were predicted via Venn diagram (Figure 5E), suggesting that Ptprc, Fcgr2b, Ccl2, Tlr7, Cxcl10, Cd28, Il10ra, Cd68, and Tlr3 were the key IRGs.




Figure 5 | Identifying the IRGs related to SCI. (A) Venn analysis to select the overlapping genes between RNA-seq and immune-related genes (IRGs). (B) Identifying the key hub genes via constructing the protein-protein interaction network and further visualizing using Cytoscape software. (C) The top 10 hub genes from PPI network. (D) Bar plot shown the top 10 IRGs related to SCI. The X-axis represents gene and the Y-axis represents log2 fold change. Red means up-regulation, above the X-axis. (E) MCC, MNC, Degree, EPC, and Closeness algorithms were used to verify the obtaining 10 hub genes in Cytoscape software.





Go functional and KEGG pathway enrichment analysis of the host genes of DECs

In view of circRNAs are derived from precursor (pre)-mRNAs and formed by back-splicing, namely a downstream 5′ splice site is covalently binded with an upstream 3′ splice site (15–17, 35). Moreover, the abundance of circRNAs are negatively correlated with their linear host genes mRNAs because of there is a competition between circRNA biogenesis and pre-mRNA splicing (36). Thus, whether the host genes of DECs are involved in the regulation of SCI is a meaningful issue worth studying. Subsequently, Go functional and KEGG pathway enrichment analyses were conducted to investigate the potential biological functions of their host genes. GO function annotations included terms in the biological process (BP), molecular function (MF), and cellular component (CC) categories. The top 10 BP terms encompassed hair follicle maturation, regulation of synaptic transmission GABAergic, actin filament organization, regulation of protein ubiquitination, synapse organization, regulation of cell-substrate adhesion, synaptic transmission, GABAergic, regulation of protein modification by small protein conjugation or removal, positive regulation of protein localization to plasma membrane, and positive regulation of protein localization to cell periphery(Figures 6A, B). The enriched top 10 CC were actin filament, adherens junction, insulin-responsive compartment, actin cytoskeleton, postsynaptic actin cytoskeleton, filopodium tip, postsynaptic cytoskeleton, late endosome, presynaptic cytosol, and microtubule plus-end (Figures 6C, D). The MF analysis unveiled that the host genes of DECs were significantly enriched in the following terms: Rho guanyl-nucleotide exchange factor activity, ubiquitin protein ligase activity, ubiquitin-like protein ligase activity, Ras guanyl-nucleotide exchange factor activity, Ras GTPase binding, ubiquitin-protein transferase activity, small GTPase binding, actin binding, ubiquitin-like protein transferase activity, and enzyme activator activity (Figures 6E, F). The cneplots shown the enrichment of the host genes of DECs in each pathway (Figures 6B, D, F).




Figure 6 | Functional and pathway enrichment analysis of the host genes of DECs. (A–F) Bubble diagram and cnetplot showing the host genes of DECs enriched in the different GO categories, including BP, CC, and MF. (G, H) KEGG pathway enrichment analysis of the host genes of DECs.



The enriched top 10 KEGG pathways included the Prkce-mediated Type II diabetes mellitus、Fc gamma R-mediated phagocytosis AGE-RAGE signaling pathway in diabetic complications Aldosterone synthesis and secretion、Insulin resistance、Sphingolipid signaling pathway and Inflammatory mediator regulation of TRP channels, Bcl2l13-mediated Legionellosis and Mitophagy, and Nf1-mediated EGFR tyrosinekinase inhibitor resistance (Figures 6G, H). Among them, the pathways of Type II diabetes mellitus, Legionellosis, Mitophagy, and EGFR tyrosinekinase inhibitor resistance were statistically significant (P value<0.05) (Figure 6G). Taken together, these results suggested that the host genes of DECs possibly regulate synapse function, inflammatory response, and mitophagy, etc.



Go functional and KEGG pathway enrichment analysis of the IRG-related DEGs

The top 10 BP terms including positive regulation of cytokine production, positive regulation of response to external stimulus, regulation of phagocytosis, positive regulation of cell adhesion, negative regulation of immune system process, myeloid leukocyte activation, positive regulation of tumor necrosis factor superfamily cytokine production, regulation of tumor necrosis factor superfamily cytokine production, tumor necrosis factor superfamily cytokine production, and phagocytosis (Figures 7A, B). The enriched CC were receptor complex, membrane microdomain, membrane region, focal adhesion, membrane raft, cell-substrate junction, NADPH oxidase complex, low-density lipoprotein particle, cytoplasmic side of membrane, and apical part of cell (Figures 7C, D). The MF were significantly enriched in the following terms: immune receptor activity, cargo receptor activity, cell adhesion molecule binding, pattern recognition receptor activity, integrin binding, double-stranded RNA binding, cytokine receptor activity, low-density lipoprotein particle receptor activity, superoxide-generating NAD(P)H oxidase activity, and glycosaminoglycan binding (Figures 7E, F). The cneplots shown the enrichment of the host genes of DECs in each pathway (Figures 7B, D, F). The KEGG enrichment analysis results were described as follows: Phagosome, Chemokine signaling pathway, Osteoclast differentiation, Fc gamma R-mediated phagocytosis, Hematopoietic cell lineage, Viral protein interaction with cytokine and cytokine receptor, Toll-like receptor signaling pathway, Cytokine-cytokine receptor interaction, Cytosolic DNA-sensing pathway, and Lipid and atherosclerosis (Figures 7G, H).




Figure 7 | Functional and pathway enrichment analysis of the IRGs related to SCI. (A–F) Bubble diagram and cnetplot showing the host genes of DECs enriched in the different GO categories, including BP, CC, and MF. (G, H) KEGG pathway enrichment analysis of the host genes of DECs.






Discussion

In the past decade, genetic regulation of the occurrence and progression of diseases has received increasing attention. The occurrence of a large number of DECs and DEGs after SCI is the pathological features of SCI (20–28), but the mechanism by which circRNAs-mediated the pathological process in the subacute stage after SCI has not been reported yet. In the present study, the circRNAs and mRNAs expression profiles were sequenced by high-throughput sequencing technology in the mice model of the subacute stage after SCI, and the characteristics and expression levels of DECs and DEGs were analyzed. Through the bioinformatics analysis, we found 20 DECs and 274 DEGs were up-regulated as well as 4 DECs and 98 DEGs were down-regulated after SCI in mice. Among them, circRNA02778 and circRNA02370 were top up-regulated and circRNA05219 was top down-regulated DECs in SCI tissues. Furthermore, we predicted that mmu-miR-7056-5p, mmu-miR-5130, mmu-miR-2861, mmu-miR-6971-5p, mmu-miR-207, and mmu-miR-1956 were the downstream targets of circRNA02370. However, the study of circRNA02778, circRNA02370, and circRNA05219 in SCI remain a blank, whether they act as ceRNA to mediate the pathological process of SCI in a miRNA-dependent manner, which need further investigation.

Then we performed GO and KEGG function enrichment analysis on the host genes of DECs, and observed that Prkce (circRNA01429 host gene) and Nf1 (circRNA00537) were involved in the regulation of synaptic transmission, GABAergic and enzyme activator activity; Dock10(circRNA00105), Myo5a(circRNA03290), Ube3a(circRNA02860), and Epha3 (circRNA05219) were related to synapse organization; Bcl2l13(circRNA02778) linked to mitophagy; Myo5a associated with postsynaptic actin cytoskeleton and postsynaptic cytoskeleton; and Prkce linked to presynaptic cytosol and inflammatory mediator regulation of TRP channels. Consistent with our results, Shi et al (37). found that several DEGs participated in axon guidance, dopaminergic synapses, glutamatergic synapses, GABAergic synapses, and inflammatory signaling pathway in rats SCI model by RNA-sequencing. Furthermore, synaptic transmission, synapse remodeling, synapse reorganization and neuroinflammation have implicated in SCI (34, 38–40). Thus, we hypothesized that the DECs might be closely related to the pathological process of SCI.

Growing evidence have unveiled that neuronal inflammatory and immune responses are the pathomechanism of SCI (34, 39–43). Buzoianu-Anguiano and colleagues believed that the inflammatory and immune responses develop as follows: first is the immune cells such as neutrophils and macrophages secrete different cytokines and ROS, and followed by activating the chemokine CXCL10 and type II histocompatibility complex MCH-II, leading to a pro-inflammatory and immune microenvironment (40). Shi et al (37). identified that DEGs most enriched in immune response via Go analysis. Grassner et al (41). pointed to neutrophils and eosinophils were activated and infiltrated in SCI patients with infection, indicating that systemic immune imbalance after SCI can predict the risk of infection and the recovery of neurological function. Axon regeneration exerts a crucial role in promoting neurological recovery after SCI, and immune and inflammatory cells are involved in the regeneration of damaged neuronal axons (39, 42, 43). Horn et al (42). confirmed that the interactions between activated macrophages and injured neuronal axons play a central role in axonal retraction. Kurimoto et al (43). uncovered that neutrophils first respond in immune system after SCI, which can promote axonal regeneration induced by inflammation.

In this study, we identified top 9 IRGs (Ptprc, Fcgr2b, Ccl2, Tlr7, Cxcl10, Cd28, Il10ra, Cd68, and Tlr3) related to SCI and found they were significantly upregulated after SCI. Interestingly, Yan et al (44). also reported that the relative expression level of Ptprc and Fcgr2b were remarkably increased after SCI via PCR detection. Wang et al (45). demonstrated that CXCL10 was remarkably increased in SCI and had positive correlation with pro-inflammatory response. CXCL10 and CCL2 were reported to act as a predictors of increased infections after SCI (41). Toll-like receptors (TLRs) have the potential to modulate inflammatory and initiate immune responses (46, 47). Gucluler et al (47). reported that there was a toll like receptor-7 (TLR7) and TLR9-mediated innate immune dysfunction in SCI patients. TLR3 and TLR7 also promoted the secretion of the pro-inflammatory cytokines in the spinal cord, and contributing to inflammatory pain (46). Even though, the reason why the expression levels of the IRGs significantly increased and their functions in the subacute stage of SCI needs to be further identified. Furthermore, more experiments need to be performed to validate and understand how the IRGs mediated SCI via regulating neuronal inflammatory and immune responses.

Nevertheless, this study also has several limitations need to be taken seriously. First is the predictive results were mainly based on bioinformatics analysis, and the study samples were collected from rats rather than humans, so the relevant molecular biology and animal experiments were needed to further demonstrate the immunomodulatory effects and corresponding mechanisms of the key IRGs after SCI. Then there’s the relatively small size of the sample that might affect the conclusions. Finally, the correlation of circRNA, miRNA, and mRNA, and whether they constitute the circRNA-miRNA-mRNA ceRNA signaling axis that plays a role in SCI, is also a topic worthy of investigation.



Conclusion

In summary, we screened 24 DECs and 372 DEGs by high-throughput RNA sequencing analysis, and found that circRNA02778, circRNA02370, and Ctsd were top up-regulated as well as circRNA05219 and Huwe1 were top down-regulated after SCI. Functional enrichment analysis shown that the functions of DECs are mainly focused on synaptic functions and inflammatory response. Meanwhile, we identified multiple IRGs (Ptprc, Fcgr2b, Ccl2, Tlr7, Cxcl10, Cd28, Il10ra, Cd68, and Tlr3) related to SCI and found they were significantly upregulated after SCI, but the specific mechanisms by which they regulate SCI by mediating neuronal inflammatory and immune responses need to be further explored. Findings of this study provide new direction and molecular basis for the diagnosis and treatment of SCI in the future.
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Accumulating evidence sustains glial cells as critical players during central nervous system (CNS) development, homeostasis and disease. Olfactory ensheathing cells (OECs), a type of specialized glia cells sharing properties with both Schwann cells and astrocytes, are of critical importance in physiological condition during olfactory system development, supporting its regenerative potential throughout the adult life. These characteristics prompted research in the field of cell-based therapy to test OEC grafts in damaged CNS. Neuroprotective mechanisms exerted by OEC grafts are not limited to axonal regeneration and cell differentiation. Indeed, OEC immunomodulatory properties and their phagocytic potential encourage OEC-based approaches for tissue regeneration in case of CNS injury. Herein we reviewed recent advances on the immune role of OECs, their ability to modulate CNS microenvironment via bystander effects and the potential of OECs as a cell-based strategy for tissue regeneration.
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1 Introduction

During the last decades, increasing evidence support the hypothesis that glial cells are important players in crucial aspects of neurogenesis, neuronal functions and diseases (1, 2). Indeed, glial cells guide neuronal migration during development, participate in synaptic formation and plasticity, regulate vasculature and blood–brain barrier (BBB), modulate neuroimmunity, and support neural regeneration (1–3). The term glia, from the Greek “γλíα”, meaning “glue”, was originally assigned assuming that these cells were responsible to keep neural cells together. In the adult central nervous system (CNS) three main types of glial cells can be distinguished: astrocytes and oligodendrocytes, deriving from neural crest, and microglia, which originate from the myeloid lineage. In the peripheral nervous system (PNS), Schwann cells represent the main class of glia. Olfactory ensheathing cells (OECs) are a type of specialized glia cells, restricted to the olfactory system, which play a crucial role in olfactory development and regeneration (4–6). Indeed, the olfactory system has a unique neurogenic niche where unlike most regions of the nervous system, olfactory sensory neurons retain a lifetime regeneration potential (4, 5). Since the olfactory neuroepithelium is in direct contact with the external environment, it has evolved a remarkable ability to recruit sensory neurons during normal cell turnover or after traumatic olfactory nerve injury (7, 8). This unique feature is now widely attributed to the presence of OECs, able to wrap olfactory axons and support olfactory receptor neurons turnover and axonal regeneration (9–11). OECs perform their axon growth-promoting properties and provide structural support by extending thin processes that envelop group of axons as an insulator (Figure 1) (12, 13). Moreover, when new olfactory sensory neurons are generated from stem cells in the olfactory epithelium, OECs establish functional connections along the olfactory neuroaxis (8, 14).




Figure 1 | Schematic representation of OEC localization within the olfactory system. OECs ensheath bundles of olfactory receptor axons along their course through the lamina propria in the PNS. Olfactory nerves and their associated OECs cross through the cribform plate into the CNS, making connections with the olfactory bulb. OEC, olfactory ensheathing cells; CNS, central nervous system; PNS, peripheral nervous system.



In contrast to neural crest-derived PNS glia and neural tube-derived CNS glia, OECs have generally been thought to originate from the olfactory placode (15). However, several studies show that the olfactory placode arises from ontogenetically heterogeneous sources of cells and OECs derive from neural crest, like Schwann cells (16–18). These cells are located in the lamina propria of the olfactory mucosa, as well as the outer layers of the olfactory bulbs, the inner and outer nerve fiber layers (Figure 1) (19).

OECs share many properties with Schwann cells and astrocytes. They express some typical markers such as the p75 neurotrophic receptor (p75NTR), the polysialylated form of neural cell adhesion molecule (PSA-NCAM), and, like astrocytes, they express the glial fibrillary acid protein (GFAP), and the S100 proteins (20, 21). Furthermore, OECs are able to secret high level of growth factors, such as nerve growth factor (NGF), basic fibroblast growth factors (bFBF), brain derived neurotrophic factor (BDNF), glial derived neurotrophic factor (GDNF), ciliary neurotrophic factor (CNTF), neurotrophins NT4, NT5 and neuregulins, which exhibit important functions as neuronal supporting elements (13, 22–24).

In recent years, significant advances have been made in cellular-based therapies, which focus on the restoration, regrowth or replacement of damaged or dysfunctional cells, tissues and organs, in order to treat neurodegenerative diseases (25) and CNS injuries (26–28). Moreover, cell-based approaches, including OEC grafts, have been reported to induce beneficial effects in spinal cord injury (SCI) models. In addition to neuroprotective mechanisms, axon regeneration and remyelination were observed, leading to significant sensory and locomotor functions amelioration (29–31). Thus, OEC transplantation is proposed as a potential therapeutic strategy for SCI, due to their unique characteristics, such as anti-neuroinflammation, growth-promoting factor secretion, and debris clearance activity. However, there is a lack of in-depth studies focusing on the phagocytic function of these cells, particularly the molecular and cellular mechanisms involved in this intricate process and on the synergistic effects with neural and mesenchymal stem cells (MSCs) in improving cell differentiation. Exploring these unique features will lead to a better understanding of the role of OECs in development and regeneration and will identify how the use of OECs can be optimized for neural regeneration therapies. These approaches may benefit from accumulating evidence pointing out a significant role of checkpoint therapy in inducing regeneration upon CNS injury (32). Herein we reviewed the current knowledge about the immunomodulatory and anti-inflammatory properties of OECs in neuroinflammation, neurodegeneration and during stem cell differentiation. Owing to the strong pro-regenerative properties of OECs, and their unique ability to promote stem cell differentiation, we explored the potential of OEC transplantation for tissue regeneration.



2 Immune role of OECs

The olfactory system is continuously exposed to various pathogens since the primary olfactory neurons are in direct contact with the external environment (7, 8). However, most cases of CNS infections do not occur through the olfactory system. In this scenario OECs play a crucial role in protecting CNS structures. Specifically, they participate in innate immune responses, secrete immunoregulatory molecules and exert their phagocytic activity thus maintaining microenvironmental homeostasis, supporting neuron survival and axonal growth (33–35).


2.1 Phagocytic activity of OECs

CNS lesions are characterized by neuronal degeneration and death, and by the persistence of cellular and myelinated debris that create an adverse environment for neural survival, germination of neurites and renewal of neurons (36, 37). Since olfactory receptor neurons renew themselves throughout lifetime, a large amount of apoptotic debris is generated continuously (35). Several studies support phagocytic functions of OECs throughout life (35, 38) especially following injury (38, 39). In fact, by switching from a resting state to a phagocytic phenotype to remove axonal debris and bacteria, they protect the olfactory nerve from microbial infections (35, 40, 41). A combination of morphological and phenotypic changes distinguishes reactive OECs from their resting state, including cytoskeletal hypertrophy and rearrangement (34, 42). However, the identification of specific molecular markers capable of discriminating between quiescent and reactive OECs could better elucidate the molecular mechanisms underlying their activation.

While Schwann cells participate in debris removal mainly by increasing the secretion of several pro-inflammatory molecules, thus recruiting professional phagocytes, including macrophages and neutrophils (43), OECs operate differently (38, 44). Wright et al. showed that OECs repel macrophages in co-culture, by expressing the macrophage migration inhibitory factor (MIF), which would explain the absence of macrophages in the olfactory nerve bundles (45).

In vitro studies reported that OECs possess several phagocytic-related receptors, including toll-like receptor 4 (TLR4), phosphatidylserine and mannose receptors (34, 46, 47). Particularly, during apoptosis, olfactory neurons display the “eat me” signal phosphatidylserine, recognized by OEC phosphatidylserine receptor, leading to the engulfment of apoptotic and necrotic cell debris (33, 44). Milk fat globule-EGF factor 8 (MFGE-8), which interacts with integrin receptors (48), is a bridging molecule that participates in several cell surface-mediated regulatory events. Li et al. demonstrated in vitro that OECs express MFGE-8 when apoptotic debris is added to the culture (49). Moreover, OECs have been reported to adopt a “microglia-like” phenotype showing high levels of CD11 expression after their transplantation into the X-irradiated spinal cord of female Sprague Dawley rats (50). However, in vitro immunolabelling of OECs has revealed that they do not express this microglial marker in physiological conditions (34). Interestingly, Nazareth et al. reported that OECs produce less pro-inflammatory cytokines, compared to Schwann cells and macrophages when exposed to necrotic bodies (37). Conversely, some anti-inflammatory cytokines, such as interleukin-10 (IL-10) and transforming growth factor beta (TGF-β) promote OEC phagocytic activity (49).

In summary, the phagocytic activity of OECs plays a crucial role in creating a favorable environment to promote neuronal turnover, aiding the overall process of neuronal regeneration. Hence, this peculiar feature of OECs may be particularly useful for neural repair therapies including their transplantation after SCI.



2.2 OEC-mediated effects during neuroinflammation

As abovementioned, OECs show several unique properties of inflammatory cells, allowing them to modulate immune responses and neuronal pro-regenerative processes. Overall, inflammation is thought to hinder cell differentiation and regeneration but, although OECs are able to secrete a range of pro-inflammatory cytokines and chemokines after injury or infections, they simultaneously promote nervous regeneration.

Following SCI, resident immune cells, including microglia and astrocytes, are activated by injured-released inflammatory stimuli (51). Indeed, the microenvironment of lesioned CNS switch towards pro-apoptotic and anti-regenerative milieu. Particularly, inflammatory responses in SCI are mainly mediated by pro-inflammatory cytokines and chemokines secreted by reactive astrocytes and microglia. In this scenario, M1-polarized microglia induces astrocyte activation, resulting in chondroitin sulfate proteoglycan (CSPG) deposits and astrocytic scar formation, which limits the spread of inflammation but at the same time hampers axon regeneration (52). Concomitantly, glial cell activation causes the release of specific chemokines and pro-inflammatory cytokines, including IL-1, IL-6, and TNF. These cytokines, by activating their respective cascades, amplify inflammatory responses, alter the microenvironment and promote cell death, therefore blocking axonal regeneration (Figure 2) (53, 54). As a result, inflammatory response induces secondary tissue damage with detrimental consequences to neural tissue and its functions (55). In general terms, inflammatory response maintains a dynamic balance of pro-inflammatory and anti-inflammatory cytokine release; therefore, understanding the modulation of the inflammatory response mediated by OECs, could be a successful strategy to improve neuronal functional outcome after CNS injury.




Figure 2 | Schematic overview of the involvement of OECs in inflammation modulation after SCI. Neuronal damage induces pathological increasing of inflammatory responses, which promotes microglia polarization from a resting state to a M1-phenotype and astrocyte activation. OECs are able to modulate these inflammatory events by interacting directly or indirectly with microglia and astrocytes, thus ameliorating the detrimental condition of the altered microenvironment. OEC, olfactory ensheathing cell; SCI, spinal cord injury; TNF, tumor necrosis factor; IL, interleukin; TGF-β, transforming growth factor β, IL-1Ra: interleukin-1 receptor antagonist.



OECs are reported to express chemokines/cytokines and their cognate receptors, such as chemokine (CXC motif) ligand 1 (CXCL1), a neurotrophic chemoattractant, which may have a role during embryogenesis or after OECs transplantation in the injured site, CXCL12, CXCL4, chemokine (CX3C motif) ligand 1 (CX3CL1) (56) that have been proven to play pivotal roles in neuroinflammation, acting as a signaling factor for the recruitment of neutrophilis and various leucocytes (57). The inflammatory monocyte chemotactic protein 1 (MCP-1), and its receptor CCR2 specifically mediates monocytes chemotaxis, which results in the recruitment of macrophages to the site of injury. Moreover, nuclear factor kappa B (NF-κB)-mediated signaling pathway, responsible for microglia and astrocytes activation after SCI, is activated by TROY, a member of the tumor necrosis factor (TNF) receptor superfamily, which has been detected via in situ hybridization and immunohistochemistry investigations in the olfactory system (58). OECs or OEC-released molecules are able to inhibit NF-κB activation, so exerting a neuroprotective role after CNS injury. OECs also release several signaling molecules, such as TNF and IL-1β, to recruit macrophages, thus modulating inflammation and neurodegeneration (14, 44, 59). In this context, OECs could modulate microglia-astrocyte responses by secreting anti-inflammatory cytokines such as IL-4, IL-10, IL-13 and TGF-β, capable to downregulate the pro-inflammatory factors IL-1β, TNF and IL-6 (Figure 2) (60–62). A recent study showed that IL-1α and IL-1β, which are significantly involved in inflammatory responses, were down-regulated after OEC transplantation at the injury site. This response is probably related to IL-1 receptor antagonist (IL-1Ra) mechanism, which is a competitive inhibitor of IL-1 by binding to its receptor (Figure 2). Therefore, OECs, reaching the site of the lesion, are subjected to pro-inflammatory factors released by the activated microglia, and secrete IL-1Ra in response, thus reducing microglial activation and pro-inflammatory factor production and limiting microglia-mediated pro-inflammatory cytokine release (63).

It is worth noticing that the abovementioned OEC-derived anti-inflammatory factors participate in modulating cell survival, proliferation and migration, thus reducing glial scar and promoting regeneration after SCI (64). IL-4 and TGF-β have a direct impact on neural survival given their modulatory effects on acute and chronic immune cell responses and on their expression of detrimental molecules including nitric oxide (NO), reactive oxygen species (ROS), caspase and their secretion of neurotrophins (65).

Taken together these findings suggest that OECs delay the activation of microglia or macrophages and reduce the peak of the immune response, leading to neuroprotection against inflammatory damage.




3 OEC bystander effects on cell fate and differentiation

The ability of OECs in regulating neuroprotection is enhanced by the release of several protective factors in the microenvironment as OEC-conditioned medium (OEC-CM) promotes the differentiation of neural stem cells (NSCs) (66). Specifically, using OEC-CM, it has been shown that soluble factors larger than 30 kDa, which are secreted by OECs, promote migration, differentiation and maturation of NSCs within 7 days. By immunocytochemical analysis, it has been shown that NSCs in contact with OEC-CM, exhibited an up-regulation of neurofilament (NF), beta-III-tubulin (TUJ1), GFAP and a down-regulation of nestin, suggesting a differentiation of NSCs toward neuronal and astrocytic lineages. In addition, the presence in NSCs of synapsin-1, which is involved in the neurotransmitter release mechanism, has also been demonstrated, supporting the effect of OEC-CM in driving and/or stimulating neuronal differentiation. This study also claims that differentiation of NSCs, promoted by OECs, also occurs through indirect contact (67). OECs also exert their trophic effects directly through the secretion of factors involved in neurogenesis, neural differentiation and response, including both NGF and BDNF, small proteins including neurturin (NTN), CNTF, GDNF (68, 69), and heavier soluble factors including secreted protein acidic and cysteine rich (SPARC), sonic hedgehog protein (SHH), matrix metalloproteinase 2 (MMP 2), fibronectin, and laminin (70–72) (Table 1). Moreover, TGF-β3 secreted by OECs is involved in the regulation of neuronal differentiation, negatively regulating Yes-associated protein (YAP) (76). The potential of OECs to induce differentiation of NSCs into neurons has also been demonstrated by functional electrophysiological studies that showed that NSC-derived neurons exposed to OEC-CM acquire active electrophysiological properties, expressing sodium and potassium channels suitable for onset of action potentials similar to primary neuronal cells (66). In vivo studies demonstrated that OECs are able to promote NSC differentiation into dopaminergic neurons or cholinergic neurons, pointing out that OECs can induce NSC differentiation toward a specific neuron subtype (77, 78). OEC-induced effects would be exerted by influencing Wnt/beta-catenin signaling pathway, which is important in the proliferation and self-renewal of adult NSCs (79, 80). Indeed, it was shown that CM from Wnt-activated OECs (wOEC-CM) stimulates the proliferation and differentiation of NSCs, by increasing the percentage of Ki67/Sox2 double positive cells, maintaining Nestin expression under differentiation condition, but also stimulating NSC differentiation into Tuj1-positive neurons (81).


Table 1 | OEC released factors involved in neural differentiation and neurogenesis.



Many reports have shown that hypoxic preconditioned stem cells survive longer, exhibiting an efficient neuronal differentiation and showing enhanced paracrine effects (82, 83). Wang et al. demonstrated that CM from hyperthermia-conditioned OECs induces NSC neural differentiation more efficiently, thanks to the upregulation of HIF-1α, leading to synergistic effects that improve differentiation (84). By using OEC-CM under hypoxic condition, olfactory mucosa MSCs (OM-MSCs) are stimulated to differentiate into dopaminergic neurons. Specifically, OEC-CM under hypoxia upregulates transcriptional factors mediated by HIF-1α and it is involved in the development of dopaminergic neurons from OM-MSCs (85).

MSCs, including adipose tissue-derived MSCs (ASCs), are a type of non-hematopoietic stem cells which under appropriate conditions can give rise to several precursors (86–90). OEC-CM is also implicated in the differentiation ASCs toward a neuronal phenotype (91). ASCs treated with OEC-CM expressed markers of progenitor and mature neurons, including Nestin, protein gene product 9.5 (PGP 9.5), and microtubule-associated protein 2 (MAP2) in a time-dependent manner and exhibited neuron like morphology, while they were negative for GFAP and A2B5, markers of astrocytes and oligodendrocytes, respectively (92). In addition, although a significant increase of Nestin, PGP 9.5, Synapsin I, and GFAP was reported, MAP2 was identified as the most representative, thus suggesting a greater tendency toward the neuronal phenotype (93). This result is confirmed by another study where a neural-like connexin expression was induced in ASCs after OEC-CM treatment (94–98). On the other hand, when ASCs were co-cultured with OECs using 3D collagen scaffolds, they differentiated into cells with OEC-like morphology and were reported to be p75NTR and Nestin positive and GFAP negative. These co-cultured ASCs also expressed various functional markers of mature OECs: BDNF, GDNF and the myelin proteolipid protein (PLP). Thus, these results demonstrate that using specific scaffolds, ASCs might differentiate into OEC-like cells in vitro (99). Altogether, it can be inferred that OECs play a key role in cell differentiation toward a neural type and are able to prompt MSC differentiation towards neural phenotype and even to mature OECs. As such, these intrinsic properties of OECs may be relevant for therapeutic approaches aiming at CNS tissue regeneration.



4 OECs for tissue regeneration and transplantation

In recent years, OECs have been investigated for their reparative ability following acute or chronic lesions that involve CNS. As already mentioned, it appears that OECs may play a crucial role in the treatment of SCI (100–103). Usually, SCI severely affects CNS microenvironment, leading to a series of deleterious processes such as inflammation and hypoxia, and progressive cell death (104). OECs exhibit several characteristics that enable them to have beneficial effects in neuro-repairing potential. They are able to reduce the inflammatory response following injury, thereby decreasing the size of the glial scar and promoting angiogenesis. In addition, they promote regrowth, plasticity and remyelination of axons (105–107). OECs can also interact with resident cell populations, particularly astrocytes and meningeal cells, either within the window of the glial scar formation or once the scar has already established (108, 109). Thus, in addition to penetrate glial tissue, OECs also produce extracellular matrix proteases and can reduce astrocytic reactivity. Overall, these properties may reduce glial scar formation and all consequential limitations, which strongly limit axonal regrowth and injury bridging (110). In SCI animal models, grafted OECs exhibit the ability to promote axon regrowth and propagation (30, 100, 111). In particular, OEC transplantation improves sensorimotor and autonomic nerve recovery, also reducing neuropathic pain due to SCI. OECs secrete a number of neurotrophic factors, which allow the establishment of a favorable microenvironment for the regrowth of damaged axons. Undoubtedly, it is crucial to have functional recovery in transplanted animals in order to consider OEC transplants a successful therapy for the treatment of SCI (107). A study of Ramon-Cueto et al., revealed that adult rats undergoing spinal cord resection and subsequent OEC transplantation, showed both functional and structural recovery. In particular, from 3 to 7 months after surgery, all transplanted animals improved locomotor functions and sensorimotor reflexes (103). To show actual recoveries in transplanted animals, electrophysiological studies were also carried out, demonstrating that animals with transplanted OECs not only exhibited functional recovery, but also showed recovery of action or evoked potentials (112, 113). Studies on OEC transplantation have also been carried out in human clinical in many countries around the world. Completed clinical trials have demonstrated the safety and efficacy of OEC transplantation, but recovery in patients is often highly variable. This variability may be related to a number of factors, such as difficulties in establishing master cell banks and working cell banks, cell purity, and transplantation techniques. Forty-four eligible trials, involving 1,266 SCI patients, investigated several cell-based treatments to improve functional independent misure (FIM) score. Among them, OEC transplantation proved to ameliorate the FIM score at 6 months, thus improving disease prognosis (114). However, a common consequence in these studies is the poor survival of transplanted cells, with survival rates ranging from 0.3 percent to 3 percent. This issue is probably related to the fact that when OECs are isolated, expanded in vitro, and then transplanted into the injury site, their therapeutic potential is reduced, probably due to bleeding, damaged tissue and anatomical structures and hostile microenvironment present in the lesioned area (115–117). Therefore, in vitro models challenging OECs, by mimicking the injured tissue microenvironment, are needed. For example, it has been found that preconditioned OECs showed increased migratory, phagocytic and immunomodulatory capacities. To improve their efficacy and yield upon graft, cells could be then exposed to a low oxygen level, or they could grow into three-dimensional scaffolds before being transplanted into the lesion (116).

Another effective strategy for SCI treatment is the co-transplantation of NSCs and OECs. Indeed, co-grafting of NSCs and OECs ameliorate SCI by inhibiting receptor-interacting protein kinase 3 (RIP3)/mixed lineage kinase domain-like protein (MLKL)-mediated necroptosis and stimulating NSC proliferation in the medulla. Evidence reports that OECs are able to increase NSCs proliferation and differentiation and, importantly, co-grafts significantly support NSCs survival, opening the way for a potential stem cells-based regenerative approach. In this way, neural regeneration could be improved exploiting the synergistic effect of NSCs and OECs (118). In addition, a study by He Y. t al., showed that curcumin-activated OECs (aOECs) effectively improve neuronal differentiation of NSCs even under conditions of inflammation, and co-transplantation of aOECs and NSCs enhaces the neurological recovery of rats after SCI, providing a hopeful strategy for SCI repair by co-transplantation of aOECs and NSCs (119). Besides OEC transplantation, OECs-CM has also been shown to have therapeutic effects for SCI, enhancing functional recovery and axonal regeneration probably because of various factors previously secreted by OECs in their culture medium (120). In this context, exosomes derived from OECs (OEC-Exo) also promote neuronal survival and improve axon condition, facilitating functional recovery following SCI. OEC-Exo can be internalized by microglia/macrophages and are able to modulate their polarization. The main ability of OEC-Exo consists in an immunomodulatory function that shape immune microenvironment towards a pro-regenerative phenotype, supporting OEC-Exo as neuroprotective and regenerative strategy for CNS diseases (121). Furthermore, OECs secrete, via exosomes, alpha B-crystallin (CryAB), an anti-inflammatory protein, leading to an intercellular immune response. Thus, CryAB, together with other OEC-secreted factors, may ameliorate the hostile growth environment created by neurotoxic reactive astrocytes following CNS injury (122).

SCI microenvironment is characterized by a prevalence of M1-like pro-inflammatory macrophages over M2-like. This phenomenon results in a microenvironment that is unfavorable for cell differentiation and regeneration. Therefore, for a better potential regenerative strategy, a fundamental role is played by immune cell modulation (123, 124). Macrophages are a prominent population in SCI microenvironment, also able to alter the activity of transplanted OECs. However, the interaction appears to be reciprocal, as OECs express MIFs and can also lead to reduced macrophage recruitment in vitro (45). To enhance this interaction in favor of OECs by improving the cellular microenvironment at the injury level, a study of vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) modulation in the SCI microenvironment was carried out. It was shown that CM from macrophages exposed to PDGF or combined VEGF and PDGF, under inflammatory conditions, increased OEC phagocytosis, also modulating the expression of genes related to nerve repair. Specifically, both PDGF and VEGF/PDGF reduced pro-inflammatory cytokines (i.e., TNF) by decreasing NF-κB translocation, promoting phagocytosis of myelin debris. For this reason, administering growth factors before OEC transplantation could improve transplant success and neural recovery (125).



5 Conclusions

Our knowledge of the properties, functions, and therapeutic potential of OECs is markedly increasing. OECs can be considered as a good candidate for cell-replacement and have shown remarkable capabilities to exert neuroprotective mechanisms. The uniqueness of OECs appears to collaborate with other recruited cell types to orchestrate the molecular signaling responsible for resolving the inflammatory state and creating a favorable environment for neural regeneration.

However, the development of human OEC transplants for clinical application in SCI still requires an in-depth understanding of the cellular and molecular biological characteristics of OECs. It seems now clear that OECs expanded in vitro and grafted back in vivo show limited therapeutic potential, probably due to the hostile microenvironment at the damaged tissue. In fact, a major issue limiting spinal cord regeneration is also the poor survival of transplanted cells (126). In order to describe the therapeutic potential of OECs it appears critical to characterize OEC gene expression aiming at identifying OEC-specific markers. Indeed, the most used marker to identify OECs, p75NTR, is also expressed in vitro by Schwann cells (10), astrocytes and lamina propria MSCs (127). The lack of a solid method for OECs identification, isolation and purification is among the main factors limiting reproducibility and reliability of transplantation studies. Furthermore, without a unique method for OEC identification, it is possible that their repair capacity is influenced by the presence of the various cells types co-existing alongside OECs.

One of the most effective approaches in transplantation of OECs is co-grafting with NSCs, achieving better therapeutic effects. Indeed OECs, by releasing trophic factors into the microenvironment, also play an important role in promoting the differentiation of NSCs, able to change their morphology, stimulating their differentiation towards mature neurons.

Despite the variability of results reported and limiting factors, OECs should be considered as valuable cell-based approach for SCI and a potential candidate to promote cell differentiation and regeneration. Finally, a deeper understanding of OEC anti-inflammatory properties and their interplay with other cells involved in neuro-repairing is crucial for the development of future therapies, using transplantation of OECs to treat neural injuries.
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Methyl CpG binding protein 2 (MeCP2) is a DNA methylation reader protein. Mutations in MeCP2 are the major cause of Rett syndrome (RTT). Increasing evidence has shown that dysregulated immunity and chronic subclinical inflammation are linked to MeCP2 deficiency and contribute to RTT development and deterioration. The meninges surrounding the central nervous system (CNS) contain a wide repertoire of immune cells that participate in immune surveillance within the CNS and influence various brain functions; however, the characterization and role of meningeal immunity in CNS with MeCP2 deficiency remain poorly addressed. Here, we used single-cell sequencing to profile Mecp2-deficient meningeal immune cells from the dura mater, which has been reported to contain the most meningeal immune cells during homeostasis. Data showed that the meninges of Mecp2-null mice contained the same diverse immune cell populations as control mice and showed an up-regulation of immune-related processes. B cell populations were greater in Mecp2-null mice than in control mice, and the expression of genes encoding for immunoglobulins was remarkably higher. Mecp2-deficient meninges also contained more cytotoxic CD8+ T cells than control meninges. With increased interferon-γ transcription in T and natural killer cells, meningeal macrophages showed decreased suppression and increased activity in Mecp2-deficienct mice. Together, these findings provide novel insights into meningeal immunity, which is a less studied aspect of neuroimmune interactions in Mecp2-mutated diseases, and offer an essential resource for comparative analyses and data exploration to better understand the functional role of meningeal immunity in RTT.
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Introduction

Methyl CpG binding protein 2 (MeCP2) is a DNA methylation reader protein, which is able to recognize DNA and histone methylation marks and acts as a methylation-dependent transcriptional modulator within the context of chromatin (1). MeCP2 exerts both transcriptionally repressive and activating functions by interacting with various cofactors, thereby affecting a myriad of genes. MeCP2 mutations account for 90-95% of classic Rett syndrome (RTT) cases and typically cause the deterioration of acquired psychomotor skills, including the regression of motor and communicative skills, repetitive hand movements, seizures, irregular breathing, ataxia, and autistic features (2).

Although the loss of functional MeCP2 in neurons is thought to cause the majority of symptoms associated with RTT, increasing evidence has shown that dysregulated immunity and chronic subclinical inflammation are also linked to MeCP2 deficiency (3). For instance, several studies have highlighted the role of microglia, which are the primary brain-resident macrophages, in RTT during brain development (4, 5). Additionally, MeCP2 can regulate T cells by influencing the expression of the Forkhead box P3 (Foxp3) transcription factors (6), and MeCP2 deficiency has been associated with enhanced NF-κB signaling in human peripheral blood mononuclear cells (PBMCs) and the human monocyte line THP1 (7).

The meninges surrounding the central nervous system (CNS) comprise a triple layer of membranes, including the pia mater, arachnoid mater, and dura mater. In recent years, the meninges have been found to not only physically protect the CNS, but to also contain a wide repertoire of immune cells that constitute meningeal immunity. Meningeal immune cells and the cytokines they produce participate in immune surveillance within the CNS; influence the response to CNS injury (8) and chronic neurodegenerative conditions; and regulate higher brain functions, such as cognition and social behavior (9). Notably, meningeal macrophages are lost during disease progression in Mecp2-null mice (10). Although macrophages are the major cell population in the meninges (11, 12), the characteristics and roles of meningeal immunity in the CNS with MeCP2 deficiency remain poorly understood.

Here, we applied a single-cell sequencing to profile Mecp2-deficient meningeal immune cells from the dura mater, which has been reported to have the most numerous meningeal immune cells in homeostasis (13).



Methods


2.1 Mice

Female B6.129P2(C)-Mecp2tm1.1Bird/J (Heterozygous Mecp2 knockout, Jax:003890) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and maintained in laboratory on a C57BL/6 background. The mice were maintained and bred in-house under standard 12-h light-dark cycle conditions. They were provided with standard rodent chow and sterilized tap water ad libitum. Male B6.129P2(C)-Mecp2tm1.1Bird/J mice (Hemizygote Mecp2 knockout, Mecp2-null mice) at 4-8 weeks of age were used for the experiments, and age-matched wild-type (WT) mice were used as controls. All experiments were approved by the Institutional Animal Care and Use Committee of Fudan University (No. 2019-289).



2.2 Isolation of CD45-positive cells from whole dura matter

One-month-old mice were euthanized by an overdose of Avertin (2, 2, 2-Tribromoethanol, 20 mg/mL) and transcardially perfused with 20 mL ice-cold phosphate-buffered saline (PBS). The mice were immediately decapitated posterior to the occipital bone. After the removal of the overlying skin and muscles from the skull, the dorsal part of the skull was carefully removed to isolate the dura. Then, the dura was cut into small pieces in ice-cold RPMI 1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and incubated with an enzyme mix (0.25% Trypsin and 10 U mL-1 collagenase type I) at 37°C for 15 min. The solution was gently passed through 70 mm nylon mesh cell strainers using a sterile plastic plunger to yield a single-cell suspension. The single-cell suspension was then centrifuged at 300 g for 10 min. After the supernatant was removed completely, the cell pellet was resuspended in FACS buffer (pH 7,4; 0.1 M PBS; 1 mM Ethylene-Diamine-Tetra-Acetic acid (EDTA); 1% bovine serum albumin (BSA)). CD45-positive cells were subjected to magnetic separation using CD45 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instructions. The cells were placed on ice during all steps except during enzymatic digestion and were prepared for single-cell RNA sequencing (scRNA-seq) or flow cytometry.



2.3 ScRNA-seq using 10x Genomics platform

Single CD45+ immune cells were freshly isolated from the dura using the procedure described above. For Mecp2-null mice, dura from three individual mice were pooled and the experiments were repeated twice. For WT mice, the dura from two and three individual mice were pooled in two repeated experiments. Sequencing was performed by OE Biotech Co., Ltd. (Shanghai, China). Cellular suspensions were loaded onto a GemCode Single Cell Instrument (10x Genomics, Pleasanton, CA, USA) to generate single-cell gel beads-in-emulsion (GEMs) and scRNA-seq libraries using Chromium Next GEM Single Cell 3′ Gel Beads and Library Kit v3.1 (10x Genomics) according to the manufacturer’s instructions. RNA transcripts were uniquely barcoded within single cells and reverse-transcribed into barcoded cDNAs to generate a single multiplexed library. Indexed libraries were sequenced using a NovaSeq 6000 System (Illumina, San Diego, CA, USA) with 2 × 150 paired-end reads.



2.4 ScRNA-seq data processing

We processed the unique molecular identifier (UMI) count matrix using the Seurat R package (v3.1.1) (14). Cellular barcodes were demultiplexed using the Cell Ranger software pipeline (v5.0.0) provided by 10× Genomics. Cells with log10GenesPerUMI <0.7 were filtered out to remove low-quality cells and likely multiplet captures. Low-quality cells with >10% of the counts belonging to mitochondrial genes and >5% of the counts belonging to hemoglobin genes were discarded. DoubletFinder package (v2.0.2) was used to identify potential doublets (15). After applying these quality control criteria, 12,129 cells from Mecp2-null mice and 13,794 cells from WT mice were included in downstream analyses. Library size normalization was performed using the NormalizeData function in Seurat. Gene expression measurements for each cell were normalized to total expression using “LogNormalize”, multiplied by a scaling factor (10,000 by default), and the results were log-transformed.

Cells were visualized using a two-dimensional Uniform Manifold Approximation and Projection (Umap) algorithm with the RunnUMAP function. The FindVariableGenes, FindClusters, and FindAllMarkers functions in Seurat were used to select variable genes, cluster cells, and identify marker genes, respectively. Differentially expressed genes (DEGs) were identified using the FindMarkers function. P value < 0.05 and |log2foldchange| > 0.58 were set as the thresholds for significant differential expression. Gene ontology (GO) enrichment, Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis, gene set variation analysis (GSVA), single-cell rEgulatory network inference and clustering (SCENIC), cell-cell communication, and pseudotime analysis were performed as described in previous studies (16–20).



2.5 Intracisterna magna injection

For meningeal lymphatic drainage experiments, intracisterna magna (i.c.m.) injection was performed as described previously (21). After mice were anaesthetized by intraperitoneal injection with Avertin (250μL/10g), skin on the back of the neck was shaved and cleaned with 75% ethanol, and a 1 cm midline incision was made to expose the cisterna magna. Next, the cisterna magna was injected slowly with 2 μL of fluorescent beads (FluoSpheres Carboxylate-Modified Microspheres, yellow-green, 0.5μm, ThermoFisher) using micro-syringes (Figure 1F). After injection, the needle was left in place for 2 min to avoid cerebrospinal fluid (CSF) backflow. The mice were then sutured and allowed to recover on a heating pad. Deep cervical lymph nodes (dCLNs), which are the major meningeal lymphatic draining lymph nodes (21, 22), were harvested 2 h after i.c.m. injection for immunofluorescence staining.




Figure 1 | RTT-like phenotypes and deficiency of meningeal lymphatics in Mecp2-null mice. (A) Bar graph showing retarded growth of Mecp2-null mice compared to control at postnatal days 30 and 45 (n=8). P=0.0003 (P30) and P=0.00006 (P45), multiple t tests. (B) Representative images of hindlimb clasping in a Mecp2-null mouse at postnatal day 45. (C) Kaplan-Meier survival plot for control and Mecp2-null mice. (n=7 per group). P=0.0001 by the Log-rank test. (D) Representative images of the transverse sinus of dura maters with Lyve-1 (green) staining for 1-month-old control and Mecp2-null mice. Scale bars: 500μm. (E) Quantification of the diameter of Lyve-1+ lymphatic vessels (n=10 for control mice; n=9 for Mecp2-null mice). Data represent the mean ± SEM. P = 0.0005, two-tailed unpaired t test. (F) Schematic of intracisterna magna injection with fluorescent beads. (G) Representative images showing dCLNs with fluorescent beads (green), Lyve-1 (red), and CD3 (blue) staining in control and Mecp2-null mice. Scale bars: 250μm. (H) Quantification of the percentage of fluorescent beads coverage of the dCLNs from control and Mecp2-null mice (n=3 per group). Data represent the mean ± SEM. P = 0.0281, two-tailed unpaired t test. *p < 0.05, ***p < 0.001.





2.6 Flow cytometry

CD45-positive cells isolated from the dura mater were stained for extracellular markers using rat anti-CD45 FITC-conjugated (11-0451-82; eBioscience), rat anti-CD3 PE-conjugated (12-0193-82; eBioscience), and rat anti-CD11b APC-conjugated (17-0112-82; eBioscience). Live/dead cells were selected using a Zombie Aqua Fixable Viability Kit (423101, BioLegend). Fluorescence data were collected using a FACSCelesta flow cytometer (BD Company) and analyzed using FlowJo software (v10). Cells were gated using the height, area, forward and side scatter, and live cells with negative Zombie Aqua staining. Cells were gated for the appropriate markers of cell types.



2.7 Immunofluorescence staining

After transcardial perfusion with ice-cold PBS and 4% paraformaldehyde (PFA), whole dura maters with the skullcap or dCLNs were dissected from one-month-old mice and post-fixed in 4% PFA at 4 °C. Dura maters were then peeled from the skullcap. The dCLNs were dehydrated using PBS containing 30% sucrose and sliced into 40 μm-thick sections onto gelatin-coated slides. For immunohistochemistry, dura maters or dCLNs sections were incubated in blocking buffer (PBS containing 1% BSA, 2% donkey serum, 0.2% Triton X-100, and 0.1% Tween 20) for 1 h at room temperature (RT). Then, dura maters or sections were moved to appropriate dilutions of the following primary antibodies in blocking buffer for overnight at 4°C: rat anti-CD3 eFluor 660-conjugated (1:200; 50-0032-82; eBioscience), rat anti-Lyve-1 AF488-conjugated (1:200; 53-0443-82; eBioscience), rat anti-Lyve-1 eFluor 570-conjugated (41-0443-82, eBioscience), rat anti-IFN-γ PE/Cyanine7-conjugated (1:200; 505826; BioLegend), and rabbit anti-MeCP2 (1:200; 3456; Cell Signaling). Goat anti-rabbit Alexa Fluor 594 secondary antibody (1:1000; A-11012; Invitrogen) were incubated 1 hour at RT in necessity. Before whole-mounted with Aqua-Mount (Lerner) under coverslips, dura maters or dCLNs sections were staining with 1:10000 DAPI (Sigma-Aldrich) and washed with PBST (PBS containing 0.2% Triton X-100 and 0.1% Tween 20) 3 times for 15 min at RT.

Images were acquired using Leica TSC SP8 confocal system with a 10× (0.4 NA), 20× (0.75 NA), or 40× (0.85 NA) objectives. FIJI software (NIH) was used for image quantitative assessments. The diameter of lymphatic vessels was measured each 50 μm alongside the transverse sinus of dura mater, and the mean was calculated for each sample. Bead coverage in the dCLNs was quantified by dividing the area of GFP fluorescence over the area of the lymph node, as indicated by Lyve-1 and CD3 staining. The density of CD3-positive cells or IFN-γ was determined by dividing the number of CD3-labeled cells or the IFN-γ-positive area per section by the area of dura maters.



2.8 Statistical analysis

Statistical analysis was performed by GraphPad PRISM 8. Data were compared using two-tailed unpaired Student’s t-tests, multiple t tests, and Kaplan-Meier survival plot. Statistical significance was defined as p < 0.05.




Results


3.1 RTT-like phenotypes and meningeal lymphatics in Mecp2-null mice

As reported previously (5, 23), Mecp2-null mice (male B6.129P2(C)-Mecp2tm1.1Bird/J) displayed RTT-like phenotypes, including significantly retarded growth, hindlimb clasping, and short postnatal life expectancy (Figures 1A–C). In addition, we observed meningeal lymphatics deficiency in Mecp2-null mice, as indicated by a decrease in the diameter of meningeal lymphatic vessels (Figures 1D, E) and a decrease in the drainage of CSF fluorescent beads from the cisterna magna into dCLNs (Figures 1G, H). Meningeal lymphatics play important roles in the development and recirculation of CNS immune cells (21, 24); hence, these observations suggest that meningeal immunity may be altered in Mecp2-null mice.



3.2 Meningeal immune cell diversity

To identify meningeal immune changes associated with Mecp2 deficiency, we generated 12,129 and 13,794 high-quality single-cell transcriptomes for meningeal immune cells (CD45+ cells) from six Mecp2-null and five WT mice, respectively (Figure 2A). Cells from the various mice were also pooled into a single dataset, and color-coded Umap plots were generated to visualize the origin of each cell (Figure 2B). Immune cells formed 18 major clusters that expressed varying levels of Ptprc, a gene encoding CD45 (Supplementary Figure S1A, B). We classified the different cell types based on the expression levels of the most variable genes and the shared expression features of known marker genes (Figure 2C; Supplementary Figure S1C). Consistently with the results of previous studies on Mecp2 in immune system (6, 10), we found that meningeal immune cells expressed Mecp2 (Supplementary Figure S2).




Figure 2 | Single-cell transcriptomics survey of dura immune cells from WT and Mecp2-deficienct mice. (A) Schematic of the experimental approach (created with Biorender.com). 10× chromium scRNA-seq for CD45+ immune cells isolated from dura maters of 1-month-old WT (control) and Mecp2-deficienct (Mecp2-null) mice. (B) Umap plot displaying 10 dura immune cell types from control and Mecp2-null mice. Colored show annotated cell types. (C) Violin plots showing the expression levels of 13 specific marker genes for different cell types. (D) Frequency of each cell type in control and Mecp2-null mice. (E) Heatmap of group-specific DEGs. Color indicates relative gene expression, with representative genes shown together. (F) The top 30 most enriched GO terms for DEGs in control and Mecp2-null group.



The dura maters of both control and Mecp2-null mice contained diverse immune cell populations, including macrophages, B cells, dendritic cells (DCs), monocytes, neutrophils, mast cells, T cells, innate lymphoid cells-2 (ILC-2), and natural killer (NK) cells (Figure 2B). Obvious differences in the cell populations were observed between Mecp2-null mice and control mice, with a loss of macrophages and an increase in B cells (Figure 2D). According to previous studies (5, 10), Mecp2 deficiency causes the decline of macrophages and microglia, which are specific types of myeloid cells resident in the brain. Surprisingly, we found that the frequency of B cell populations was almost 1.5 times higher in Mecp2-null mice. The expression of genes encoding immunoglobulins, such as Ighg2c, Igha, Ighg2b, Igkc, Iglc2, Iglc1, and Iglc3, was also markedly higher in Mecp2-null mice than in control mice (Figure 2E). Other DEGs included CC chemokine (Ccl8), histones (Hist1h1e, Hist1h1c), transcription factor (Fos), protein phosphatase (Dusp2), and thioredoxin-binding protein (Txnip) (Figure 2E; Supplementary Data Sheet 1). GO enrichment analysis revealed the up-regulation of immune-related processes and regulation of transcription in Mecp2-null mice, including the B cell receptor signaling pathway, innate immune response, and DNA-transcription factor activity (Figure 2F).



3.3 Meningeal B cell activity

Although B cells accounted for the main changes observed in the meninges of Mecp2-null mice, little is known about their characteristics under homeostasis. We also observed an increase in the B cell population in the dura maters of Mecp2-null mice by flow cytometry (Figure 3A). The B cell population was then re-clustered into seven clusters (C1 to C7) on a single Umap space (Figure 3B). B cells from the Mecp2-null and control mice occupied overlapping territories; however, the frequencies of C2 and C3 were reversed between the two groups (Figure 3C). Consistent with previous studies by Wang et al. (25) and Brioschi et al. (26), the seven sub-clusters formed a consecutive development trajectory of B lineage cells (Figure 3D). Mature B cells (C1 and C3) expressed high levels of Ighd, Ighm, and Ms4a1. Meanwhile, immature B cells (C2) expressed high levels of Ighm, but not Ighd. In cycling pre-B cells (C4 and C5) the expression of Top2a, H2afx, and Mki67 was upregulated. Pre-B cells (C6) expressed high levels of Vpreb1, Vpreb3, Dntt, Lef1, and Rag1, while plasma cells (C7) highly expressed Prdm1 and Il10.




Figure 3 | Gene expression and characterization of B cells compared to control and Mecp2-null mice. (A) Representative flow cytometry contour plot showing the proportion of B cells within the CD45+ population in the dura of control and Mecp2-null mice. B cells were gated as CD45+CD19+ and CD11b-. n=3 for each group. (B) Distribution of seven B cell clusters on the Umap plot for two groups. Clusters are rank-ordered by size. (C) Bar plots showing cell cluster distribution within different groups. (D) Dot plots displaying the relative expression of selected B cell marker genes (columns) across clusters (rows) in (B). Dot size indicates the fraction of cells in the clusters that express a gene. Color indicates the Z-score of mean gene expression in the cluster (Z-score of average log2). (E) Violin plots of Cd83, Egr3, Fcer2a, Myc, and Cxcr5 expression in control and Mecp2-null mice. (F) Rank for regulons in cluster1 and cluster2 of mature B cells (Mature B_C1 and Mature B_C2) based on regulon specificity score (RSS). (G) Heatmap of regulon activity score (RAS) in two groups. Rows represent different regulons and columns represent mouse groups. (H) Bar plot showing different enriched pathways comparing in Mecp2-null and control mice determined using GSVA. T-values > 0 represent up-regulated pathways.



In Mecp2-null mice, the C3 cluster of mature B cells (Mature B_C2) expanded and strongly expressed B cell activation markers, such as Cd83, Egr3, Fcer2a, Myc, and Cxcr5 (Figure 3E). Analysis of the regulon most highly associated with this subset revealed a high regulon specificity score for transcription factors Kdm2b, Rel, and Crem compared to the mature B_C1 cluster (C1) (Figure 3F). The regulon activity heatmap also showed increased activities for Kdm2b and Rel in Mecp2-null mice (Figure 3G).

In addition, we ranked the estimated pathway activities for individual B cells using GSVA. This approach revealed the strong enrichment of T cell activation involved in the immune response, positive regulation of Il-12 secretion, positive regulation of cytokine production involved in the inflammatory response, and B cell activation and proliferation (Figure 3H).



3.4 Cytotoxic activity of T lymphocytes

To better understand T cell activation in Mecp2-deficient mice, we re-clustered ILC2s, NK cells, and T cells into seven clusters (Figure 4A). The major cell types were identified by defining genes for CD4+ T cells (C1) characterized by Cd3e and Cd4 expression; CD8+ T cells (C2) characterized by Cd3e and Cd8 expression; ILC2s (C3) characterized by Gata3 expression; NK cells (C4) characterized by Nrc1 and Klrd1 expression and without Cd3e expression; NKT cells (C5) characterized by Cd3 and Klrd1 expression; regulatory T cells (Treg, C6) characterized by Cd3e, Cd4, and Foxp3 expression; and γ-δ T cells (C7) characterized by Cd3e and Tcrg-C1 expression (Figure 4B). The frequencies of ILC2, NK cell, and T cell populations were affected by Mecp2 deficiency. Mecp2-null mice had higher frequencies of CD4+ T cells, CD8+ T cells, NK, and NKT cells. In contrast, the frequencies of ILC2s and γ-δ T cells were lower (Figure 4C). Immunofluorescence staining for CD3 also showed a higher density of CD3 positive cells in dura mater of Mecp2-null mice (Figures 4D, E).




Figure 4 | Increased T cell cytotoxicity in Mecp2-deficienct mice. (A) Umap plot showing the distributions of seven clusters for T cells, NK cells, and ILC2s. (B) Umap plots showing the expression of signature genes for CD4+ T, CD8+ T, Tregs, γ-δ T, ILC2s, NK, and NKT cells. (C) Percentages of each cell population among the total meningeal T cells, NK cells, and ILC2s in control and Mecp2-null mice. (D) Representative confocal images of CD3 (red)-positive cells in the dura maters of control and Mecp2-null mice. Scale bars: 250μm. (E) Quantification of the density of CD3-positive cells in the dura maters of control and Mecp2-null mice (n=4 per group). Data represent the mean ± SEM. *p < 0.05, P = 0.0371, two-tailed unpaired t test. (F) Umap plots indicating the two sub-clusters of CD8+ T cells. (G) Violin plots representing the expression of resting state (top row) and cytotoxicity/activated (bottom row) related markers. (H) Frequency of two sub-clusters of CD8+ T cells in control and Mecp2-null mice.



CD8+ T cells are a critical population of MHC I-restricted T cells that directly kill infected or damaged cells. Differential gene expression from the scRNA-seq data of CD8+ T cells resolved the subsets and functional states into two subsets (Figure 4F). Subset 1 showed higher Tcf7, Sell, CCr7, and Lef1 expression, which corresponded with the resting state of CD8+ T cells (Figure 4G). Subset 2 showed increased expressions of Ifng (encoding interferon-γ; IFN-γ), Ccl5, Gzmb, and Prf1, which are associated with cytotoxicity and activation (Figure 4H). The distribution of subset 2 was more enriched in Mecp2-null mice than in the control group, suggesting that the cytotoxic activity of T lymphocytes was enhanced in Mecp2-null mice.



3.5 IFN-γ transcription and cell-cell interactions

CD8+ T cells of Mecp2-null mice displayed increased expression of Ifng, which encodes IFN-γ. IFN-γ is the only member of the type II class of interferons and plays a critical role in both innate and adaptive immunity (27). Yang et al. reported that Mecp2 overexpression results in defective IFN-γ secretion and suggested that MeCP2 could be a regulatory factor in Ifng transcription (28). Here, compared to that in control mice, we found that Mecp2-null mice had higher Ifng expression in NK, CD8+ T, CD4+ T, and NKT cells (Figures 5A, B). Immunofluorescence staining further revealed that IFN-γ expression was higher in the dura maters of Mecp2-null mice (Figures 5C, D). However, the expression of the IFN-γ receptors, Ifngr1 and Ifngr2, was not significantly affected by Mecp2 deficiency, with the exception of high Ifngr2 expression in Treg cells (Figure 5E). CellChat was used to explore the differences in intercellular communication networks of the IFN-II signaling pathway between control and Mecp2-null mice, which were visualized using circle plots. Mecp2-null mice showed more complex intercellular communication in the IFN-II signaling pathway (Figures 5F, G).




Figure 5 | scRNA-seq analysis of IFN-II signaling pathway upregulation in multiple Mecp2-deficient cell populations. (A) Violin plots showing Ifng expression in different meningeal immune cells from control and Mecp2-null mice. (B) Umap plots depicting Ifng expression in the main producer cells. (C) Representative confocal images of IFN-γ (red) with lymphatic vessel endothelial receptor 1 (Lyve-1, Green) in the dura maters of control and Mecp2-null mice. Scale bars: 100μm. (D) Quantification of the area of IFN-γ in the dura maters of control and Mecp2-null mice (n=4 per group). Data represent the mean ± SEM. *p < 0.05, P = 0.0278, two-tailed unpaired t test. (E) Violin plots showing the expression of IFN-γ receptors (Ifngr1 and Ifngr2) in different meningeal immune cells in control and Mecp2-null mice. (F) Chord diagram visualizing cell-cell communication for the IFN-II signaling pathway in WT mice. (G) Chord diagram visualizing the cell-cell communication for IFN-II signaling pathway in Mecp2-null mice.





3.6 Macrophages activated in response to IFN-γ in Mecp2-null mice

IFN-γ plays a key role in macrophage activation and reinforces the M1 phenotype (29). To stratify the activity of macrophages, we re-clustered the macrophage population into five subpopulations based on the expression level of signature genes (Figure 6A). Although Mecp2-deficient meningeal macrophages mainly overlapped with those in the control group, some obvious differences were observed, especially in subclusters 1 and 2 (Figure 6B). We examined the top 50 up-regulated genes in the macrophage subclusters. Subclusters 1, 2, and 5 fell into the MHC II low group (11), which exhibited high Lyve1 and Gas6 expression (Figure 6C), while subclusters 3 and 4 fell into the MHC II high group, which exhibited high H2-Aa and Cd72 expression (Figure 6C). Subcluster 1 displayed increased expression of Rcan1, which encodes a small protein that inhibits calcineurin phosphatase activity and acts as a central negative regulator of inflammation (30).




Figure 6 | MeCP2 deficiency macrophages have increased response to IFN-γ. (A) Umap plots showing the clusters of WT and Mecp2-deficienct macrophages. (B) Pie chart showing the distribution of five clusters in WT and Mecp2-deficienct meningeal macrophages. (C) Heat map displaying the relative expression fold change (log2) of the top 50 up-regulated genes in macrophage clusters identified in (A). (D) Visualization of the seven cell states predicted using the Monocle2 algorithm. (E) Trajectories for control and Mecp2-null mice. (F) Numbers expressed as percentages of control (green) and Mecp2-null (purple) macrophages in state 1 (top) and state 7 (bottom) cell populations, respectively. (G) Pseudotime of macrophages indicated by gradient color intensity from dark to bright, indicating the progression from the early to late pseudotime. (H) Heatmap displaying genes ordering during pseudotime. Color gradient from blue to red indicates low to high relative expression levels. (I) The GO and KEGG of enriched functions and pathways for the significantly differentially expressed (SDE) genes.



Finally, we performed SCORPIUS trajectory inference on the macrophages. The macrophages were divided into seven states (Figure 6D). The cell trajectory patterns of Mecp2-deficient mice shifted from state 1 to state 7 (Figure 6E), with gene expression profiles changing dynamically along the trajectory. The most predictive genes were clustered into modules, which revealed the transcriptional gradients of genes that were lost or gained in pseudotime (Figure 6H). IFN-γ mediates the polarization of macrophages to an “M1-like” state by activating Janus kinase (Jak)-signal transducer and activator of transcription 1 (Stat1) (31). GO analyses indicated that the late pseudotime, which consisted mainly of state 7, was enriched for the genes involved in phagocytosis, recognition, engulfment, and the Jak1/2-Stat1 signaling pathway. Conversely, early pseudotime mainly consisted of state 1 and was enriched for genes in the Jak2-Stat5a and Jak1-Stat3 signaling pathways (Figure 6I). Taken together, these results indicate that macrophages are activated in response to IFN-γ in Mecp2-null mice.




Discussion

Due to the unique position and structural composition of the meninges, and the functional characteristics of meningeal immune cells, meningeal immunity plays an important role in maintaining the CNS under healthy and disease conditions (12, 32). MeCP2 is expressed in immune cells. Polymorphisms in MeCP2 have been linked to increased susceptibility to autoimmune diseases, and alterations in MeCP2 expression levels affect immune function and cytokine production (3, 33). However, little is known about changes in meningeal immunity in the absence of MeCP2 and the role of meningeal immunity in RTT progression. Using single-cell genomic analysis, we explored the meningeal immune niche of pre-phenotypic Mecp2-deficienct mice, which displayed mild symptoms but were less affected by systemic damage. The meninges of Mecp2-null mice contained diverse immune cell populations like control mice and showed an up-regulation of immune-related processes, including the B cell receptor signaling pathway, cytotoxic activities of T lymphocytes, and macrophage activities. Furthermore, Mecp2 deficiency increased IFN-γ transcription and cell-cell interactions mediated by the IFN-II signaling pathway.

Interestingly, our findings on meningeal immunity with Mecp2 deficiency have some similarities and differences compared to previous studies. Papini et al. (34) demonstrated that patients with RTT showed a consistent and highly significant increase in the serum IgM fraction and we found that the expression of immunoglobulin-family genes in Mecp2 deficient meningeal immune cells (Ighg2c, Igha, Ighg2b, Igkc, etc.) was abnormally high (Figure 1). Li et al. (6) found that Mecp2 is essential for maintaining stable Foxp3 expression and the lineage identity of mature Tregs during inflammation, but is dispensable for the initial induction of Foxp3 expression during Treg development. Consistently, we observed no loss in Foxp3 expression or decrease in the number of Tregs in our immune cell population with no inflammatory challenge (Figure 3B). Leoncini et al. (35) showed that significantly reduced plasma levels of IFN-γ in patients with MeCP2-mutated RTT; however, we observed enhanced IFN-γ transcription in MeCP2-deficient meningeal immune cells (Figure 4), indicating that meningeal immunity is unique.

IFN-γ is a dimerized soluble cytokine that was originally identified as a ‘macrophage-activating factor’ (31). IFN-γ concentrations in the brain are elevated in certain pathologies, including multiple sclerosis, cerebral ischemia, and neurotrauma (36). In this study, we found that Mecp2-null mice lost a population of meningeal macrophages with high Rcan1 expression, which suppresses macrophage activity and negatively regulates inflammation. SCORPIUS trajectory inference showed that the state enriched for phagocytosis, recognition, engulfment, and the Jak1/2-Stat1 signaling pathway (activated by the IFN-γ receptor) was enhanced in Mecp2-deficienct meningeal macrophages. Thus, the abnormally enhanced innate immune response observed in Mecp2-deficienct meningeal immunity may participate in the onset and progression of RTT by causing low-grade neuroinflammation, as reported by Pecorlli et al. (3). However, the cellular targets of IFN-γ extend beyond immune cells. Due to the exclusion system of cerebrospinal fluid, meningeal soluble mediators, such as cytokines, have limited ability to enter and affect the brain parenchyma under steady-state conditions (37). With the expression of IFN-γ receptors in the membranes of neurons (36), IFN-γ has been known to regulate dendrite morphology, inhibit the formation of excitatory synapses in sympathetic neurons and the neocortex (38), and promote inhibitory currents in GABAergic neurons in the prefrontal cortex (39). Furthermore, studies have shown that reduced dendritic complexity, synaptic strength, and dysfunction of GABAergic neurons contribute towards RTT (40–42).

There is still much to understand regarding how meningeal immunity affects neuronal function. It remains unclear how the association of meningeal immunity changes with the progression of MeCP2-mutated diseases. Accumulating evidence has shown that meningeal immunity supports the brain function and may play potential roles in neurodegenerative diseases (9, 43, 44). Indeed, Mecp2-mutant rodents and humans have severely impaired brain function and progressive aggravation (45). Meningeal immunity is thought to support the brain function by secreting cytokines that could be carried by the CSF to corresponding receptors expressed in the brain parenchyma (32). Deficiency in meningeal-derived cytokines, such as IL-4, IL-13, and IL-17α, has been shown to impaired learning, memory, social, and anxiety-like behaviors (9, 43, 46). Based on our findings, we propose a model associating heterogeneity in meningeal immunity with the progression of disease in Mecp2-null mice (Figure 7). In Mecp2-null mice, immune-related processes including the B cell receptor signaling pathway, cytotoxic T lymphocyte activities, and macrophage activities are up-regulated. This heterogeneity of meningeal immune cells and activity status alters the secretion of cytokines (especially IFN-γ), which can enter the brain parenchyma through CSF and affect neuronal function. However, further research is required to confirm the role of meningeal immunity in RTT development.




Figure 7 | Model for the mechanisms of meningeal immunity in Mecp2-null mouse. Illustration of the hypothesis for the mechanisms of meningeal immunity with the progression of disease in Mecp2-null mice (created with Biorender.com). Meninges surrounding the brain have functional lymphatic system and abundant of immune cells which play important roles for maintaining the central nervous system in health. Mecp2-null mice show deficiency of meningeal lymphatics and activity status altered of immune cells in dura mater. The non-infectious inflammatory response can spread to the CNS parenchyma, causing low-grade neuroinflammation, and further impairing neuronal health and behavior change.



In summary, our study provides novel insights into the pathology of MeCP2-mutated diseases. The meninges, which contain a wide repertoire of immune cells and participate in immune surveillance in the CNS, showed decreased suppression and increased activity for both innate and adaptive immunocytes in MeCP2-deficienct mice. Furthermore, we found that the overexpression of meningeal IFN-γ might not only modulate the status of immune cells in the meninges, but also affect brain function and contribute towards RTT development and deterioration.
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Supplementary Figure 1 | Single-cell characterization of meningeal immune cells with typical signature marker genes. (A) Umap plot displays distributions of 18 major clusters of meningeal immune cells. (B) Log2 expression of Ptprc in individual cells on the Umap graph of (A). (C) Violin plots showing the expression of signature genes for different immune cell types.

Supplementary Figure 2 | Meningeal immune cells express Mecp2. (A) Representative confocal images of Mecp2 (red) and Lyve-1(green) staining in the dura mater of 1-month-old WT mice. Scale bars: 50μm. (B) Violin plots representing the Log2 expression of Mecp2 in different meningeal immune cells from WT mice.
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High mobility group box 1 (HMGB1) has dual functions as a nonhistone nucleoprotein and an extracellular inflammatory cytokine. In the resting state, HMGB1 is mainly located in the nucleus and regulates key nuclear activities. After spinal cord injury, HMGB1 is rapidly expressed by neurons, microglia and ependymal cells, and it is either actively or passively released into the extracellular matrix and blood circulation; furthermore, it also participates in the pathophysiological process of spinal cord injury. HMGB1 can regulate the activation of M1 microglia, exacerbate the inflammatory response, and regulate the expression of inflammatory factors through Rage and TLR2/4, resulting in neuronal death. However, some studies have shown that HMGB1 is beneficial for the survival, regeneration and differentiation of neurons and that it promotes the recovery of motor function. This article reviews the specific timing of secretion and translocation, the release mechanism and the role of HMGB1 in spinal cord injury. Furthermore, the role and mechanism of HMGB1 in spinal cord injury and, the challenges that still need to be addressed are identified, and this work will provide a basis for future studies.
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1 Introduction

High mobility group box 1 (HMGB1), also known as amphotericin or HMG1, is a nonhistone chromatin binding protein first discovered in the 1960s. HMGB1 shows high electrophoretic mobility when run on polyacrylamide gels, hence its name (1, 2). HMGB1 is highly conserved in evolution, and the HMGB1 in rodents shares 99% homology with that in humans (3–5). HMGB1 is also expressed partially in the cytoplasm because it shuttles back and forth from the nucleus (6). HMGB1 has the dual functions of a nonhistone nucleoprotein and an extracellular inflammatory cytokine. HMGB1 binds extensively to DNA in the nucleus and participates in transcriptional regulation, DNA replication and repair, telomere maintenance and nucleosome assembly (7). Extracellular HMGB1 is passively released or actively secreted by necrotic tissue or stress cells. As a chemokine or cytokine, it binds to pattern recognition receptors (PRRs) to create a damage-associated molecular pattern (DAMP) (6–12). HMGB1 plays an important role in many diseases, including traumatic shock, fatty liver disease, septicaemia, autoimmune diseases, and cancer (8, 11, 13–15).

In recent years, the role of HMGB1 in spinal cord injury (SCI) has attracted a great deal of attention. SCI is characterized by sensory, motor and autonomic nerve dysfunction (16) mediated by complex and diverse pathophysiological processes, including neuroinflammation, neuronal death, glial scar formation and axonal regeneration (17–20). The concentration of HMGB1 in the injured area increases rapidly and lasts for a long time (21–31), and it not only aggravates injury by playing the role of an inflammatory cytokine, but it also promotes the recovery of the injured spinal cord.

This article reviews the research progress of studies investigating the expression and release of HMGB1 after SCI, its effect on the injured spinal cord and its potential therapeutic mechanism.



2 Main text


2.1 The structure of HMGB1 and the lower function of the resting state

The HMGB1 protein is a highly conserved nuclear protein that consists of 215 amino acids and has a molecular weight of approximately 30 kDa. Structurally, HMGB1 is divided into the following three functional regions: the A-box, the B-box and the acidic C-terminus. The A-box and B-box are composed of 80-90 amino acid residues with similar amino acid repeat sequences and nonspecific DNA-binding sites, and the B-box is the functional structural region that causes inflammation (32, 33); however, the A-box has a certain antagonistic effect on the B-box (34). The acidic C-terminus containing aspartic acid and glutamate is mainly involved in regulating the binding of HMGB1 to DNA and mediating gene transcription and chromosome unwinding (35). The B-box domain has two key binding sites, Toll-like receptor 4 (TLR4) and a receptor for advanced glycation end (RAGE) products, which regulate the release of proinflammatory cytokines (36, 37). HMGB1 has two nuclear localization sequences (NLSs); one is in the A-box, the other is between the B-box and the C-terminal tail, and the nuclear export signal (NES) is contained in the DNA-binding domain (38).

During the resting state of HMGB1, it is located mainly in the nucleus and it regulates key nuclear activities, including transcription, replication, DNA repair and nucleosome formation, all of which are important for maintaining steady-state cellular function (7, 38).

Collectively, these results show that HMGB1 is a highly conserved protein with proinflammatory and anti-inflammatory potential. In the resting state, HMGB1 is located mainly in the nucleus and regulates physiological processes there; however, there are no related studies on the structural and functional changes to HMGB1 in the nucleus after SCI.



2.2 Expression of HMGB1 after SCI

After SCI, HMGB1 is expressed and released by neurons, microglia/macrophages, and ependymal cells (21–23). After injury, the expression of HMGB1 is rapidly upregulated and released into the extracellular matrix and circulating blood, which lasts for a long period of time. In a rat experiment, the expression of HMGB1 mRNA and HMGB1 protein was found to be upregulated 2-6 hours after SCI, the peak level was reached 1-3 days after injury, and this enhanced level lasted for 28 days after SCI (21, 23, 39, 40); however, the number of HMGB1 positive cells in the spinal cord of injured rats was the highest 48 hours after injury (41). In addition, Fan et al. found that the concentration of HMGB1 in serum increased significantly 3 days after SCI (42). In a model of SCI using neurons in vitro, we found that after injury, the concentration of HMGB1 in the culture medium immediately increased to 5 ng and 17 ng/ml at 6 and 12 hours, respectively, and reached 19 ng/ml HMGB1 at 24 hours (27). Interestingly, in addition to the increased expression of HMGB1 in the acute and subacute phases after SCI, the level of HMGB1 also increased significantly in the chronic phase. Papatheodorou et al. found that HMBG1 levels also increased significantly in patients 5 or more years after SCI (43). However, the findings of Fang et al. in zebrafish experiments suggested different expression patterns of HMGB1, and these results contradict the continuous increase in HMGB1 found by most studies. The level of HMGB1 mRNA increased twofold at 4 hours after SCI, decreased 12 hours and 11 days after injury, and increased again 21 days after injury (22).

Collectively, these results show that the expression of HMGB1 increases rapidly after SCI and lasts for a long time, even throughout the acute, subacute, and chronic stages, implying that HMGB1 may affect the severity of SCI and the process of recovery. In addition, the expression of HMGB1 was still upregulated in the chronic phase after injury, and its specific mechanism and effect still need to be explored. Moreover, the specific mechanism of the new model of HMGB1 expression remains to be further validated. Reguarding the role of HMGB1, we speculate that the first increase in HMGB1 expression is beneficial to protect injured neurons, then the decrease in HMGB1 expression is beneficial to reduce inflammation and further reduce neuronal death, and then the continuous increase in expression helps promote nerve regeneration and recovery of the injured spinal cord.



2.3 Translocation time of HMGB1 after SCI

After SCI, the expression of HMGB1 increases rapidly, translocates from the nucleus to the cytoplasm; furthermore, it may be released into the extracellular matrix through cytoplasmic vacuoles. Two hours after SCI, the nuclear level of HMGB1 increased significantly, and HMGB1 in the nucleus was gradually released into the cytoplasm. Six hours after injury, the cytoplasmic level of HMGB1 increased significantly. HMGB1 is located mainly in the nucleus of neurons in the early stages after SCI, and then it translocates to the cytoplasm a few hours later (21, 27, 44). Interestingly, in a zebrafish SCI model, Fang et al. found that HMGB1 was in the cytoplasm of motoneurons 4 hours after injury; however, 12 hours after injury, the cytoplasmic HMGB1 level in motoneurons decreased. On the 21st day of SCI, the level of HMGB1 in the cytoplasm decreased, but HMGB1 was again detected in the nucleus. HMGB1 exists in the motoneuron nucleus and it translocates to the cytoplasm after injury; furthermore, its expression is downregulated in motoneurons (22). The most significant change in HMGB1 translocation after SCI in mice was in the macrophages at the lesion centre and near the lesion boundary. HMGB1 could not even be detected in the nucleus, while it was still found in small cytoplasmic vacuoles, implying that HMGB1 may be packaged in the cell to be secreted into the extracellular space (23).

Taken together, these results indicate that HMGB1 increased in the nucleus and was released from the nucleus to the cytoplasm and extracellular matrix; however, the specific time and node of translocation have not been clarified.



2.4 Possible mechanism of HMGB1 release after SCI

The mechanism of secretion and release of HMGB1 in SCI has not been specifically explained, but it is generally thought that HMGB1 mainly comes from the secretion of inflammatory cells and the release of dead neurons (21–23, 45, 46).

In SCI, HMGB1 may carry out nuclear and cytoplasmic transport through acetylation, phosphorylation and methylation of the nuclear localization sites (NLS). In a study of T. thermophila CU 427 and CU 428, two NLSs were found to control the nuclear localization of HMGB1 in the steady state (47). Posttranslational modifications of the NLS site, including acetylation, phosphorylation and methylation, regulate the ability of HMGB1 to be transported to the cytoplasm during cellular stress (48–51). In a study of mouse fibroblasts, HeLa cells and Saos-2 cells, it was found that excessive acetylation of lysine at the NLS site was essential for the translocation of HMGB1 from the nucleus to the cytoplasm in monocytes stimulated by LPS, TNF or IL-1. Inhibiting the peracetylation of the NLS, can inhibit the translocation of HMGB1 from the nucleus to the cytoplasm and block the translocation of HMGB1 from the cytoplasm to the nucleus (2, 48, 52). In addition, the NLS site of HMGB1 was found to be phosphorylated and translocated to the cytoplasm of mouse macrophages stimulated by TNF (53). In neutrophils, the methylation of the lysine site of HMGB1 NLS was found to weaken the DNA-binding activity of HMGB1, resulting in the passive diffusion of HMGB1 out of the nucleus (49).

In SCI, the mechanism of extracellular secretion of HMGB1 is related to inflammation. Inflammation can induce many kinds of cells to secrete HMGB1 (54, 55); however, HMGB1 cannot be actively secreted through the conventional endoplasmic reticulum-Golgi secretion pathway utilized by most soluble secretory proteins (56, 57). At present, scholars have proposed two forms of active release of HMGB1 (58). One is stimulation and activation of the target cells, causing HMGB1 to be secreted into the outer space of the cells (48, 59). The second is packaging HMGB1 into intracellular vesicles, and then releasing HMGB1 outside the cell after the vesicles fuse with the cell membrane (60, 61). The latter is consistent with HMGB1 being in cytoplasmic vacuoles in macrophages after SCI (23).

HMGB1 translocation and release during aseptic inflammation can be regulated by calcium-mediated signal transduction (50, 62, 63). Phosphorylation and release of HMGB1 are regulated by activation of calcium-mediated protein kinases, especially calmodulin-dependent protein kinases (CaMKKs) (64–67). Calcium signal inhibitors inhibit HMGB1 secretion and protect animals in various disease models (50, 68). In addition, heat shock protein family A (Hsp70) member 1A (HSPA 1A, also known as HSP72) can block HMGB1 secretion in macrophages by inhibiting the interaction between HMGB1 and XPO1 (69). In different inflammation and injury models, peroxisome proliferator activated receptor (PPAR) binds to specific ligands and activates the transcription of PPAR target genes. The secretion of HMGB1 in activated macrophages is negatively regulated by PPAR (70). In contrast, JAK-regulated STAT1 and STAT3 activation plays an active role in the expression, modification and/or release of HMGB1 (71–75), while extracellular HMGB1 can trigger the activation of the STAT1 and STAT3 pathways (74–78). In addition, MAPK family members and inflammatory bodies promote the release of HMGB1 in different inflammatory and injury models (79–82). Deficiency of complement 5a receptor 2 (C5aR2) limits the activation of NLRP3 inflammatory bodies and the release of HMGB1 in vitro (83).

Expression of the inflammatory cytokines TNF and NF-κB were upregulated after SCI. TNF knockout or a TNF neutralization antibody directly inhibited TNF and partially inhibited HMGB1 release induced by IFN-γ and LPS in macrophages, indicating that the secretion of HMGB1 is partially mediated by a TNF-dependent mechanism (84). In addition, the NF-κB pathway is involved in the release of HMGB1, and the inhibition of the classical NF-κB pathway limits the secretion of HMGB1 in activated immune cells; however, the target gene of NF-κB that causes the secretion of HMGB1 is still unknown (85–87). Furthermore, the involvement of TNF (the classical NF-κB target gene) in the NF-κB dependent release of HMGB1 cannot be ruled out.

After SCI, HMGB1 can be passively released after various types of cell death in response to various stimuli or injuries. In addition, the release of many intracellular substances (cathepsin, antioxidant enzymes, DNase, caspases) after cell death can also promote the secretion of HMGB1 by inflammatory cells (81, 88–100).

In summary, although the secretion and release mechanism of HMGB1 in SCI has not been specifically described, the release mechanism of HMGB1 described in other fields if of great value. In SCI, HMGB1 may be actively released by inflammatory cells or passively released by necrotic neurons, and intracellular substances released by necrotic cells may further induce the active secretion of HMGB1 (Figure 1).




Figure 1 | Possible mechanism of HMGB1 release after SCI. After SCI, injured neurons passively release HMGB1, and the intracellular substances released by necrotic neurons and inflammation lead to the active release of HMGB1 by microglia. P, phosphorylation. Ac, acetylation. CH3, methylation.





2.5 HMGB1 may regulate cell migration after SCI

Although the role of that HMGB1 plays in inducing cell migration in SCI has not been reported, in other diseases, HMGB1 has been found to induce cell migration by activating RAGE or activating the CXCR4 receptor through a heterologous complex with CXCL12. Many studies have shown that HMGB1, as a potential host cell-derived chemokine, promotes the migration of nerve processes and many cell types. These cells include smooth muscle cells, myoblasts, tumour cells, hepatic stellate cells, stem cells, endothelial cells, keratinocytes, monocytes, dendritic cells and neutrophils (101–117).

RAGE is necessary for HMGB1-mediated cell migration. HMGB1 triggers RAGE to induce the transcription of chemokine genes such as CCL3, CCL4 and CXCL12, while HMGB1-induced migration can quickly be blocked by anti-RAGE or anti-HMGB1 neutralizing antibodies, confirming the importance of RAGE in the process of migration (102, 118–121). Recent studies have shown that the triggering of RAGE by HMGB1 induces the transcription of chemokine genes such as CCL3, CCL4 and CXCL12, and subsequently it participates in cell migration (118, 119, 121). In addition, HMGB1 can induce cell migration by forming heterocomplexes with CXCL12 is mediated by CXCR4 receptors, and the HMGB1-CXCL12 complex is more effective in inducing monocyte migration than CXCL12 alone (109, 122–124). By activating CXCR4 receptors, HMGB1-CXCL12 complexes recruit leukocytes from the circulation, and then induce leukocytes to activate and secrete cytokines and chemokines, thus promoting inflammation (125, 126). Interestingly, HMGB1 not only stimulates but also inhibits migration in some cells. For example, exogenous HMGB1 selectively inhibits VEGF-induced cell migration in pulmonary artery endothelial cells (HPAECs), but does not inhibit human umbilical vein endothelial cells (HUVECs). In addition, the IRF3-dependent TLR4 pathway is necessary for HMGB1-mediated inhibition of migration in HPAECs (115).

Collectively, these data show that HMGB1 can promote the migration of a variety of cells, including inflammatory cells and stem cells. Although the chemotaxis of HMGB1 has not been studied in SCI, it remains possible that HMGB1 could induce inflammatory cell migration to aggravate the inflammatory response or promote injury recovery by inducing stem cell migration following SCI.



2.6 HMGB1 induces an inflammatory response after SCI

HMGB1 aggravates the inflammatory response after SCI. We found that after SCI, HMGB1 and its receptors were significantly colocalized in the white matter of the injured rat spinal cord (21). After HMGB1 injection, the focus of activated microglia was obviously in the ventral horn of the spinal cord (23), but the lesion area of anti-HMGB1 mAb-treated mice was significantly smaller than the lesion area of untreated mice (127–129). HMGB1 is thought to aggravate SCI. To further investigate its specific mechanism, Nakajo et al. found that anti-HMGB1 mAb treatment could protect the BSCB from damage caused by SCI, reduce the level of AQP4 protein in the spinal cord, and inhibit the swelling of the injured spinal cord. Anti-HMGB1 mAb inhibits inflammation after SCI in the early acute phase and it can prevent BSCB destruction directly or indirectly by inhibiting the expression of inflammatory cytokines and MMP in SCI model mice. Anti-HMGB1 mAb can relieve SCI, oedema and demyelination, thus promoting the recovery of the spinal cord (27, 128).

After SCI, HMGB1 induces inflammation mainly by activating microglia rather than astrocytes. Colocalization of microglial activation and obvious neuronal loss occurs in the spinal cord of rats with HMGB1 injection (23). HMGB1 has been reported to induce inflammation by activating microglia/macrophages (21, 44). In addition, further studies found that HMGB1 contributes to the development of the neurotoxic inflammatory macrophages (M1) phenotype after SCI (23). The mRNA levels of TNF-α, iNOS and CD86 increased significantly in microglia treated with HMGB1, which provided direct evidence for the activation of microglia to the M1 phenotype by HMGB1. HMGB1 or RAGE inhibition can inhibit the activation of macrophages/microglia to the M1 phenotype and promote the activation of macrophages/microglia to the M2 phenotype after SCI (27, 42, 130). Moreover, recombinant HMGB1 promoted the migration of BV2 microglia, while the anti-HMGB1 polyclonal antibody weakened the migration of BV2 microglia. The secretion of HMGB1 after SCI has been reported to recruit microglia to participate in the inflammatory response (27); however, HMGB1 failed to activate the classical inflammatory signalling pathway of primary astrocytes, indicating that astrocytes may not be induced by HMGB1.

After SCI, HMGB1 regulates the expression of inflammatory factors and the inflammatory response through RAGE and TLR2/4. HMGB1,TNF-α and RAGE are expressed in the same apoptotic neurons after SCI (41). There was a significant correlation between the levels of HMGB1 and NF-κB and the expression of TLR4 and NF-κB protein after SCI (131). HMGB1, TNF-α and RAGE are expressed in the same apoptotic neurons, and the temporal expression patterns of RAGE and HMGB-1 are similar (21, 41). The expression of RAGE, TNF-α, NF-κB IFN-γ, IL-1α, IL-6 and IL-17 increased in microglia treated with HMGB1, while inhibition of HMGB1 decreased the levels of RAGE, TNF-α, NF-κB IFN-γ, IL-1α, IL-6 and IL-17 (27, 42). HMGB1 induced inflammation by activating TLR2/4 or RAGE, activating its downstream pathway and upregulating the levels of TNF-α and NF-κB (28, 132–136). Interestingly, Wang et al. found that the administration of recombinant HMGB1 did not increase the levels of inflammatory cytokines TNF-α and IL-1β, while blocking RAGE reduced the induction of cytokines induced by LPS. It has been proposed that HMGB1/RAGE does not directly increase proinflammatory cytokines, and the effect of RAGE on cytokines may be related to pathogen-related interactions (137).

Collectively, these results shown that the expression of HMGB1 is upregulated after SCI, the inflammatory response is aggravated by regulating the activation of microglia to the M1 phenotype, and the expression of inflammatory factors is regulated by RAGE and TLR2/4. However, the studies of Wang et al. indicate different possibilities, and the specific mechanism remains to be further validated. In addition, these studies investigated the role of HMGB1 in only acute and subacute SCI. However, as the expression of HMGB1 is still upregulated in the chronic phase of SCI, its specific role needs to be further explored. Finally, extracellular HMGB1 can aggravate the inflammatory response after SCI, but the specific changes in nuclear HMGB1 after SCI are not clear, and its specific role needs to be understood.



2.7 Effect of HMGB1 on injured neurons after SCI

After SCI, HMGB1 promotes neuronal death by promoting nerve inflammation. After HMGB1 injection, focus of activated microglia and the area of neuronal loss were determined. Coculture of macrophages stimulated by HMGB1 with neurons showed a decrease in axonal growth (23). Inhibition of the HMGB1/TLR4/NF-κB signalling pathway can inhibit neuroinflammation and apoptosis in SCI, reduce the damage, oedema and demyelination, improve the survival rate of host neurons, and promote the recovery of the spinal cord (24, 27, 28, 127, 128, 138–140) Interestingly, Song et al. found that transplantation of HMGB1-preconditioned neural stem cells can promote neuronal survival after SCI in rats, promote the connection between relay neurons and motor neurons; furthermore, the newly formed neural circuits greatly improved motor recovery (25, 30). These findings are consistent with the findings of Wang et al. in cerebral ischemia-reperfusion injury. HMGB1 preconditioning can significantly reduce neurological deficits, infarct size, brain swelling, apoptosis and blood-brain barrier permeability in rats with cerebral ischemia-reperfusion injury (141). In addition, RAGE blockade was shown to not be conducive to neuronal survival after SCI (137), and consistent with the findings of Huttunen et al. HMGB1 can promote neuronal survival and axonal growth by activating RAGE and increasing the expression of the anti-apoptotic protein Bcl2 (142–145). HMGB1 is thought to be beneficial for the survival of injured spinal cord neurons.

In summary, numerous studies have shown that HMGB1 can exacerbate neuronal injury by aggravating neuroinflammation. Some studies have also suggested that HMGB1 is conducive to the survival and recovery of injured neurons. However, the specific mechanism by which HMGB1 protects injured neurons and promotes injury recovery is not clear, and this does not rule out the possibility that HMGB1 indirectly injures neurons by promoting the inflammatory response and protects neurons through direct action.



2.8 HMGB1 induces neuronal regeneration after SCI

After SCI, HMGB1 promotes the growth of neuronal axons and induces the differentiation of neural stem cells. Fang et al. found that HMGB1 increased significantly and the number of perivascular motoneurons increased significantly 6th days after SCI. After inhibition of HMGB1, the number of detected axons decreased significantly. HMGB1 is thought to participate in axonal regeneration and promote motor recovery (22). Further in vitro experiments showed that HMGB1, especially when close to the neuronal cell body, significantly increased neuronal axonal growth (23). In addition, HMGB1 can also promote neuronal differentiation. HMGB1 can induce the differentiation of neural stem cells through the ERK signalling pathway and the RAGE signalling pathway, while antagonism of these pathways can reduce the expression of marker molecules in mature neurons (25, 137). These results indicate that HMGB1 can induce the differentiation and maturation of neural stem cells through the ERK signalling pathway and the RAGE signalling pathway. Interestingly, Palumbo et al. found that HMGB1 can induce stem cells to migrate across the endothelial barrier in vitro and in vivo (104). Thus, the role of recruiting stem cells in the recovery of SCI remains to be explored.

Collectively, these results show that HMGB1 can promote the growth of neuronal axons and induce the differentiation of neural stem cells after SCI; although, the specific mechanism needs to be further explored. In addition, in the chronic stage of SCI, the upregulation of HMGB1 may be involved in regulating neuronal regeneration and promoting motor recovery.



2.9 HMGB1: A potential target for clinical treatment after SCI

After SCI, HMGB1 aggravates the damage by inducing inflammation, and after treatment with hyperbaric oxygen, shikorin, glycyrrhizin, Higenamine, ethyl pyruvate, glycyrrhizin, Catalpol, Dihydrotanshinone I, mir-34a, anti-HMGB1 mAb, etc., HMGB1 can reduce inflammation and reduce spinal cord oedema, protect spinal cord neurons and promote functional recovery after SCI by downregulating the expression of HMGB1 and NF-κB (24, 26, 30, 42, 127–129, 131, 146–153). Among these studies, Higenamine induced an increase in M2 macrophages and saw an enhanced the anti-inflammatory effect (147). miR-34a, miR-129-5p, Catalpol and shikonin-induced HMGB1 downregulate the NF-κB signalling pathway involved in the decreased expression of TLR4 (24, 131, 148, 149, 151). Dihydrotanshinone I was shown to protects against SCI in vivo through the HMGB1/TLR4/NOX4 pathway. Ethyl pyruvate or glycyrrhizin we shown to reduce spinal cord oedema by reducing the expression of AQP4 in the spinal cord of rats with SCI (129). Furthermore, glycyrrhizin reduced the area of the cystic cavity and glial scar formation (153). However, as mentioned earlier, HMGB1 does not only induce inflammation to aggravate SCI, but it also promotes neuronal regeneration. Transplantation of neural stem cells pre-treated with HMGB1 promotes neuronal survival after SCI in rats. The motor recovery of rats in the HMGB1 combination with neural stem cell group was better than the motor recovery of rats in the single transplantation group and in HMGB1 group (25) (Table 1).


Table 1 | Summary of targeted HMGB1 treatment of SCI.



In summary, HMGB1 plays a multifunctional role in SCI. Inhibition of HMGB1 inhibits nerve inflammation and protects the spinal cord; furthermore, HMGB1 can be used to protect neurons, promote neuronal regeneration and induce neuronal differentiation to promote the recovery of SCI. This information will provide new theoretical support and therapeutic targets for SCI; however, at present, research on treating SCI by targeting HMGB1 is not sufficient, and its specific application scheme still needs to be further explored.




3 Discussion

The HMGB1 protein is a highly conserved nonhistone binding nuclear protein. Structurally, HMGB1 is divided into the following three functional regions: the A-box, the B-box and the acidic C-terminus, with similar amino acid repeat sequences and nonspecific DNA-binding sites; the B-box is the functional structural region that causes inflammation, the A-box has a certain antagonistic effect on the B-box, and the C-terminal is involved mainly in regulating the binding affinity of HMGB1 and DNA, mediating gene transcription and chromosome unwinding. In the resting state, HMGB1 is located primarily in the nucleus and it regulates key nuclear activities, including transcription, replication, DNA repair and nucleosome formation, all of which are important for maintaining steady-state cellular function; however, there are no related studies on the structural and functional changes in HMGB1 after SCI.

After SCI, HMGB1 is expressed and released by neurons, microglia/macrophages and ependymal cells. After injury, the expression of HMGB1 is rapidly upregulated and released into the extracellular matrix and circulating blood, where it remains for a long time. Interestingly, in addition to the increased expression of HMGB1 in the acute and subacute phases after SCI, the level of HMGB1 also increased significantly in the chronic phases. The expression of HMGB1 increases after SCI, and it runs through the acute, subacute and chronic stages of SCI, indicating that HMGB1 may affect the severity and recovery process of SCI. In addition, the expression of HMGB1 is still upregulated in the chronic phase after injury, and its specific mechanism and effect still need to be explored. HMGB1 increased in the nucleus and it was then released from the nucleus to the cytoplasm and extracellular matrix; however, the specific time and node of translocation have not been clarified.

In SCI, the secretion and release mechanism of HMGB1 has not been specifically described, but it is generally thought that most HMGB1 comes from the secretion of inflammatory cells and the release of dead neurons. Inflammation can induce many kinds of cells to secrete HMGB1; however, HMGB1 cannot be actively secreted through the conventional endoplasmic reticulum-Golgi secretion pathway utilized by most soluble secretory proteins. Scholars have proposed two mechanisms for secretion. Among these, one mechanism hypothesizes that HMGB1 is packaged into intracellular vesicles, and then HMGB1 is released out of cells after the fusion of vesicles and the cytoplasmic membrane, consistent with the cytoplasmic vacuoles of HMGB1 observed in macrophages after SCI.

After SCI, HMGB1 may promote the active release of inflammatory cells through calcium-mediated signal transduction in inflammation, HSPA1A inhibition of the interaction between HMGB1 and XPO1, MAPK family members, inflammatory bodies, activation of STAT1 and STAT3 regulated by JAK, and upregulated expression of TNF and NF-κB. HMGB1 may also be passively released by necrotic neurons, and the intracellular substances released by necrotic cells can also induce further active secretion of HMGB1.

HMGB1 that is secreted and released into the extracellular space can induce the migration of inflammatory cells, aggravate the inflammatory response by regulating the activation of microglia to the M1 phenotype, and regulate the expression of inflammatory factors through RAGE and TLR2/4. However, the studies of Wang et al. show different results, and the specific mechanism needs to be further explored. In addition, the above studies address the role of HMGB1 only in acute and subacute SCI; however, the expression of HMGB1 is still upregulated in the chronic stage of SCI. Its specific role needs to be further explored, and the possibility that HMGB1 promotes the recovery of SCI cannot be ruled out. Moreover, extracellular HMGB1 can aggravate the inflammatory response after SCI, but the specific changes in nuclear HMGB1 after SCI are not clear, and its specific role remains to be understood.

HMGB1 can aggravate neuronal inflammation and lead to neuronal death, and it is also beneficial to neuronal survival and recovery. However, the specific mechanism by which HMGB1 protects injured neurons and promotes injury recovery is not clear, and possibility that HMGB1 injures neurons indirectly by promoting the inflammatory response, while protecting neurons through direct action has not been excluded. In addition, further studies have found that HMGB1 can promote the growth of neuronal axons and induce the migration and differentiation of neural stem cells. The specific mechanism needs to be further explored. In the chronic stage of SCI, the upregulation of HMGB1 may be involved in regulating neuronal regeneration and promoting motor recovery.

HMGB1 plays a multifunctional role in SCI. Inhibiting HMGB1 inhibits nerve inflammation and protects the spinal cord; furthermore, it can be used to protect neurons, promote neuronal regeneration and induce neuronal differentiation to promote the recovery of SCI. These findings provide a new theoretical basis for studying SCI and new therapeutic targets for SCI treatment. However, at present, research into the treatment of SCI based on targeting HMGB1 is not sufficient, and its specific application scheme still needs to be further defined.

For future research, we suggest focusing on the different roles of HMGB1 in the nucleus and in the extracellular space after SCI, clarifying the specific secretion and release mechanism, and determining the spatiotemporal relationship of HMGB1 expression, the protective effect on neurons, and the mechanism of promoting differentiation.

In summary, HMGB1 plays a complex role in SCI, and its mechanism remains to be understood. Additional research will provide a new theoretical basis and therapeutic target for the treatment of SCI.
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Background

In secondary spinal cord injury (SCI), the immune microenvironment of the injured spinal cord plays an important role in spinal regeneration. Among the immune microenvironment components, macrophages/microglia play a dual role of pro-inflammation and anti-inflammation in the subacute stage of SCI. Therefore, discovering the immune hub genes and targeted therapeutic drugs of macrophages/microglia after SCI has crucial implications in neuroregeneration. This study aimed to identify immune hub genes and targeted therapeutic drugs for the subacute phase of SCI.



Methods

Bulk RNA sequencing (bulk-RNA seq) datasets (GSE5296 and GSE47681) and single-cell RNA sequencing (scRNA-seq) dataset (GSE189070) were obtained from the Gene Expression Omnibus database. In the bulk RNA-seq, the R package ‘limma,’ ‘WGCNA,’ and ‘CIBERSORT’ were used to jointly screen key immune genes. Subsequently, the R package ‘Seurat’ and the R package ‘celldex’ were used to divide and annotate the cell clusters, respectively. After using the Autodock software to dock immune hub genes and drugs that may be combined, the effectiveness of the drug was verified using an in vivo experiment with the T9 SCI mouse model.



Results

In the bulk-RNA seq, B2m, Itgb5, and Vav1 were identified as immune hub genes. Ten cell clusters were identified in scRNA-seq, and B2m and Itgb5 were mainly located in the microglia, while Vav1 was mainly located in macrophages. Molecular docking results showed that the proteins corresponding to these immune genes could accurately bind to decitabine. In decitabine-treated mice, the pro-inflammatory factor (TNF-α, IL-1β) levels were decreased while anti-inflammatory factor (IL-4, IL-10) levels were increased at 2 weeks post-SCI, and macrophages/microglia transformed from M1 to M2. At 6 weeks post-SCI, the neurological function score and electromyography of the decitabine treatment group were also improved.



Conclusion

In the subacute phase of SCI, B2m, Itgb5, and Vav1 in macrophages/microglia may be key therapeutic targets to promote nerve regeneration. In addition, low-dose decitabine may promote spinal cord regeneration by regulating the polarization state of macrophages/microglia.





Keywords: spinal cord injury, immune infiltration, macrophages/microglia, decitabine, ScRNA-seq 

  1 Introduction

Spinal cord injury (SCI) is commonly caused by external physical impact (e.g., traffic accidents, violence, or sports-related injury), and it has devastating physical and social consequences for patients and their families. The high complexity of the spinal cord and imbalanced inflammatory microenvironment following SCI hinder neural regeneration and functional recovery. SCI patients have multiple disabilities in motosensory function (1). However, despite its associated severe neurological dysfunction and poor prognosis, the clinical treatment for SCI mainly involves palliative surgical decompression and glucocorticoids (2, 3) These strategies fail to prevent inflammatory injury and neurodegeneration in the injured spinal cord. Thus, improved treatment modalities are a critical unmet need in SCI management.

SCI can be divided into three phases, namely, acute (<48 hours), subacute(>48 hours, <2 weeks), and intermediate and chronic phases (>2 weeks, <6 months) (4). In the subacute phase, neuronal loss and axon and myelin necrosis activate macrophages to release proinflammatory cytokines, which lead to an extensive inflammatory response in the SCI microenvironment (5, 6). Subsequently, the blood–spinal cord barrier is destroyed, resulting in immune microenvironment disorder and poor regeneration of the injured spinal cord (7). Macrophages/microglia plays an important role in maintaining the immune homeostasis of the CNS microenvironment. Homeostatic microglia could promote neuronal development, axonal regeneration and pruning of neuronal/synaptic side branches, and once it was activated or in the microenvironment of disease, microglia are transformed into disease-associated microglia (DAM) (8). In spinal cord injury, Milich et al. classified DAM as inflammatory, dividing, and migrating microglia based on the single-cell RNA sequencing (scRNA-seq) and flow cytometry. However, overall, macrophages/microglia play dual roles in the pathogenesis and prognosis of SCI, that is, anti-inflammatory and anti-inflammatory effects (9). As such, a deeper understanding of the heterogeneity of the immune microenvironment after SCI and targeting the macrophages/microglia may be helpful for establishing the optimal regeneration strategy after SCI.

RNA-seq high-throughput sequencing is currently widely used in biology owing to its convenience for discovering immune hub genes and distinguishing the heterogeneity of immune cells. This study aimed to identify immune hub genes and targeted therapeutic drugs for the subacute phase of SCI. Towards this goal, we screened the key immune genes in the subacute stage post-SCI through differential gene expression analysis, weighted gene coexpression network analysis (WGCNA), and immune infiltration analysis in the bulk RNA sequencing (bulk RNA-seq) datasets GSE5296 and GSE47681. Subsequently, in the scRNA-seq dataset GSE189070, the composition of cell clusters and cell clusters where these immune genes were located were identified. Finally, based on the key immune genes, we identified the drug that may promote the regeneration of SCI mice by switching the polarization state of macrophages/microglia and verified its effectiveness through in vivo experiments.


 2 Materials and methods

 2.1 Microarray datasets

Open-access microarray data were retrieved from the Gene Expression Omnibus database 1  at the National Center for Biotechnology Information. Three datasets, namely, GSE5296, GSE47681, and GSE189070, were selected according to the following inclusion criteria: (1) samples of the experimental group were collected from mice after SCI in the thoracic segment and without drug or other interventions and (2) microarray of the SCI sample was sequenced in the subacute phase (2–14 days). The bulk RNA-seq datasets (GSE5296 and GSE47681), all based on the GPL1261 platform and contained 10 samples (four control and six SCI) and 12 samples (four control and eight SCI) were sequenced at 3 days post-injury (dpi) and 7 dpi, respectively (10, 11). The GSE189070 dataset based on the GPL24247 platform containing single-cell RNA data from six mice in the uninjured group and 12 mice in the injured group were sequenced at 3 dpi and 7 dpi, which corresponds to the sequencing time of bulk RNA seq datasets (12). The study flow chart is shown in  Figure 1 .

 

Figure 1 | Flow-diagram for the study. SCI, spinal cord injury; DEGs, differentially expressed genes; PPI, protein-protein interaction; WGCNA, weighted gene coexpression network analysis (WGCNA); UMAP, uniform manifold approximation and projection; BBB score, Basso-Beattie-Bresnahan locomotion testing score; EMG, electromyography. 




 2.2 Data processing and screening of key regulatory genes

R version 4.1.0 (R Foundation for Statistical Computing, Vienna, Austria) was used for all statistical analyses. Using the ‘combat’ function (in the ‘sva’ package), batch effects were removed after the combination of the bulk RNA-seq datasets (GSE5296 and GSE47681). To visualize the separation of the uninjured and injured group, principal component analysis was performed using the ‘factoextra’ package. Under the filter of |log 2 (fold-change) (FC) | >1 and an adjusted p<0.05, differentially expressed genes (DEGs) were identified using the bioconductor package “limma.”

WGCNA, which can identify gene modules with similar expression patterns, map regulatory networks between gene sets, and identify key regulatory genes (13), was used to perform module analysis. After selecting genes with variance greater than 25%, the power of 8 was determined by pickSoftThreshold function. Through average linkage hierarchical clustering, the genes with similar expression profiles were categorized to gene modules using the TOM-based dissimilarity measure. Ultimately, the correlation between each module and the sample trait (presence or absence of SCI) was assessed. Modules with the highest correlation were used to intersect with DEGs using the ‘VennDiagram’ package.


 2.3 Analysis of key regulatory genes and immune infiltration

The protein–protein interaction network analysis was carried out by using Metascape and STRING database 2   ,3 . The most significant modules were identified using the MCODE plug of Cytoscape, with a cutoff score of 5. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analysis was performed by the ClueGO plug of Cytoscape software, with P<0.05 and gene counts ≥ 3 set as the cut-off criteria for enrichment items.

For immune infiltration analysis, CIBERSORT algorithm 4  was applied to compute immune cell abundance of the samples. The ‘pheatmap’ package was used to visualize the content of 22 kinds of immune cells in spinal cord tissues. Spearman’s correlation analysis was then performed to detect the correlation coefficients between immune cells and gene expression levels. The criteria for selection of key immune genes related to SCI were as follows: >2 immune cell correlation, correlation coefficient >0.3, and p<0.05.


 2.4 ScRNA-seq data processing and identification of cell types

For single-cell genomics analysis, the processed data were analyzed using the ‘Seurat’ package. For downstream analyses, we excluded cells with a total number of expressed genes exceeding 6,000, mitochondrial gene counts exceeding 15%, and genes expressed in more than three cells. Subsequently, the expression matrix was standardized using the log2 (CPM+1) values as input matrix. High variable genes were identified using the ‘FindVariableGenes’ function, and principal component analysis was performed. The dimension reduction method for single-cell visualization was uniform manifold approximation and projection (UMAP). Then, differential expression analysis was performed using ‘FindAllMarkers’ function with |log 2 (fold-change) |>0.3 and adjusted p<0.05. ‘DimPlot’ function was used to visualize the single-cell plot, and ‘FeaturePlot’ function was used to visualize the gene expression plot. Thereafter, the single-cell subgroups were annotated using the ‘MouseRNAseqData’ function in the ‘celldex’ package. Finally, the cellular crosstalk was calculated with “CellChat” package.


 2.5 Molecular modeling analysis

We hypothesized that the FDA-approved drugs and experimental compounds may be combined with key immune targets using the DSigDB database 5 . The two-dimensional structures of selected compounds were downloaded from the Pubchem database 6 . The RCSB Protein Data Bank 7  was used to obtain the structures of the proteins. We specified three PDBQT files: proteins rigid, flexible, and ligands. The AutoDock 4 software was used in the flexible ligand docking simulations. Finally, PyMol software was used to represent these structures.


 2.6 SCI model

All animal experiments were approved by the Intramural Animal Use and Care Committee of the Fourth Military Medical University and were conducted in accordance with institutional guidelines.

Adult female C57BL/6 mice (18–20 g, n=27) were randomly divided into three groups: (1) the uninjured group (9 mice); (2) the SCI + phosphate-buffered saline (PBS) group (9 mice); (3) the SCI + decitabine group (9 mice). Mice were first anesthetized with sodium pentobarbital, and then surgery for laminectomy was performed under a microscope at the level of the 10th thoracic vertebra. The T9-T10 segment of the spinal cord was fully exposed; subsequently, the mouse spinal cord was injured at the T9 segment using an arterial clamp for 1 minute, as previously reported (14). After clamp injury, the muscles and skin were closed. To restore spontaneous voiding, bladders were manually expressed twice daily for a week, and mice were treated with antibiotics (ceftriaxone 16 mg/kg) intraperitoneally twice a day for 5 days. In the drug-treated group, 15 μg/10 g decitabine (A10292, Adooq Bioscience, Nanjing, China) was administered intraperitoneally continuously for 7 days (once/day) postoperatively. The functional recovery of SCI mice was evaluated by 21-point Basso-Beattie-Bresnahan locomotion testing score (15). Treatment outcomes were evaluated once every 2 weeks (2w, 4w, 6w). At 6 weeks postoperative, motor evoked potentials (MEPs) of the hindlimb were assessed by electromyography. The samples of heart, kidney, liver, lung, stomach and spleen in SCI mice treated with decitabine for 6 weeks were stained with HE staining solution, and the HE staining characteristics were observed with an optical microscope.


 2.7 Immunofluorescence staining and imaging and qRT-PCR

At 2 weeks post-injury, mice spinal cord tissues were fixed overnight in 4% paraformaldehyde. The samples were then permeabilized with 0.2% Triton X-100 (0.1%, Sigma-Aldrich) and blocked for 1h at 37°C in 1% BSA (6%, Bio-froxx, Germany) in 0.2% Triton X-100. After blocking, incubations were performed using specific primary antibodies (rabbit anti-CD206 [1:200, TD4149, Abmart], rabbit anti-iNOS [1:500, GB11119, Servicebio]) for 12 h followed by incubations with secondary antibodies for another 1 h. Images were captured using a fluorescence microscope (Olympus fluorescence microscope, Japan)

For quantitative real-time polymerase chain reaction, total mRNA was extracted from tissues (Life Technologies, USA) at 7dpi and 2 weeks post-injury using TRIzol-chloroform. cDNA was reversely transcribed with a PrimeScriptTM RT Master Mix (Takara, Dalian, China). PCR analysis was performed using a MiniOpticon Real-Time PCR system and Bio-Rad’s CFX manager software version 1.5. Finally, fold change was calculated as 2 to the -ΔΔCt power (2 -ΔΔCt). The qRT-PCR primers are summarized in  Table 1 .

 Table 1 | The primers for Real-Time Quantitative PCR. 




 2.8 Statistical analysis

Data were presented as the mean ± standard deviation, and all statistical analyses were performed with one-way analysis of variance using the GraphPad Prism software (GraphPad Prism Software, San Diego, California). Differences with p<0.05 were considered statistically significant.



 3 Results

 3.1 Identification of key regulatory genes

Based on principal component analysis results of bulk RNA-seq datasets, the 22 sample characteristics of the SCI group (3 dpi and 7 dpi) were clearly distinguished from those of the sham group ( Figure 2A ). The heatmap and the volcano map indicated the presence of 1387 DEGs in these samples, including 947 upregulated genes and 440 downregulated genes ( Figures 2B, C ). All 22 samples in GSE5296 and GSE47681 met the condition of h <100 and were therefore included in the WGCNA analysis to search for key module genes of SCI ( Figure 3A ). In the analysis of these datasets, the smallest value (β=8) that resulted in a nearly scale-free network with a truncated scale-free fitting index of R2 = 0.80 ( Figure 3B ) was selected. Five modules with significant correlation with SCI were identified ( Figures 3C, D ), among which the yellow module was the most significant (module feature correlation=0.93). The heatmap of correlations between modules is shown in  Figure 3E . Finally, the correlation coefficient between the 686 genes in the yellow module and the importance of SCI genes was 0.97 ( Figure 3F ).

 

Figure 2 | Screening for differentially expressed genes (DEGs) of bulk RNA-seq datasets. (A) Principal component analysis (PCA) analysis of GSE5296 and GSE47681. (B) Volcano plots of DEGs, screening criteria: |log 2 (fold-change) (FC)>1 and an adjusted p<0.05. (C) Heatmap of DEGs. 



 

Figure 3 | Identification of key modules genes of bulk RNA-seq datasets. (A) Outlier removal with “h > 100”. (B) Soft threshold setting according to R2 = 0.80. (C) The gene set is divided into 5 different modules. (D) The correlation of modules with SCI occurrence. (E) The heatmap of correlations between modules. (F) The correlation between yellow module and SCI gene significance. Gene significance for SCI refers to compare the correlation between a gene and its corresponding traits (absence of SCI). 




 3.2 Comprehensive analysis of key regulatory genes

In the Venn diagram, 452 genes were intersected between DEGs and yellow module genes ( Figure 4A ). Functional enrichment showed that these regulatory genes were mainly enriched in biological pathways such as negative regulation of lymphocyte activation, antigen processing and presentation of exogenous peptide antigen, and positive regulation of inflammatory response to antigenic stimulus ( Figure 4B ). Further immune pathway enrichment analysis showed that key regulatory genes involved in response to interferon-gamma, toll-like receptor signaling pathway ( Figure 4C ). Overall, 29 hub genes were selected in the protein–protein interaction through the MCODE application ( Figures 4A, D ). These hub genes were involved in the positive regulation of immunoglobulin production, ECM-receptor, endodermal cell differentiation ( Figures 4E ).

 

Figure 4 | Comprehensive analysis of key regulatory genes. (A) Venn diagram of intersected genes between differentially expressed genes (DEGs) and yellow module genes. Protein-protein interaction network of 452 key regulatory genes were also displayed. (B) Biological pathways of these 452 key regulatory genes. (C) Immune pathway of key regulatory genes. (D) Hub genes were selected in the protein–protein interaction through the MCODE application. (E) Biological pathways of these 29 hub genes. 




 3.3 Analysis of immune cell infiltration

Considering the important role of changes in the immune microenvironment on post-SCI regeneration and the enrichment of key regulatory genes in immune-related pathways, we calculated the contents of 22 immune cells in the samples based on the CIBERSORT algorithm ( Figure 5A ). The heatmap of immune cell abundance in each sample is shown in  Figure 5B . In addition, the correlation of immune cells in these samples was also analyzed ( Figure 5C ). Among them, M0 macrophages had the strongest positive correlation with activated NK cells (r=0.94), while M1 macrophages had the strongest negative correlation with M2 macrophages (r=-0.67). In addition, the levels of CD8+ T cells, M2 macrophages, and resting dendritic cells were higher in the SCI group than in the sham group. Meanwhile, the levels of plasma cells, memory CD4+ T cells, T follicular helper cells, activated NK cells, and M0 macrophages were lower in the SCI group than in the sham group ( Figure 5D ).

 

Figure 5 | Immune infiltration analysis of bulk RNA-seq datasets. (A) Immune infiltration of the 22 immune cells in GSE5296 and GSE47681dataset. (B)Immune infiltration heatmap in GSE5296 and GSE47681dataset. (C) Correlation heatmap of immune cells. (D) The expression difference of 22 immune cells between SCI and uninjured samples. *P < 0.05, **P < 0.01, ***P < 0.001. 



The expression matrix heatmap of 29 hub genes is shown in  Figure 6A . Based on the screening criteria, six genes (Vav1, Itgb5, B2m, Col1a2, Col4a5, Col6a2) were identified as immune hub genes ( Figure 6B ). According to the results of lollipop plot ( Figure 6C ), Itgb5 had the strongest positive correlation with resting dendritic cells (r=0.83), and Col6a2 had the strongest negative correlation with plasma cells (r=-0.80).

 

Figure 6 | Screening immune hub genes based on bulk RNA seq datasets. (A) The expression matrix heatmap of 29 hub genes. (B)The correlation analyses between hub genes and immune characteristics between SCI and uninjured samples. The criteria for selection of key immune genes related to SCI were as follows: >2 immune cell correlation, correlation coefficient >0.3, and p<0.05. (C) The lollipop plot of six immune hub genes (Vav1, Itgb5, B2m, Col1a2, Col4a5, Col6a2). *P < 0.05, **P < 0.01, ***P < 0.001. 




 3.4 ScRNA-seq analysis

After integrating data from the sham group (10,227 cells), the 3-dpi group (12,783 cells), and the 7-dpi group (16,447 cells) in the GSE189070 dataset, a total of 39,457 cells were identified. Low-quality cells were filtered using an nFeature_RNA cutoff,400; nCount_RNA cutoff, 1000; and percent mitochondrial genes cutoff, 15%. Subsequently, 34,331 high-quality cells from the sham group (7,499 cells), the 3-dpi group (11,496 cells), and the 7-dpi group (15,336 cells) were screened for downstream analysis. After selecting the top 2000 highly variable genes, linear dimensionality reduction was performed to identify the available dimensions of the dataset. First 20 principal components were used to generate the UMAP visualization. Finally, 10 cell clusters were identified, and UMAP plots were visualized between different time points and different groups of cell clusters.

Ten cell clusters (astrocytes, B cells, endothelial cells, ependymal cells, granulocytes, microglia, macrophages, monocytes, NK cells, oligodendrocytes) were identified on the UMAP plot ( Figure 7A ). Neurons were not annotated because of their susceptibility to death during enzymatic dissociation. The results of functional enrichment analysis showed that the functions of DEGs of cell clusters were mainly enriched in regulation of lymphocyte proliferation, negative regulation of leukocyte activation, and microglial cell activation in immune pathway. ( Figure 7B ). The percentage of expression of immune hub genes in each cluster are is as violin plots and UMAP plots ( Figures 7C, D ). Among these immune hub genes, Vav1 (Log FC=0.37), Itgb5 (Log FC=0.75), and B2m (Log FC=0.75) are characteristic genes of microglia/macrophages ( Figure 7E ). We also found that B2m and Itgb5 were mainly located in microglia (Trem2, C1qa, Fcrls), while Vav1 was mainly located in macrophages (Cx3cr1, Csf1r, Cst3). The number and strength of interactions between 10 cell clusters are shown in  Figure 7F . For immune cells, B cells were strongly associated with monocytes, macrophages with astrocytes, monocytes with endothelial cells, and NK cells with ganglion cells. It was worth noting that microglia have strong correlation with endothelial cells, astrocytes and oligodendrocytes.

 

Figure 7 | ScRNA-seq analysis of the subacute phase of spinal cord injury. (A) Nine cell clusters (astrocytes, B cells, endothelial cells, ependymal cells, granulocytes, microglia, monocytes, NK cells, oligodendrocytes) were identified on the UMAP plot. (B) The functional enrichment analysis of differentially expressed genes in different cell clusters. (C) The violin plots of six immune hub genes in each cluster. (D) The UMAP plots of six immune hub genes in each cluster. (E) Among these immune hub genes, Vav1 (Log FC=0.37), Itgb5 (Log FC=0.75), and B2m (Log FC=0.75) are characteristic genes of microglia/macrophages. (F) The number and strength of interactions between 10 cell clusters. 




 3.5 Validation of immune hub genes and drug prediction

In the bulk RNA-seq datasets, B2m, Itgb5, and Vav1 were all highly expressed in the SCI group ( Figure 8A ), consistent with the validation results of qRT-PCR in 7 dpi ( Figure 8B ). Based on the DSigDB database results, we speculate that decitabine (P=0.02) may be a small molecule compound that binds to these immune hub genes ( Figure 8C ). Finally, the possible binding sites of decitabine with B2m, Itgb5, and Vav1 proteins were successfully predicted using AutoDock software ( Figures 8D–F ).

 

Figure 8 | Validation of immune hub genes and drug prediction. (A) In the bulk RNA-seq datasets, B2m, Itgb5, and Vav1 were all highly expressed in the SCI group, (B) consistent with the validation results of qRT-PCR in 7 dpi. (C) The two-dimensional and three-dimensional structure of decitabine. (D–F) the possible binding sites of decitabine with B2m, Itgb5, and Vav1 proteins. &Statistically significant difference appeared on this day. ***P < 0.001. 




 3.6 In vivo functional and histological assessment

After exposing the spinal cord of the T9 segment, we successfully made a T9 clamp SCI model ( Figure 9A ). Improved MEPs were observed at 6 weeks post-SCI in the decitabine group ( Figure 9B ). In addition, the Basso-Beattie-Bresnahan locomotion testing score was also improved 6 weeks post-SCI in the decitabine group, although the improvement in the decitabine group was not statistically significant in the first 4 weeks post-SCI ( Figure 9C ). Notably, HE staining of the heart, kidney, liver, lung, stomach and spleen did not show significant morphological changes in SCI mice treated with decitabine for 6 weeks ( Figure 9D ).Follow-up analysis of the tissue samples from each group at 2 weeks post-SCI showed that compared with the SCI + PBS group, the decitabine group had higher levels of Arg-1, IL-4, and IL-10 (P<0.05) ( Figure 9E ). Meanwhile, the decitabine group showed lower levels of iNOS, TGF-α and IL-1β (P<0.05). Finally, under decitabine stimulation, CD206 showed stronger red fluorescence, while iNOS showed weak red fluorescence. All in all, these results all support the transition of macrophages/microglia from M1 type to M2 type ( Figure 9F ).

 

Figure 9 | In vivo functional and histological assessment. (A) The spinal cord injury model of T9 by arterial clamp. (B) Electromyography was observed at 6 weeks post-SCI in uninjured group, the SCI + phosphate-buffered saline (PBS) group and the SCI + decitabine group. (C) The Basso-Beattie-Bresnahan locomotion testing score at 6 weeks post-SCI in the SCI + PBS group and the SCI + decitabine group (n = 6 in each group). (D) HE-stained sections of the heart, liver, spleen, lung and kidney of the mice at 6 weeks post-SCI in the SCI + decitabine group (magnification, ×200). (E) The expression level of iNOS, Arg, IL-4, IL-10, TGF-α, and IL-1β at 2 weeks in uninjured group, the SCI + PBS group and the SCI + decitabine group. (F)The immunofluorescence staining of CD206 and iNOS at 2 weeks post-SCI. &Statistically significant difference appeared on this day. **P < 0.01, ***P < 0.001. 





 4 Discussion

SCI often leads to irreversible neurological impairment and also has a significant socioeconomic impact on both the patients and the healthcare system (16). The altered immune microenvironment after SCI hinders neural regeneration and repair, but related studies have been met with conflicting findings (17). Next-generation sequencing is a novel modality that enabled the discovery of the altered immune microenvironment after SCI (18). The current study was based on Bulk RNA-seq and scRNA-seq and explored the immune hub genes and immune cell composition in the subacute phase of SCI. Drugs to promote regeneration by regulating the polarization status of microglia were successfully identified. Importantly, the study shows that regulating the dual role of the immune microenvironment is a potential strategy in managing neuroinflammation during SCI.

Various immune cells, including neutrophils, macrophages, microglia, B lymphocytes, and T lymphocytes, have been shown to be involved in the inflammatory response after SCI (19). Concurrently, the composition and phenotype of immune cells are also altered with the stage of injury and the signals in the injury microenvironment. For example, microglia/macrophages, T cells, and B cells are capable of both pro-inflammatory and anti-inflammatory responses in the injured spinal cord, thereby regulating secondary injury after SCI. Microglia/macrophages start to accumulate at 3 days after SCI and peak at 7 dpi (20). Consistently, immune infiltration analysis in the current study showed that levels of M2 macrophages were higher in the SCI group than in the sham group. Interestingly, we also found changes in the immune microenvironment of some acquired immune cells (resting dendritic cells, plasma cells and activated NK cell), which is closely related to the destruction of the blood–spinal cord barrier.

By combining the screening of DEGs, WGCNA, and immune infiltration analysis, B2m, Itgb5, and Vav1, were identified as immune hub genes of SCI. Cartarozzi et al. reported that B2m knockout could lead to weakened neuronal axon regeneration after SCI by enhancing microglia activation (21). Another reptile-based study also showed that Vav1 can regulate the inflammatory reaction mediated by the macrophage migration inhibitory factor to promote the regeneration of the nervous system (22). Although the immune invasion of Itgb5 in gastric cancer and glioblastoma has been well demonstrated, its role in SCI still needs further research (23, 24).

Activated microglia and blood-infiltrating macrophages are indistinguishable after SCI, and both exacerbate inflammatory injury by releasing protein hydrolases, reactive oxygen species, and inflammatory factors (25). However, the heterogeneity of the microglia and macrophages prevents the in-depth study of post-SCI regeneration, which can be further identified by scRNA-seq. Wang et al. performed scRNA-seq on immune cells sorted by flow cytometry after SCI and divided microglia and macrophages into three clusters and seven clusters, respectively (18). Highly accurate differentiation of microglia identified that targeting Hif1α may contribute to axonal regeneration and functional recovery after SCI. Another scRNA-seq study showed the dynamic changes and molecular characteristics of microglia within 38 days after SCI, providing additional evidence for strategies targeting microglia to promote neurological function repair (26). The current study identified the clusters of macrophages (Cx3cr1, Csf1r, Cst3) and microglia (Trem2, C1qa, Fcrls) and found that B2m and Itgb5 were mainly located in microglia, while Vav1 was mainly located in macrophages.

Drug discovery is the process of identifying potential new drugs from existing molecular databases and is a necessary part of the human pathway to treating disease. There are two key components involved in drug discovery: the protein (target) and the small molecule (ligand), which also known as protein-ligand interaction. In the present study, decitabine was shown to act as a ligand to inhibit the activity of B2m, Itgb5, and Vav1 proteins. Among them, decitabine exerts its pharmacological effects mainly through polar covalent bonds with GLU-524, ARG-54 and ARG550 of the VAV1 protein, with SER-534, CYS-489, GLY-492, GLU-502 of the Itgb5 protein and with ARG-12, ARG-97 and TRP-95 of the Itgb5 protein. Of course, the simulated docking results need further validation by liquid chromatography and mass spectrometry.

Whether neurons and axons can regenerate after SCI depend not only on their original growth ability, but also on the neurovascular microenvironment and epigenetic changes, which is mainly embodied in DNA methylation and histone acetylation (27). Among these, DNA methylation affects many aspects of neural stem cell maintenance and proliferation, neuronal differentiation and maturation, and synaptogenesis (28). Decitabine is a demethylating drug that can inhibit DNA methyltransferase, reduce DNA methylation, and inhibit tumor cell proliferation, and it has been the primary drug for elderly AML patients (29). Decitabine can also reduce the proliferation and vitality of tumor cells in malignant meningioma and glioblastoma (30, 31). Interestingly, a recent study showed that decitabine can improve white matter lesions caused by chronic cerebral hypoperfusion (32). To our best knowledge, this study is the first to report that decitabine may promote the recovery of neural function after SCI by promoting the transformation of proinflammatory macrophages/microglia to anti-inflammatory macrophages/microglia.

However, this study also has some limitations. First, in the Bulk RNA-seq analyses, although data were preprocessed using the “sva” package, batch effect of different datasets should also be addressed. Meanwhile, deconvolution of scRNA-seq to further discover the consistency of immune cells with bulk RNA seq is our follow-up research work. Second, although no obvious side effects were observed within 6 weeks, the mice injected with small doses of decitabine died in succession at 8 weeks. Therefore, the injection dose and safety of decitabine need to be further evaluated in in vivo and in vitro experiments. Thirdly, restricted by the fact that Autodock is limited to the docking of a single receptor ligand, there was a possibility that decitabine may bind to genes other than the hub gene in macrophages/microglia for pharmacological effects. Lastly, hub gene knockdown to clarify the role of hub genes (B2m, Itgb5, and Vav1) in SCI was a topic that we will explore in the future.

In conclusion, the current study identified the changes in immune cell clusters and immune hub genes after SCI using a combination of Bulk RNA-seq and scRNA-seq and discovered the drugs that can regulate macrophage/microglia polarization to improve neural function. The exploration of the immune microenvironment after SCI and the identification of immune hub genes may provide additional scientific evidence for developing more effective treatment modalities targeting the microglia in SCI.
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Intervertebral disc degeneration (IVDD) is one of the leading causes of lower back pain. Although IVDD cannot directly cause death, it can cause pain, psychological burdens, and economic burdens to patients. Current conservative treatments for IVDD can relieve pain but cannot reverse the disease. Patients who cannot tolerate pain usually resort to a strategy of surgical resection of the degenerated disc. However, the surgical removal of IVDD can affect the stability of adjacent discs. Furthermore, the probability of the reherniation of the intervertebral disc (IVD) after surgery is as high as 21.2%. Strategies based on tissue engineering to deliver stem cells for the regeneration of nucleus purposes (NP) and annulus fibrosus (AF) have been extensively studied. The developed biomaterials not only locally withstand the pressure of the IVD but also lay the foundation for the survival of stem cells. However, the structure of IVDs does not provide sufficient nutrients for delivered stem cells. The role of immune mechanisms in IVDD has recently become clear. In IVDD, the IVD that was originally in immune privilege prevents the attack of immune cells (mainly effector T cells and macrophages) and aggravates the disease. Immune regulatory and inflammatory factors released by effector T cells, macrophages, and the IVD further aggravate IVDD. Reversing IVDD by regulating the inflammatory microenvironment is a potential approach for the treatment of the disease. However, the biological factors modulating the inflammatory microenvironment easily degrade in vivo. It makes it possible for different biomaterials to modulate the inflammatory microenvironment to repair IVDD. In this review, we have discussed the structures of IVDs and the immune mechanisms underlying IVDD. We have described the immune mechanisms elicited by different biological factors, including tumor necrosis factors, interleukins, transforming growth factors, hypoxia-inducible factors, and reactive oxygen species in IVDs. Finally, we have discussed the biomaterials used to modulate the inflammatory microenvironment to repair IVDD and their development.
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1 Introduction

Intervertebral disc degeneration (IVDD) is a common clinical form of spinal degeneration. Inflammation, oxidative stress, and mechanical stimulation may lead to an imbalance of the anabolic and catabolic processes in the extracellular matrix (ECM) of intervertebral discs (IVDs) and loss of nucleus pulposus (NP), leading to IVD dysfunction and structural damage (1, 2). IVDD leads to the partial or complete rupture of annulus fibrosus (AF). The NP protrudes backward from the ruptures, irritating or compressing the nerve root and causing low back and leg pain (3). IVDD is one of the leading causes of chronic low back pain (LBP) in patients (4). Clinically, approximately 40% of LBP cases are due to discogenic causes (5). Although IVDD does not have a fatal impact on patients in the short term, it is a significant cause of disability and socioeconomic stress (6). In the U.S. alone, for example, indirect and direct costs of LBP costs over $100 billion (7).

IVDs are the fundamental motor units of the spine. They have high compressive and tensile strengths, which can maintain the axial pressure of the spine and ensure the axial flexibility of the body (8). IVDD is an abnormal, cell-mediated response to progressive structural damage (9). The decreased height of the degenerative IVDs changes the stress-bearing spine segment and accelerates the degeneration of other adjacent segments. The late stage of IVDD causes the chronic instability of spinal segments, which seriously affects the quality of life of patients (10). The prevalence of IVDD is rising owing to risk factors such as aging, obesity, chronic stress, and smoking (7). Currently, the leading conservative treatment methods for IVDD are anti-inflammatory analgesia and physical therapy (11). Conservative treatments can only delay degeneration, slow down the rate of IVD degradation, and temporarily relieve pain, but cannot reverse IVDD (12). Patients with advanced IVDD can undergo surgical decompression and disc replacement (13). However, surgical resections of IVDs can still lead to re-protrusion. In a 2015 meta-analysis, the reherniation rate after lumbar disc herniation was found to be as high as 21.2% (14). Surgical treatments aim for symptomatic relief but increase the pressure and risk of injury to discs adjacent to the affected IVD (15).

Current regenerative IVD technologies based on tissue engineering have achieved encouraging results (16). For example, biomaterials for the repair of NP and AF have regenerated IVDs in animals by carrying mesenchymal stem cells (MSCs) like bone marrow-derived mesenchymal stem cells (BMSCs), adipose-derived mesenchymal stem cells (ADSCs) and induced pluripotent stem cells (iPSCs) (17–23). Cartilage endplate-derived stem cells (CESCs), annulus fibrosus-derived stem cells (AFSCs), and nucleus pulposus-derived stem cells (NPSCs) can also replace the IVD (21, 24–26). IVDD can also secrete Stromal cell-derived factor-1α (SDF-1α) to induce the chemotaxis of NPSCs to the NPs center for in situ regeneration (27). IVD regeneration is mainly achieved by inducing the differentiation of MSCs into NPCs or AFCs (28–30). Although MSCs have achieved good results in bone and cartilage regeneration, similar effects cannot currently be exerted in IVDD, even if the MSCs were delivered to IVDs, due to the lack of vascular systems in the discs (31). This is because MSCs cannot absorb sufficient nutrients during IVDD. The harsh environment of IVDD is unsuitable for NPSCs and MSCs to proliferate and repair NPs. Although current cell transplantation technologies can regenerate IVDs, cell transplantation strategies remain insufficient, and the regeneration of IVDs cannot be completed in a time-efficient manner (32).

Studies have shown that when IVDs degenerate, NP that initially maintained immune tolerance become targets of immune system attacks (33, 34). T cells, macrophages, and inflammatory factors like interleukin (IL)-1β, tumor necrosis factor (TNF)-α) are recruited around NP. The inflammatory response caused by IL-1β, TNF-α, and reactive oxygen species (ROS) further amplifies the inflammatory response locally and accelerates IVDD (35). Impaired AF and prominent NP cause IVD to lose its physical barrier, and IVD is fully exposed to the immune system. While removing cellular debris and foreign bodies, T cells and macrophages destroy normal AF and NP, further exacerbating damage to IVD. Macrophages are divided into two types according to their role: M1 type and M2 type. M1 macrophages are pro-inflammatory cells, and M2 macrophages are anti-inflammatory cells. While M1 macrophages have the effect of phagocytosing necrotic matter in the early stages of inflammation, excessive inflammation can exacerbate the progression of IVDD. M2 macrophages are mainly manifested as promoting tissue repair (33). Therefore, the inhibition of IVDD by regulating the inflammatory microenvironment is feasible. However, biological factors that regulate immunity (such as growth and inflammatory factors and chemokines) are easily degraded in vivo and cannot meet the long-term requirements for IVDD repair (5, 36). Furthermore, IVDs do not have a vascular system and cannot transport biological factors through systemic administration. A feasible way to repair IVDD is to inject biological factors into IVDs by designing biomaterials. Biomaterials based on chitosan and alginate have good biocompatibility and can not only treat IVDD by regulating the inflammatory microenvironment but also by carrying immune regulators (34, 37). In this review, we have discussed the structures of IVDs, the immune mechanisms of IVDD, and the effects of inflammatory immune factors such as IL-1β and TNF-α on IVDD. Finally, we have discussed the various biomaterials that regulate IVDD repair in the inflammatory microenvironment (Figure 1; Table 1) and their development.




Figure 1 | Biomaterials regulate cytokine repair of intervertebral disc degeneration. GAG, glycosaminoglycan; MMP, matrix metalloproteinase; HIF-1α, hypoxia inducible factor-1α; IL-1ra, Interleukin -1 receptor antagonist; TNF, tumor necrosis factor; ROS, reactive oxygen species.




Table 1 | Biomaterials regulate the inflammatory microenvironment to repair degenerated intervertebral discs.





2 Intervertebral discs and their mechanisms in inflammatory-immunity

IVDs are the connecting parts and are the most fundamental functional units of the spine. IVDs consist of three tissue types: the central gelatinous NP, surrounding AF tissue, and upper and lower cartilage endplates (CEPs). The IVD cartilaginous tissue in the spine acts as a shock absorber, assists in the movement of vertebral bones, and holds the vertebrae together to coordinate the direction of the spine (57). The IVD has been identified as an immune privilege organ (34). As the IVD aging process or traumatic injury occurs, immune and inflammatory cells infiltrate the IVDs. These cells and cytokines produce pro-inflammatory substances while clearing necrotic cells, leading to disturbances in the inflammatory microenvironment and aggravating IVDD (58). Therefore, understanding the connection between the structure of IVDs and the immune system is crucial in elucidating the mechanisms of IVDD.


2.1 Nucleus pulposus

NP consists of water, type II collagen, chondrocyte-like cells, and proteoglycans. These structures make NP elastic to resist pressure on the spine and transmit the pressure to AF and surrounding CEPs (59). The absence of nerve cells or blood vessels within NP allows NP to become an immune-privileged organ (33). Recently, an increasing number of studies have shown that maintaining immune privilege requires using various molecular biology techniques. For example, NP can express the Fas ligand (FasL) to induce the apoptosis of T cells and macrophages to maintain their immune tolerance (60). In addition, FasL expressed by NP can also lead to the apoptosis of vascular endothelial cells. AF and CEPs tightly surround NP to isolate NP from the host immune system (34). These main mechanisms make normal NP immune to attacks by the immune system and contribute significantly to maintaining IVD stability.

As IVDD progresses, AF ruptures, and NP protrudes, so the barrier between the IVD and the immune system is broken. The damage exposes the NP that was originally immune-privileged to the immune system so that they become targets for immune system attacks (33). Nerve root compression and the autoimmune response to NP are the critical causes of radicular pain in the late stage of IVDD (58). A large number of macrophages, T cells, B cells, and natural killer (NK) cells and cytokines (such as fibroblast growth factors, IL family members, and TNFs) are recruited around nerve roots, causing nerve root immune stress pain (13, 34, 61). The infiltration of inflammatory cells removes necrotic cells. At the same time, excessive inflammatory cells also remove non-necrotic cells, which aggravates the destruction of IVD by the immune system (62). Studies have shown that macrophages are the inflammatory cells that infiltrate IVDs and are associated with IVDD progression (63). This is due to the upregulation and activation of p38 in IVDD. The activation of p38 in NP induces macrophage polarization and the expression of the catabolic enzyme matrix metalloproteinase-13 (MMP-13). Overexpressed MMPs destroy the ECM, thereby aggravating the degenerative process (63). The difference in macrophage phenotypes between degenerated and normal IVDs may be a novel target for therapies.



2.2 Annulus fibrosus

AF is highly fibrotic tissue that surrounds the exterior of the NP. AF mainly contains type I collagen produced by fibroblasts and contain type II collagen produced by fibrochondrocytes (64). This unique structure provides AF with good mechanical properties. AF tightly protect NP in the inner layer and provides a foundation for maintaining the structure of IVD (34). There are various stem cells present around AF. These stem cells contribute to maintaining the turnover of AF (65). With increasing age, the numbers of stem cells gradually decrease and become insufficient to repair damaged AF promptly, which is the main reason for the impaired healing of AF (66). After AF is damaged, T cells and macrophages are activated to clear the damaged tissue and debris. Intercellular adhesion molecule 1 (ICAM1) is an inducible surface glycoprotein that induces the adhesion, migration, and invasion of lymphocytes to sites of degeneration during immune responses (67). Studies have shown that chemokine ligand CCL-2 can differentiate monocytes into macrophages and that macrophage infiltration is a significant cause of IVDD-induced radicular pain (68). Although T cells and macrophages are recruited to clear damaged AF, T cells and macrophages also aggravate AF damage (66). This balance is difficult to grasp, but modulating it to tilt it in the desired direction may be a new target for IVDD immunotherapy.



2.3 Cartilage endplates

CEPs are thin layers of hyaline cartilage that separate IVDs from the upper and lower vertebral bodies. IVDs, composed of CEPs, NP, and AF, protect the bones of the vertebral body from mechanical damage and maintain the normal physiological movement of the spine. Unlike NP and AF, CEPs have a vascular system. The nutrient metabolism of IVDs is mainly dependent on the vascular system within CEPs (69). CEPs are composed of hyaluronic acid (HA), type II collagen, and PECM secreted by chondrocytes (70). The ECM is rich in stem cells, which are advantageous not only in osteogenesis and chondrogenesis (71) but also in replacing AF and NP. Studies have shown that HIF-1α is highly expressed in NP owing to hypoxia (72). HIF-1α induces the differentiation of cartilage endplate stem cells (ECSCs) into NP (73, 74). CEP-derived exosomes (N-Exos) reduce apoptosis of CEP by activating the phosphoinositide 3 kinase/protein kinase B (PI3K/AKT) signaling pathway (74). The mechanisms play an essential role in maintaining the structure of IVDs.

IVDD is associated with inflammation, immune cell infiltration, and neovascularization (2). These processes facilitate tissue repair in normal tissues. In the inflammatory microenvironment of IVDD, however, they exacerbate pain (75). Although the mechanisms by which T cells and macrophages are involved in the progression of IVDD are unclear, the passage of the disease may be due to the immune privilege of IVDs (62). The involvement of inflammatory factors and cytokines (such as IL-6, IL-1β, VEGF, and TNF-α) in the degeneration process can aggravate degeneration and cause pain (13). Therefore, reducing radicular pain and reversing the progression of IVDD by modulating the inflammatory microenvironment may be an effective treatment for IVDD.




3 Regulation of the inflammatory microenvironment

Protruding NP-secreted cytokines can worsen radicular pain and IVDD (33). Since there are no immune cell populations in the early stages of IVDD, the clearance of necrotic cells cannot be completed in a timely manner (13). Cells with phagocyte function are beneficial early in injury. Therefore, we hypothesize that infiltrating cells may perform specialized tasks in the healing processes of IVDs, whereas local phagocytosis-related cells fail to manifest at sufficient levels or at the right time (76). Therefore, the artificial intervention of cytokine release and induction of T cells and macrophages may be potential therapeutic strategies for IVDD.


3.1 Promotes the upregulation of anti-inflammatory factors

Transforming growth factor-β (TGF-β) is a multifunctional cytokine closely related to cell differentiation, apoptosis, and the maintenance of cell stability (77, 78). Many cells in the body, such as epithelial cells, tumor cells, immune cells, and stromal fibroblasts, can differentiate into inactive TGF-β complexes, which proteolytically leak TGF-β entities (79). There are three main isoforms of TGF-β (TGF-β1, -β2, and -β3) that cause different physiological responses after binding to their corresponding receptors (80). TGF-β receptors have many co-receptors in addition to the type I and II superfamily receptors (81). These receptors are widely present on the surfaces of body tissues and cells, making the body responses caused by TGF-β diverse (81). For example, TGF-β is a potent immunosuppressant and is closely related to the escape of cancer cells from immune system attacks (82). Studies have shown that TGF-β1 increases the contractility of myofibroblasts during wound healing, inhibits proteolytic enzymes in the ECM, and plays a crucial role in tissue remodeling (83). TGF-β1 further blocks IVDD by inhibiting the expression of chemokine (C–C motif) ligand 4 (CCL4) through extracellular signal-regulated kinase signaling (84). The inhibition of CCL4 by TGF-β1 occurs time- and dose-dependent. TGF-β1 can further inhibit the expression of IL-1β and TNF-α, thereby inhibiting the inflammatory response of IVDD (85, 86). The resolution of inflammation may therefore relieve the radicular pain caused by disc degeneration (87).

Systemic CCL5 is associated with discogenic back pain and moderate/severe IVDD. CCL5 can therefore be considered a biomarker for the diagnosis and monitoring of IVDD (88). Studies have confirmed that prominent NP can release CCL5 to induce MSCs to migrate into degenerated IVDs and promote their regeneration (89). Therefore, it is plausible that targeting CCL5 in IVDD could benefit disc repair. Zhou et al. used fibrin gel to target CCL5 around degenerated IVDs for their regeneration (38). CCL5 within fibrin gel is released around NF in a dose-dependent manner. Although CCL5 has a chemotaxis-homing effect on AF in vitro experiments, it does not promote IVDD regeneration in sheep IVDD models. This may have been because fibrin gel does not effectively encourage the movement of cell (38). In another study, Frapin et al. labeled pullulan with fluorescein isothiocyanate isomer I (FITC) (39). FITC-pullulan was stirred with NaOH solution and sodium trimetaphosphate to make pullulan microbeads (PMBs) carrying CCL5 to the degeneration sites. The PMBs adsorbed CCL5 and released 99% of it around the IVDs sustainably within 21 days. A significant increase in the migration distance of PMB-induced ADSCs to NPs and the number of ADSCs was observed on day 21 in vitro (39).

Since CCL5 cannot effectively induce TGF-β, the direct regulation of TGF-β may be beneficial to induce AF cells to differentiate and repair IVDs. Zhi et al. dissolved a prepared polyurethane (PU) fiber scaffold in an N, N-dimethylformamide solution and evaporated the solvent to form a PU film (40). The synthesis methods of the materials are shown in Table 1. Type I collagen fibers was used as cell carriers to encapsulate AF cells pretreated with TGF-β1 on PU membranes to create collagen-PU scaffolds. The advantage of PU scaffold is the continuous release of TGF and type I collagen to maintain the AF phenotype. In vitro experiments, the gene and protein expressions of AF cells were enhanced after induction by TGF-β1. It seems to indicate that AF cells pretreated with TGF-β1 may be a suitable cell source for the repair of AF ruptures (40). However, PU scaffolds have low porosity and are insufficient to carry a sufficient amount of TGF-β to maintain long-term effects. In addition, no animal experiments have proven this claim. Lerouge et al. mixed chitosan and porcine gelatin at a ratio of 3:2 to prepare chitosan hydrogels for loading NP cells (41). The peptide Link N (a peptide present in IVDs) outside the IVDs was further encapsulated in the hydrogels. The addition of Link polypeptide increased the NP encapsulation rate in hydrogels and increased NP deposition in a degenerative environment. Compared to the control group, the chitosan hydrogels induced more glycosaminoglycan (GAG) release from NP cells at 14 days in vitro. The increase in the number of GAGs was caused by the enhancement of NP cell activity. This increase in GAG release was nearly identical to that induced by TGF-β. This indicates that both induced AF and NP can repair IVDs. However, this is limited to early IVDD (90). In addition, most of these studies were conducted in vitro. It is, therefore, not yet known whether the effects in vivo are similar.

Connective tissue growth factor (CTGF) plays an essential role in extracellular matrix synthesis, especially in IVD (91). CTGF injections have been shown to promote the increased synthesis of human NP cells and induce decreased anti-inflammatory cytokines (92).Sun et al. fabricated PDA-NP scaffolds with dopamine and polycaprolactone (PCL) using 3D printing technology (Figure 2) (42). The synthesis methods of the materials are shown in Table 1. TGF-β3 and CTGF were loaded onto the surface of PDA-NP through covalent binding, forming a 3D-printed scaffold that could release dual growth factors for the reconstruction of NP and AF. CTGF is a cysteine-rich stromal cell protein involved in cell proliferation, differentiation, and connective tissue differentiation (93). PCL, which is widely used in 3D printing, was selected as the mechanical support for IVD scaffolds because of its good biodegradability and biocompatibility (94). PDA NPs have a diameter of 324.2 ± 13.9 nm. The loading efficiencies of CTGF and TGF-β3 for PDA NPs were 70.04 ± 0.94% and 72.34 ± 1.06%, respectively. PDA-NP released CTGF and TGF-β3 slowly and continuously (Figure 2B) and induced bone marrow stromal cells to differentiate into fibrocartilage-like cells (main components in the area around AF) and hyaline chondroid cells (main components in the area around NP). After 3 months of in vivo experiments, it was found that PDA-NP could effectively promote the expression of type I collagen, aggrecan (Figure 2C), and GAG in the AF and NP regions without causing apparent inflammation (Figure 2D) (42). However, not all fibrin types are good cellular carriers. For example, genipin-crosslinked fibrin (FibGen) is a viscous, high-modulus biomaterial that matches the properties of AF and exhibits low risk of hernias (95). FibGen is cytotoxic and induces the apoptosis of AF cells. In one study, the acute cytotoxicity of FibGen was reduced by modifying the binding sites of integrins to FibGen (43). The synthesis methods of the materials are shown in Table 1. The advantage of FibGen hydrogel is that the addition of integrins reverses apoptosis and increases TGF-β encapsulation (44, 96). The improved FibGen hydrogel carried TGF-β3 to repair AF in vitro. However, the toxicity of FibGen to normal AF still needs to be noted.




Figure 2 | (A) Stereomicroscope images of the intermediate and surface structures of the 3D-printed scaffolds. (B) Release behavior of CTGF and TGF-β3 in the IVD scaffolds. (C) Expression of the type I collagen and aggrecan genes after inducing differentiation in different groups. (D) Histological staining of the intermediate layers of three IVD scaffolds with AB and PR dyes. Magnified images at low and high magnification. AB and PR dyes specifically stained GAG (blue) and type I collagen (red), respectively. Reproduced with permission from (42). *Indicates significant difference at a 99 %confidence level.



Although biomaterials loaded with TGF-β have achieved the ability to promote the reconstitution of NP and AF in vivo, this has only been verified in mice and not in large animals. Furthermore, TGF-β induces the differentiation of ADSCs into AF and NP cells only at the early stage of degeneration. As we have learned, IVDD is challenging to detect in the early stages, and most patients are diagnosed in the late stage when they have radicular pain. Therefore, whether TGF-β can reverse advanced IVDD remains unknown.



3.2 Inhibits the expression of inflammatory factors


3.2.1 Interleukins inhibits

IL-1β is the most widely studied inflammatory factor in IVDD and is associated with inflammatory radiculopathy (13). IL-1β accelerates IVDD mainly by inducing the expression of MMPs in the ECM (35, 97). This process primarily depends on wingless-related integration site (Wnt)/β-catenin signaling (98). Studies have shown that the expression of Wnt1 and β-catenin in the NP of patients with lumbar disc herniation is significantly higher than that in regular patients. The activation of Wnt signaling induces senescence in NPC cells. Furthermore, the activation of Wnt/β-catenin signaling induces MMP expression, leading to increased ECM breakdown and IDD progression (99). Studies have confirmed that inhibiting Wnt/β-catenin signaling slows IVDD (100). As inflammatory factors can induce accelerated IVDD, the downregulation of local inflammation may restore IVDD.

Epigallocatechin 3-gallate (EGCG) exhibits anti-inflammatory, anti-catabolic, and antioxidant activities in IVD cells (101). EGCG interferes with the pro-inflammatory IL-1β cascade by reducing the activity of IRAK1–NF-κB/JNK/p38 signaling (101). However, oral EGCG does not increase intra-IVD EGCG concentrations, and high doses of EGCG increase hepatotoxicity and nephrotoxicity (102). Loepfe et al. used electrospray technology to encapsulate EGCG in porcine gelatin to produce gelatin microparticles (45). Electrospraying is a mild electrohydrodynamic encapsulation method that produces solid particles without needing high temperatures or toxic solvents. The average diameter of the gelatin microparticles was 661 ± 120 nm. The drug loading of gelatin microparticles reached 5.42 wt% and sustained the release of EGCG (80%) within 7 days. In vitro experiments confirmed that the gelatin microparticles significantly inhibited the expression of IL-1β. However, it has not been confirmed whether the gelatin microparticles have anti-inflammatory effects in the IVDD environment in vivo. A recent study further showed that IL-1β induces the mRNA expression of nerve growth factors (NGFs) and brain-derived neurotrophic factors (BDNFs) in degenerative NP cells (103). These neurotrophic factors have been shown to induce neural growth in IVDs (104). A normal IVD has no nerve tissue, and neuropathic pain occurs when neurotrophic factors induce nerve ingrowth into the IVD. Pandit et al. cross-linked high molecular weight (HMw)HA and 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) to develop the cross-linked HA hydrogel system (Figure 3) (46). The synthesis methods of the materials are shown in Table 1. This study confirmed that the cross-linked HA hydrogel system with different doses of HA did not cause NP cell death in vivo (Figure 3B). The cross-linked HA hydrogel system could bind to the CD44 receptor on the surface of NPc and interfere with the binding of the CD44 receptor to IL-1β. After blocking the binding of IL-1β to CD44, the downregulation of NGF and BNGF mRNA expression provided a protective mechanism for inflammation-related pain (Figure 3C). However, the cross-linked HA hydrogel system only relieved neuropathic pain. It did not treat the underlying degeneration or restore the natural function of IVDs. This phenomenon may be caused by HA competing with IL-1β for its receptors. But this effect is weak enough to inhibit IL-1β completely. To increase the long-term inhibitory effect on IL1-β, Smith et al. mixed poly(lactic-co-glycolic acid) (PLGA) and IL-1 receptor antagonist (IL-1ra) to produce PLGA microparticles (47). The synthesis methods of the materials are shown in Table 1. In vitro experiments showed that PLGA microparticles could release IL-1ra continuously for 35 days. However, in vivo experiments demonstrated that PLGA microparticles effectively inhibited IL-1β for 7 days and that the effect of IL-1ra beyond 7 days was to reduce GAG loss. This difference is not due to insufficient IL-1ra but to a lower pH at the release site due to PLGA degradation. Therefore, the degradation properties of biomaterials are essential, and we must develop biomaterials that are more suitable for substance delivery.




Figure 3 | (A) Schematic diagram of the synthesis of the cross-linked HA hydrogel system. (B) Stained NP cell morphology by the LIVE/DEAD assay after 3 days of culture in the presence of hydrogels containing different doses of HA. Live cells are green (calcein staining) and dead cells are red (ethidium bromide staining). (C) Fold changes of NGF and BNDF downregulated in IL-1β-induced inflammation and normal NP cells treated with cross-linked HA hydrogels for 7 days. Reproduced with permission from (46). *Indicates significant difference at a 99 %confidence level.



Chitosan is a natural, biocompatibile, and biodegradable polysaccharide that is mainly used in drug delivery systems and tissue engineering (105). The chitosan surface polarizes macrophages into the M2 phenotype without causing significant T cell proliferation. Goncalves et al. prepared nanoparticles using a combination of chitosan and poly γ-glutamic acid (γ-PGA) for the coacervation method (48). Diclofenac (Df) was added to the nanoparticles to form Ch/Df/γ-PGA NP. The diameter of the nanoparticles was 175 ± 32 nm. The Df reduces the local inflammatory response and the production of pro-inflammatory cytokines (IL-1β and IL-6) by inhibiting the cyclooxygenase (COX)-2 pathway. In addition, down-regulation of MMPs expression in ECM was detected 7 days after NP injection, and IVDD was remodeled in vitro. The Ch/Df/γ-PGA NP has promising prospects for development. However, animal experiments were not performed in this study, and it is not yet known whether Ch/Df/γ-PGA NP was advantageous in IVD anti-inflammatory activity and the remodeling of IVDD.

Acid-sensing ion channels (ASICs) are expressed in the nervous system and are mainly activated by extracellular acid regulation (106). ASIC3 is mainly expressed in the peripheral nervous system and, to a lesser extent, in the central nervous system (CNS) (107). Hyperactivation of ASIC-3 induces the expression of proinflammatory cytokines in the NPs. APETx2 is an antagonist of ASIC3. Blocking ASIC3 reduces local inflammation and reduces inflammatory pain (107). Bian et al. designed a “peptide-cell-hydrogel” GelMA microsphere for the control of intervertebral disc inflammation (108) (Figure 4A). The carboxyl on the microsphere surface was activated by EDC/NHS, followed by being covalently linked to the amino residue on the APETx2 to form APETx2-GelMA microsphere (GA) (Figure 4B). NP cells were premixed with GA to make a “peptide-cell-hydrogel” GelMA microsphere (GNA). The hydrogel has an elastic modulus of 25.23 ± 2.58 kPa, which can protect NP cells from shear damage. Detected at week 8 after GNA infusion into degenerate discs in mice, GNA downregulated ASIC-3 expression, decreased peripheral IL-1β expression, increased proliferative activity, and enhanced ECM deposition




Figure 4 | (A) Schematic diagram of the synthesis of the GelMA microsphere. (B) The carboxyl on the microsphere surface was activated by EDC/NHS, followed by being covalently linked to the amino residue on the APETx2 to form APETx2-GelMA microsphere (GA). Reproduced with permission from (108).



IL-17 is a crucial characteristic cytokine of T-helper 17 (Th17) cells. Th17 is the primary source of IL-17. The innate immune system can further secrete IL-17 (109). IL-17 is associated with inflammation, and increasing evidence has shown that IL-17 is involved in the occurrence and progression of IVDD (110–112). There is no IL-17 in normal AF and NP, and elevations of IL-17 can be detected in degenerative structures (113). Importantly, the expression of IL-17 in IVD tissues has been found to increase with the severity of IVDD. Therefore, IL-17 levels may be associated with the extent of IVDD (112). IVDD exposure to TNF-α stimulates the production of IL-17, which promotes the degradation of the ECM mainly through the IL-17A receptor-nuclear factor kappa B (NF-κB) pathway (114). IL-17A receptors are mainly distributed on the surfaces of NP cells; therefore, the inhibition of IL-17A receptors can attenuate ECM degradation and delay IVDD. This approach has not been reported so far, but we speculate it may be a new target for slowing IVDD.

Biomaterials for the treatment of IL-regulated IVDD have also been reported. However, the studies were primarily performed in vitro with cellular experiments to verify its role in IVDD. There are a few reports of 3D-printed biomaterials that simulate IVDD in mice, and this scaffold has been confirmed to have good support and regulation. However, this phenomenon has not been previously reported in large animals. The developed nanoparticles are anti-inflammatory to IVDD and promote ECM regeneration in vitro. However, most of these nanoparticles require local injections. The high pressure inside NP makes NP cells unable to withstand the pressure of the nanoparticle injection. Therefore, our future research direction is not only toward finding new targets but also toward developing new biomaterials to repair IVDD.



3.2.2 Tumor necrosis factors

Similar to IL-1β, TNF-α is a pro-inflammatory cytokine that belongs to the TNF ligand superfamily (115). TNF-α can trigger inflammatory responses in vivo and induce the expression of IL-1β, IL-6, IL-8, and IL-17 (116). IL-17 has been linked to the severity of IVDD (112). Prominent NP can release CCL5 to induce MSC migration into IVDD to promote IVD regeneration (89). However, studies have shown that TNF-α can recruit more inflammatory factors by inducing CCL5 differentiation (117). In addition to promoting inflammatory cells, TNF-α can increase MMP expression through the NF-κB/MAPK signaling pathway to degrade the ECM (118). Recently, it has been shown that the secretion of TNF-α by degenerated IVDs induces senescence in NP cells that induce senescence in healthy cells by inhibiting Stat3 phosphorylation through paracrine effects (119). Similar to IL-1β, TNF-α can accelerate IVDD. Therefore, the inhibition of TNF-α may delay neuropathic pain.

Curcumin is derived from the rhizomes of natural herbs and has anticancer, antibacterial, and anti-inflammatory properties (120). Studies have shown that curcumin inhibits TNF-induced NF-κB activation and downregulates the release of pro-inflammatory factors (121). However, the low solubility of curcumin and its poor absorption into systemic circulation limit its clinical applications (122). Setton et al. modified curcumin with carbamate and coupled it with an elastin-like polypeptide (ELP) to obtain a biodegradable ELP-curcumin conjugate (49). The synthesis methods of the materials are shown in Table 1. ELP-curcumin conjugates have a high drug load, rapidly releasing curcumin in vitro and maintaining its biological activity. In an in vitro study, curcumin was continuously removed from the conjugate. After 96 h, 55% of the loaded curcumin had been released. The curcumin content around the nerve was detected at 48 h, and the amount of curcumin released in the conjugate was five times that of free curcumin. This suggests that the conjugate could reduce the adverse factors of the poor systemic absorption of curcumin and effectively deliver curcumin to the periphery of nerves to alleviate peripheral inflammatory responses. Further studies have shown that TNF-α can upregulate the expression of prostaglandin E 2 (PGE2) in NP cells. PGE2 inhibits proteoglycan synthesis, thereby degrading the ECM (123). Willems et al. loaded celecoxib (CXB) into a poly-N-isopropylacrylamide (pNIPAAM) polymer (Figure 5) (50). The synthesis methods of the materials are shown in Table 1. CXB is a COX-2 inhibitor that can specifically block the production of PGE2. CXB-containing hydrogels effectively released CXB and continuously inhibited PGE2 (52%) in vitro. Twenty-eight days after the mice were injected with the hydrogel, the pNIPAAM polymer formed a denser fibrous structure than the blank control group (Figure 5B). Reductions in spinal reflexes were detected on the day after the infusion of the CXB-filled hydrogels into dogs. The hydrogel with CXB spontaneously formed a solid at 37°C without leakage after the injection (Figure 5C). The pNIPAAM polymer significantly reduced PGE2 in NP compared to AP (Figure 5D). This was consistent with the results of previous studies (123). Interestingly, this was one of the few in vivo experiments conducted in large animals to demonstrate the efficacy of hydrogels. However, similar to IL, the reduction of inflammatory responses by inhibiting TNF-α to modulate the microenvironment remains limited to early IVDD. There have been no reports relating to late IVDD.




Figure 5 | (A) Schematic diagram of the synthesis of the pNIPAAM hydrogel. (B) Histological staining (hematoxylin and eosin staining) of the hydrogel and control group after 28 days in mice. The epidermis and flesh lipid membranes are indicated by the arrows. (C) One month after the intradiscal injections, the pNIPAAM hydrogel (white arrow) was visible in the NP. (D) The DNA level in PGE 2NP was significantly lower than that in AF in all treatments. Reproduced with permission from (50). *Indicates significant difference at a 99 % confidence level P ≤ 0.05. **Indicates significant difference at a 99 % confidence level P ≤ 0.01.






3.3 Oxidative stress correlated factors


3.3.1 Hypoxia-inducible factors

HIF is a transcription factor expressed in cells in response to hypoxia. HIF-1 consists of a constitutively expressed subunit, HIF-1β, and another subunit, HIF-1α, which is regulated by cellular O concentration (124). HIFs have strong anti-apoptotic effects and are involved in regulating cellular responses to oxidative stress (125). NP cells have been reported to express HIF-1α to maintain cellular energy and ECM metabolism independent of oxygen tension (126). Endoplasmic reticulum oxidative stress in IVDD can accelerate IVDD progression, and HIF can reduce endoplasmic reticulum oxidative stress in IVDD (127). Studies have shown that the knockout of the HIF-1α gene in mouse NP cells results in massive death and the loss of HIF-1α results in reduced collagen II and proteoglycan protein expression in IVDs (128, 129). Therefore, HIF-1α is expressed by NP cells and has a protective effect on IVDs.

Cells with degenerated NP or AF have multi-differentiation potential and can be stimulated to repair IVDs (130). However, NP cell-derived disc progenitor cells (DPCs) are sensitive to hypoxia and fail to upregulate HIF to undergo apoptosis under hypoxia (125). Huang et al. used small leucine-rich proteoglycans (SLRPs) and biglycan to provide growth substrates for DPCs (51). SLRPs can bind and regulate TGF-β to activate the MAPK pathway, and TGF-β can enhance HIF-1α expression through TGF-β receptor (ALK5) kinase activity. It has been further confirmed that IVDD can be repaired by adjusting HIF in vitro. However, there are currently no studies showing the effects on animals. Chitosan itself can reduce the apoptosis of NP owing to oxidative stress (131, 132). Studies have shown that the enhancement of the PI3K/Akt pathway by chitosan protects cells against apoptosis (131). Zhang et al. mixed chitosan and alginate at a ratio of 1:1. The mixture was phacoemulsified to obtain a C/A gel scaffold (52). Alginate is also a safe biodegradable polysaccharide material with biocompatibility, solubility, porosity, and tunability of viscosity and concentration (133). The C/A gel scaffold has a porosity of 80.57%, which can effectively load ADSCs and provide a good framework for their growth. Morphological changes can occur during gel scaffold degradation, such as shrinkage, increased transparency, and 3D morphology. The advantage of the C/A gel scaffold is that it can provide ADSCs with a hypoxic environment similar to NP cells during in vitro degradations. This hypoxic environment favors the differentiation of ADSCs into NPs. After 21 days of culture in vitro, the C/A gel scaffold induced a significantly higher mRNA expression of HIF-1α than the normoxia-induced group. It increased the number of type II collagen fibers in the ECM. C/A gel scaffolds can generate the same functional ECM as standard NP, providing a basis for the active recovery of IVDD.

Calcification is frequently associated with IVDD, a condition of osteophyte growth at the peripheries of endplates, and vertebral margins (125). This is mainly due to the deposition of calcium-containing substances in the ECM outside the IVD. Studies have shown that HIF-1α can inhibit the secretion of inorganic pyrophosphate by NP and reduce the calcification of IVDs (134). Calcification can aggravate IVDD. miR-199a is an endogenous small non-coding RNA that directly targets HIF-1α and downregulates HIF-1α expression (135). Thus, anti-miR-199a delivery specifically inhibited endogenous miR-199a and enhanced Hif-1α expression to inhibit the calcification of IVDs. Feng Ganjun et al. developed poly (L-lactic acid) graft poly(hydroxyethyl methacrylate) (PLLA-g-PHEMA) nanoparticles using a phase separation method (53). The synthesis methods of the materials are shown in Table 1. The diameter of the nanoparticles was between 30 and 60 μm. Nanoparticles as non-viral vectors for miRNA delivery can efficiently deliver miRNAs into cells and bone marrow MSCs (BMMSCs) together in the ECM. BMMSCs promote the regeneration of aging NP. The detection of nanoparticles at week 12 in mice reduced calcification of ECM and enhanced HIF-1α-induced BMMSCs to promote mouse NP cell regeneration.



3.3.2 Reactive oxygen species

In addition to inflammatory cells, oxidative stress caused by high levels of ROS is a hallmark of chronic inflammation (136). Oxidative stress damages vital cellular structures, leading to apoptosis and senescence (54). The exposure of NP to ROS releases IL-1β, triggering a cascade of reactions that exacerbate IVD damage (137). High levels of ROS also inhibited HIF-α expression. ROS is regulated by glutathione, superoxide dismutase, and catalase (138). Therefore, blocking ROS production may be beneficial for the repair of IVDD. An ROS-labile linker was synthesized via the quaternization reaction of N1,N1,N3,N3-tetramethylpropane-1,3-diamine with an excess of 4-(bromomethyl) phenylboronic acid (Figure 6) (55). The synthesis methods of the materials are shown in Table 1. The ROS-labile linker was cross-linked with vinyl alcohol (PVA) to form a ROS-scavenging hydrogel for loading rapamycin. In a ROS-rich environment, the ROS-scavenging hydrogel was degraded by the consumption of ROS to release rapamycin. Rapamycin has immunosuppressive effects and induces apoptosis. Rapamycin hydrogel clears ROS and promotes macrophage polarization to M2, reducing inflammatory responses in vitro. At week 12 of the in vivo IVDD model, rapamycin hydrogels downregulated MMP-13 in the ECM and upregulated type II collagen (Figure 6B).




Figure 6 | (A) Schematic representation of Rapa-loaded ROS-responsive hydrogels. (B) Immunohistochemical staining for collagen type II (COL2), matrix metalloproteinase 13 (MMP13), and CD206 at week 12. Immunohistochemical staining showed that COL2 expression was upregulated, MMP13 expression was downregulated, and CD206 expression was upregulated in the rapamycin-treated group compared with the degenerative control group. Reproduced with permission from (55).



Pandit et al. prepared calcium carbonate, poly (allylamine hydrochloride) (PAH), and tannic acid (TA) into polymer capsules using a layer-by-layer approach (54). TA is a natural polyphenol that has shown a considerable capacity to scavenge a wide variety of free radicals and pro-oxidant molecules owing to its redox properties (139). Calcium carbonate was used as the core of the polymer capsule to load catalase. TA accelerated the release of catalase while scavenging ROS on the surface. The TA-functionalized polymer capsules promoted the release of hydrogen peroxide more effectively than the non-TA-functionalized capsules. The study confirmed that the encapsulation rate of hydrogen peroxide in the polymer capsule was 97.8%, which was five times higher than that of physical adsorption. Compared with 67% of oxidative stress-positive NP cells in the blank group, this double ROS-scavenging polymer capsule reduced oxidative stress-positive NP cells to 3% in vitro. In addition, polymer capsules can downregulate the expression of MMPs in the ECM. Although the polymer capsules exhibited the ability to induce the regeneration of IVDs in vitro, it has not been verified whether a similar effect occurs in vivo.

IVDs are non-neurovascular structures, and the growth of NP cells is adapted to the hypoxic state. However, studies have demonstrated that hypoxia in NP cells may exacerbate IVDD (140, 141). A particular concentration of oxygen appears to be beneficial to NP cells. Perfluorotributylamine (PFTBA) belongs to the perfluorocarbon family with high oxygen solubility and can modulate the oxygen tension of IVDs (142). Zhen et al. used PFTBA to prepare scaffolds to load alginate. Alginate, a widely used scaffold for the regeneration of IVDs, has shown better ECM deposition than other materials (56). The synthesis methods of the materials are shown in Table 1. The PFTBA concentration in the scaffolds was proportional to the oxygen concentration in the ECM. This study confirmed that the addition of PFTBA (2.5–10%) under hypoxic conditions significantly reduced the rate of cell death in NP cells in vitro. When simulating IVDD in mice, it was found that 2.5% of the PFTBA scaffolds induced more type II collagen and proteoglycans in the ECM at 6 weeks compared with other concentrations of the PFTBA scaffolds. Another advantage of the PFTBA-alginate scaffolds was that their stability did not change as PFTBA degraded. However, the study did not measure the oxygen levels in vivo. Furthermore, IVDD in mice results from spontaneous terminal calcification, the mechanism of which remains unclear. Therefore, it is necessary to investigate further whether regulating the oxygen content of NP cells in animals is beneficial for the repair of IVDD.





4 Discussion

Normal IVDs are immune-privileged tissue structures. Degeneration occurs when IVDs are stimulated by inflammation, oxidative stress, and stress. IVDD recruits T cells and macrophages to clear necrotic tissues and cellular debris. Furthermore, the average NP and AF cells of IVDD become targets of immune system attacks, thereby aggravating IVDD. We found that repairing IVDD by modulating the inflammatory microenvironment is a viable therapeutic modality. However, owing to the lack of vascular structures in IVDs, the biological factors that regulate immunity cannot effectively reach the sites of IVDD. In addition, the lack of blood vessels in IVDs means that natural characteristics cannot obtain the nutrients they need to repair degenerated IVDs. Therefore, spontaneous repair of IVDD seems impossible. In recent years, biomaterials that regulate the inflammatory microenvironment to improve IVDD have been reported. For example, chitosan, curcumin, and alginate can protect NP cells and the ECM and act in gels to carry biological regulators to repair IVDD. Engineered nano scaffolds can also delay IVDD while preserving the survival of bioregulators by delivering them around IVDs. These biomaterials have shown advantages in inducing stem cell differentiation and reducing the inflammatory cascade induced by IL-1β and TNF-α. Still, they have also downregulated the inflammatory response by scavenging ROS in the ECM. The biomaterials can also reduce MMP expression and provide a favorable environment for IVD repair. These advantages indicate that regulating the inflammatory microenvironment by biomaterials to repair IVDD may be helpful in clinical treatments.

Although it seems possible that biomaterials regulate inflammation-immune environment repair IVDD, there are two significant problems worth noting. First, most of the studies on IVDD were performed under conditions that mimicked IVDD in vitro. In line with the studies conducted on mice and dogs, biomaterials can adapt to in vivo stress and histocompatibility and play a positive role in the repair of IVDs. However, there are few studies on regulating IVDD repair in the inflammatory microenvironment in vivo. Further validation is needed to confirm the strategies involving biomaterials to modulate the inflammatory microenvironment in vivo, especially in large animals. Second, the use of biomaterials in regulating the inflammatory microenvironment to repair IVDD is only significant in the early stage of the disease. However, most cases of IVDD are challenging to detect early on when the patients are asymptomatic. However, it is unknown whether biomaterials modulate the inflammatory microenvironment to repair IVDD in patients with advanced IVDD.
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Ischemic stroke (IS) is one of the most fatal diseases. Neuroimmunity, inflammation, and oxidative stress play important roles in various complex mechanisms of IS. In particular, the early proinflammatory response resulting from the overactivation of resident microglia and the infiltration of circulating monocytes and macrophages in the brain after cerebral ischemia leads to secondary brain injury. Microglia are innate immune cells in the brain that constantly monitor the brain microenvironment under normal conditions. Once ischemia occurs, microglia are activated to produce dual effects of neurotoxicity and neuroprotection, and the balance of the two effects determines the fate of damaged neurons. The activation of microglia is defined as the classical activation (M1 type) or alternative activation (M2 type). M1 type microglia secrete pro-inflammatory cytokines and neurotoxic mediators to exacerbate neuronal damage, while M2 type microglia promote a repairing anti-inflammatory response. Fine regulation of M1/M2 microglial activation to minimize damage and maximize protection has important therapeutic value. This review focuses on the interaction between M1/M2 microglia and other immune cells involved in the regulation of IS phenotypic characteristics, and the mechanism of natural plant components regulating microglia after IS, providing novel candidate drugs for regulating microglial balance and IS drug development.
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  1 Introduction

Ischemic stroke (IS) is one of the common cerebrovascular diseases, which seriously affects national health due to its high morbidity and lethality (1). It is characterized by the pathological changes of the cerebral arteries or the carotid arteries that innervate the brain, causing cerebral blood circulation disorders, which in turn lead to acute or subacute brain damage. It often causes patients to have varying degrees of language, motor and sensory dysfunction (2). Among them, focal rapid-onset cerebral ischemia-hypoxia (or hemispherical in the case of coma) persists for more than 24 hours or results in death (3). IS constitutes 87% of strokes, including cryptogenic, lacunar and thromboembolic strokes (4). The risk factors for IS include age, smoking, diabetes, high blood pressure and obesity (5). The pathological mechanism is that ischemia and hypoxia in the brain can lead to a series of events including calcium overload, excitatory amino acid neurotoxicity, free radical generation, activation of apoptotic genes, and immune inflammation (6). In fact, recent studies have found that the inflammatory response plays a dual key role in neuroprotection and neurotoxicity in IS (6). Activation of resident cells, such as microglia, astrocytes and endothelial cells promotes both brain regeneration and recovery. It also recruits immune cells that express inflammatory mediators, leading to blood-brain barrier (BBB) disruption, neuronal death, brain edema, and hemorrhagic transformation (6). In this case, clinical treatment options for acute ischemic stroke remain limited. Intravenous injection of tissue-type plasminogen activator (t-PA) restores cerebral perfusion through thrombolysis, which to a certain extent rescues dying cells in the ischemic penumbra (7). However, the treatment time window of 3-4.5 hours is too narrow for practical use of thrombolytics in most parts of the world. Once the therapeutic window is exceeded, the benefits of t-PA are outweighed by its risks, with a dramatic increase in the chance of hemorrhagic transformation (8). Meanwhile, the choice of medical devices for intra-arterial thrombectomy can be used as an alternative to clinical thrombolysis, but it may also cause other complications, so it has great limitations (9). The current study shows that the regulation of immune cells after stroke is the key to regulating inflammation and repairing vascular neural units after stroke (10). As the main body of neuroimmune inflammation in the brain after stroke, microglia play functions such as immune recruitment, regulation, inflammation, phagocytosis, and vascular repair, which in turn become the key to the development of stroke drugs (11). This review focuses on the interaction between classical activation (M1 type) or alternative activation (M2 type) microglia and other immune cells involved in the regulation of IS phenotypic characteristics. Meanwhile, Our previous studies have found that natural compounds and multi-component herbs may treat IS by regulating microglia (12–16); other teams also explored the mechanism by which natural plant active ingredients regulate microglia after IS (17). Therefore, this review also summarizes the natural plant compounds that regulate M1/M2 microglia after IS, in order to provide candidate or lead compounds for the development of drugs that regulate neuroimmune inflammation after IS.


 2 Pathological mechanisms of immune inflammation in IS

 2.1 Pathological mechanism of IS

Following an ischemic attack, a series of events involving the central nervous system (CNS) is triggered (18). The pathogenesis of IS begins in the blood vessels, in part due to arterial occlusion leading to hypoxia, reactive oxidative species production, and changes in shear stress on the luminal wall (19, 20). During hypoxia, shear stress on the vascular endothelium due to changes in rheology and blood flow stagnation causes activation of platelets, the complement system and the coagulation cascade, resulting in endothelial cell destruction and microvascular occlusion (21). The combined effect of oxidative stress, inflammatory mediators (such as IL-1β, TNF-α), down-regulated endothelin, and up-regulated leukocyte- or vascular-derived proteases increases BBB permeability (22). Endothelial cell-derived prostaglandins and chemoattractants also promote leukocyte entry into the infarct site (22). The increased surface affinity of leukocytes, the activation of integrin molecules and the up-regulated expression of corresponding ligands on endothelial cells further promote the infiltration of neutrophils, macrophages and other leukocytes. Activated leukocytes produce reactive oxidative species, proteolytic enzymes, cytokines, platelet-activating factor, which promote vasoconstriction, platelet aggregation and further neurotoxicity (19). In the perivascular space, activated macrophages secrete numerous pro-inflammatory cytokines, leading to the release of histamine, proteases and TNF-α, and further reducing the integrity of the BBB (18).

While all of the above processes occur in the vascular and perivascular spaces, ischemia can also affect the brain parenchyma. Following the impact of ischemia, a series of interrelated cytoplasmic and nuclear events, including bioenergetic exhaustion, excitotoxicity, Ca2+ overload, oxidative stress, and inflammatory responses, begin to occur at the damaged site, culminating in neuronal cell death (20). Excitotoxicity and Ca2+ overload are the main factors leading to the early stage of ischemic cell death (23). Glutamate overload results in prolonged activation of AMPA and NMDA ionotropic receptor subtypes, resulting in an enhanced influx of calcium, sodium and water to neurons (23). A large influx of calcium activates protease, lipase and nuclease-mediated catabolic processes (24). Increased calcium influx from glutamate receptor hyperactivation, Ca2+ release from mitochondria, and failure of Ca2+ efflux mechanisms are known to explain the irreversible accumulation of intracellular Ca2+ following excitotoxic stimulation. Meanwhile, oxidative and nitrosative stress are also potent mediators of ischemic injury. Under normal physiological conditions, there is a balance between the production and decomposition of reactive oxygen species (ROS), but IS disrupts this balance and leads to an increase in its production (25). The metabolic activity of ROS and reactive nitrogen species is rapid, and the antioxidant defense capacity of the brain is limited, so the brain is sensitive to damage caused by oxidative and nitrosative stress (26). Damage-associated molecular patterns (DAMPs) released by dying neurons contribute to a new phase of the inflammatory response (27, 28). Among them, heat shock proteins, high mobility group-binding protein 1 (HMGB1), mitochondria-derived N-formyl peptides and peroxidases, activate brain-native immune cells through pattern recognition receptors (29–31). DAMPs lead to an inflammatory environment by stimulating immune cells to produce cytokines, chemokines, adhesion molecules and many immune effector molecules (32–34).


 2.2 Key events and pathways of immune biological modules involved in the IS pathological progression

After the occurrence of IS, the immune system starts rapidly, participates in all aspects of the occurrence, development and prognosis of stroke, and plays a corresponding role in different stages of stroke (35). Intracerebral inflammation after IS is not limited to the surrounding ischemic foci, but spreads to the whole brain and persists for a long time, continuously affecting the pathophysiological changes of brain tissue after stroke (36). Therefore, understanding the changes and roles of immune responses in different stages of stroke has important guiding significance for further research on neuroprotection and neuroreparation in stroke. Previous studies have shown that in the early stage of IS, various inflammatory cells and factors are involved in the development of inflammation in the brain and aggravate secondary brain injury (21, 37). In the subacute phase, brain injury can remodel the immune system, turning immune system function from activation to suppression, but it leads to an increase in post-stroke infections (21, 38). Moreover, the spread of neuroinflammation in the whole brain after IS can lead to delayed brain tissue changes (39).

 2.2.1 Immune activation after IS

After the occurrence of IS, with the occurrence of intravascular hypoxia and changes in hemodynamics, platelets, coagulation and complement systems are activated, and the inflammatory response first occurs in the blood vessels (40). The oxidative stress response and activated complement system caused by hypoxia directly damage the local vascular system, leading to necrosis and dissociation of vascular endothelial cells, destruction of BBB integrity, and exposure of antigens under the vascular endothelium (41). Immune cells in the blood adhere to the vessel wall and upregulate the expression of adhesion factors and chemokines. Innate immune cells such as neutrophils, monocytes, and macrophages are activated, migrate to ischemic sites under the action of chemokines and extravasate into the extravascular space through the damaged BBB (42). Subsequently, macrophages in the ischemic brain tissue are activated to further release inflammatory factors and aggravate the chemotaxis and extravasation of innate immune cells (43). Meanwhile, immune cells such as neutrophils and mast cells at the site of ischemic injury release intracellular MMPs, destroy vascular basement membrane and tight junction proteins, accelerate the destruction of BBB, and lead to an increase in cerebral infarct size (44). Neurons are extremely sensitive to ischemia, hence, ischemia leads to rapid neuronal necrosis. Necrotic neurons release endogenous factors, called DAMPs. DAMPs increase the release of chemokines from immune cells through Toll-like receptors (TLRs) on the surface of immune cells such as microglia, macrophages, dendritic-like cells, and exuding neutrophils (45). This further promotes the chemotaxis of immune cells, activates and amplifies the innate immune response, accelerates vascular destruction and cell death, and ultimately forms a vicious cycle of vascular damage, inflammation, and neuronal death (46). The adaptive immune response is the second phase of the immune response after ischemic stroke, which arises from BBB disruption. Normally immune-isolated central nervous system antigens can contact antigen-presenting cells (APCs) in peripheral blood to induce autoimmune responses. DAMPs can promote the interaction between APCs and receptors to activate adaptive immune responses, which are mediated by effector T cells (47). Effector T cells play a role in the adaptive immune response by recruiting to ischemic areas, traversing the injured BBB, releasing inflammatory cytokines such as interferon gamma (IFN-γ) in the brain parenchyma, and ultimately leading to delayed neurotoxicity (39, 48). The immune response after IS is a self-limiting pathophysiological process that gradually subsides under the combined action of regulatory T cells and B cells, preparing for the structural and functional reconstruction of the later brain injury site. In the process of inflammation resolution, regulatory T cells play a role through IL-10 and transforming growth factor-β (TGF-β) secreted by macrophages in the local tissues, inhibiting helper T cells to further induce inflammation, thereby promoting the repair of residual neurons (49, 50).


 2.2.2 Immunosuppression after IS

After IS, while the immune system is activated, immunosuppression will occur at the same time. The systemic immune function is down-regulated within a few hours after cerebral ischemia, the cellular immunity is suppressed, the number of various immune cells such as monocytes, T lymphocytes, B lymphocytes and natural killer cells is decreased, apoptosis is increased, or cell dysfunction occurs (51). Meanwhile, a variety of inflammatory factors, including IL-10, IL-1β, TNF-α, IL-6, etc. are inhibited. This immunosuppressive state is known as stroke-induced immunosuppressive syndrome (SIDS) (52). Its occurrence is related to the activation of the hypothalamic-pituitary-adrenal axis and the sympathetic nervous system caused by stress, and the secretion of adrenocortical hormones and catecholamines increases and plays an immunosuppressive effect (53). Immune activation and immunosuppression after IS are a contradictory unity. The former removes necrotic tissue through inflammatory response to create conditions for nerve repair, and it can also cause secondary nerve damage due to an excessive inflammatory response. The latter can reduce the destruction of neurons by the immune system and play a neuroprotective role, but excessive immunosuppression inevitably increases the chance of infection and worsens clinical prognosis (54).




 3 Mechanisms of microglia/macrophages in IS

 3.1 Physiological functions of microglia

Microglia account for approximately 10% of the CNS and are traditionally thought to function as immunocompetent cells of the brain and spinal cord, and undertake sensory functions of injury and infection in tissues (55). Microglia is derived from the primitive c-kit(+) erythroid precursor in the yolk sac, migrates into the brain during early embryonic development before the formation of the BBB, and remains there until the BBB is formed (56). Notably, this is a population of self-maintaining and renewing cells, and peripheral macrophages only contribute to this population in disease states, i.e. when the BBB is damaged (57). Initial studies generally believed that under normal physiological conditions, the microglia in the brain were branched with multiple slender protrusions and were in a resting state. However, recent studies have shown that the microglia never really rests, and the branched microglia constantly patrols the brain, using its motor branch as a sentinel to investigate and scan its nearby microenvironment to detect changes in brain homeostasis (58). Once a threat is identified, microglia rapidly activate to an amoeba-like phenotype with large cell bodies (59). Activated microglia can eliminate cellular debris through phagocytosis on the one hand, and produce a wide range of signaling molecules, including cytokines, neurotransmitters, and extracellular matrix proteins, to regulate neuronal and synaptic activity and their functional plasticity (58). Furthermore, when microglia are involved in the degradation of internalized targets in the phagosome, it may become a major source of ROS. If these internalization targets are too large and not properly processed inside the phagosome, it will result in the release of toxic molecules, including ROS, from the surrounding microglia (60). The normal phagocytosis process is accompanied by the release of several anti-inflammatory cytokines, growth factors and neurotrophic factors, and reduced release of pro-inflammatory cytokines (61). As immune effector cells in the CNS, microglia are continuously active. They monitor the brain microenvironment in real time through the elongation and retraction of branches, modulate neural circuits through specific interactions with neuronal synapses (59, 62), participate in pruning synapses and clear apoptotic cells in time to maintain CNS homeostasis (63–65). They play an important role in most known CNS diseases. A study has monitored the interaction between neurons and fluorescently labeled microglia in transgenic mice by intravital two-photon microscopy imaging (66). They found that microglia made direct contact with neuronal synapses during imaging every 5 minutes for 1 hour. Microglia can rapidly change their phenotype in active response to perturbation of CNS homeostasis and are often activated based on changes in their morphology or cell surface antigen expression (67–69).


 3.2 Activation and differentiation of microglia/macrophages regulate immune inflammation

 3.2.1 Activation of microglia/macrophages after IS

M2-type microglia mainly regulate the repair of brain injury after IS. It mainly promotes the survival and recovery of injured neurons by secreting brain-derived neurotrophic factors, insulin secretion factors and transforming growth factors, and at the same time enhances the ability of neurons to withstand stimulation and damage (70, 71). It produces cytokines IL-10, TGF-β, IL-4, IL-13, IGF-1, etc., which cooperate with the clearance of infiltrating neutrophils, thereby preventing neuronal damage caused by cytotoxic substances (72, 73). Unlike M2-type microglia, which inhibit inflammation, M1-type microglia will produce a large number of pro-inflammatory cytokines IFN-γ, IL-1β, TNF-α, IL-6, etc. to activate the inflammatory cascade, and promote the activation of T and B lymphocytes to regulate immune responses. It can also increase the release of vasoactive factors, causing vasoconstriction and aggravating ischemic cerebral edema (74). M1 type acts on the extracellular matrix through the production of ROS and NO production as well as proteolytic enzymes (MMP9, MMP3), resulting in the decomposition of BBB (39, 75). M1 type also generates reactive oxygen species through nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, which further aggravates the damage of cerebral ischemia (76, 77). Therefore, regulating the homeostasis of M1/M2 type may become an important strategy for the treatment of IS.


 3.2.2 Activation and differentiation of M1/M2 type microglia/macrophages

As the first line of defense of the immune system in the brain, microglia are rapidly activated within minutes of the acute phase of ischemic stroke, peak around day 2/3 of activation, and persist for several weeks after the onset of IS (78). At the core of ischemic injury, microglia activation is essentially triggered by excitotoxic signals generated during the ischemic cascade. In the peri-infarct region, the activation of microglia is associated with several innate immune receptors that can be activated by DAMP stimulation (79). For example, purinergic receptors, especially P2X7 and P2Y12, regulate microglial activation and mediate neurotoxicity, and similarly, pharmacological inhibition of P2X7 and P2Y12 reduces brain damage in experimental stroke models (80). Several other innate immune receptors involved in microglial activation include TLR, CD36 scavenger receptor, and receptor for advanced glycation end products (RAGE) (81). In addition to morphological changes, activated microglia also showed altered gene expression patterns, polarizing toward functionally distinct phenotypes: “classically activated” M1 and “alternatively activated” M2.

At present, the main signal pathways that contribute to the polarization of M1/M2 microglia are as follows: (1) IFN-γ secreted by helper T cells 1 (Th1) induces the transformation of microglia into M1 phenotype by activating JAK1/JAK2 and STAT (82). (2) Another pathway to induce M1 activation is triggered by lipopolysaccharide (LPS) or DAMP stimulation of TLR4. Subsequently, an “activation complex” composed of myeloid differentiation factor 88 (Myd88), nuclear factor-KB (NF-KB), p65, p38 and interferon regulatory factor 3 (IRF3) is formed (83). This complex in turn regulates the expression of inflammatory mediators of M1-inducible nitric oxide synthase (iNOS), CD16, CD32, etc. and cell surface markers-histocompatibility complex (MHC-II), CD86, etc. Microglial polarization of the M1 phenotype is characterized by high expression of IL-12, high expression of IL-23 and low expression of IL-10 (84). M2-type microglial replacement activation is usually induced by IL4 or IL-10 and IL-13, and is usually characterized by high expression of IL-12, high expression of IL-23b, and low expression of IL-10. To activate M2-type microglia, IL4 or IL-13 binds to IL4Rx or IL-13Ra1 to activate transcription factors, such as STAT6, peroxisome proliferator-activated receptor gamma (PPARγ), Jumonji domain-containing protein 3 (Jmjd3), and IRF4, respectively. This subsequently causes M2-type microglia to release cytokines such as IL-10, transforming growth factor B (TGFβ), IL-1 receptor agonists, CD302, CD163 and other inflammatory mediators such as platelet-derived growth factor (PDGF), fibronectin 1 and arginase 1 (Arg1), etc. (84).


 3.2.3 Activation of microglia and activation, recruitment and polarization of blood-derived macrophages after IS

After IS, intracerebral microglia are rapidly activated within minutes of injury (85), while disruption of BBB integrity allows macrophages to infiltrate the injury site (86, 87). Cerebral ischemia results in dramatic changes in the morphology, density, and function of branched microglia, including processes such as cell body enlargement, debranching, and cell wall thickening. It eventually becomes “amebic”, produces inflammatory proteins, and undergoes changes in proliferation, migration, and phagocytosis (88). Because microglia and blood-migrating macrophages are morphologically indistinguishable and perform similar functions, they are represented as microglia/macrophages in many studies. The current single-cell transcriptomic sequencing also found that the two have similar phenotypes (89). Activated microglia/macrophages have been found to produce a variety of mediators, including iNOS (90), inflammatory cytokines (such as TNF-α, IL-1β, TGF-β, IL-10) (86), nerve growth and trophic factors (such as IGF-1, bFGF, PDGF, BDNF) (91).

Many surface receptors involved in regulating the activation and function of microglia/macrophages have been found: (1) TLRs: TLRs represent a series of pattern-recognition transmembrane receptors that recognize relevant molecular patterns on the surface of pathogens. It is an essential component of the innate immune response of microglia and induces microglia to produce neurotoxic factors that contribute to the microglia response to neuronal damage (92, 93). Studies have found that stimulation of TLR2 and TLR4 activates microglia, produces pro-inflammatory cytokines, and exacerbates brain damage after focal cerebral ischemia (94–99). Knockdown of TLR2 or TLR4 reduces the production of TNF-α, iNOS and cyclooxygenase-2 (COX-2), contributing to smaller cerebral infarct volume (100, 101). (2) Purinergic receptors: Purinergic receptors consist of P1 adenosine receptors and P2ATP receptors (102). Among P1 adenosine receptors, A2A receptors are upregulated in microglia after focal cerebral ischemia and are involved in the control of microglial proliferation and BDNF release induced by LPS stimulation (103). The use of A2A receptor antagonists attenuates ischemia-induced brain damage (104). P2ATP receptors are composed of P2X and P2Y receptors, each containing distinct subunit subtypes (105, 106). Among them, the P2X7 receptor mediates microglia activation after ischemic stroke (107, 108). P2X7 receptor activation induces microglia to release proinflammatory cytokines such as TNF-α, IL-1β, NO, CXCL2 and CCL (109, 110). In addition, P2Y12 is another purinoceptor expressed on microglia, and P2Y12 is down-regulated upon activation of microglia. The accumulation of microglia in the infarcted area was reduced after knockout of the P2Y12 receptor, while attenuating neuronal death following cerebral ischemia in mice (80). (3) CCR2: CCR2 is present in almost all immune cells and highly inflammatory mononuclear MPs (111). However, under normal conditions, CCR2 is poorly expressed in brain microglia (102, 112). CCR2 and its ligand monocyte chemoattractant protein-1 (MCP-1) are upregulated in microglia and migrating macrophages after ischemic stroke (113). Activation of CCR2 enhances cerebral inflammatory responses and significantly increases the volume of cerebral infarcts (114). Deletion of CCR2 in mice reduces blood immune cell recruitment, but does not affect microglia activation after transient MCAO (115). Thus, CCR2 appears to be critical for blood immune cell recruitment, but has little effect on microglia activation after focal cerebral ischemia. (4) Receptor for advanced glycation end products (RAGE): RAGE is another receptor that mediates the activation of microglia/macrophages and plays an important role in the inflammatory response of many diseases (116, 117). In IS patients, RAGE is upregulated in brain and plasma (117, 118). In vitro studies have shown that the interaction between RAGE and its ligand high mobility group box 1 (HMGB1) is critical for neuronal death induced by microglia activation (119).


 3.2.4 Molecular mechanisms of signaling pathway transduction of M1 and M2 polarization under IS

Microglia/macrophages are activated and polarized upon an ischemic injury, and the degree of polarization changes with pathophysiological conditions (102, 120, 121). Different phenotypes of microglia/macrophages can differentially regulate dying cells after brain injury, possibly aggravating neuronal death or promoting damaged tissue repair (122, 123). Among them, iNOS, IL-1β, IL-6, TNF-α, etc. can be used as molecular markers of M1-type microglia/macrophages. IL-10, IL-4, TGF-β, CD206, Ym1, etc. can be used as molecular markers of M2-type microglia/macrophages. Studies on the progression of IS over time found that on day 1, the M2 phenotype marker Ym1 was highly upregulated in border regions, which induces an M2-type response that provides a protective function for the damaged brain; on day 7, it performs a phagocytic function (124). Further studies showed that M1/M2 microglia participate in different stages of IS. Among them, M2 type mainly appeared in the early stage of cerebral ischemia, appeared 1 to 3 days after ischemia, rose to the highest peak in 3 to 5 days, and returned to the low level before injury on the 14th day. Then it gradually transformed into M1 type on the 3rd day, and maintained a high level for 14 days after ischemia (31). In addition, microglia/macrophages are susceptible to ischemia-induced injury, which may be related to the purinoceptors P2X4 and P2X7, resulting in reduced numbers and suppressed activity of microglia/macrophages in the ischemic core (125, 126). Thus, low levels of microglia/macrophages in the ischemic core and high proportions of M1 and M2 phenotype cells in the peri-infarct area may contribute to the pathological process of ischemic injury.

The signaling molecules associated with M1 phenotype polarization mainly include the following: (1) NF-κB: NF-κB is a traditional transcription factor that is activated by LPS and regulates the expression of most M1 phenotype marker genes. Substantial evidence suggests that the NF-κB signaling cascade adversely affects cerebral ischemia because of its role in regulating pro-inflammatory mediators, including IL-1, IL-2, IL-6, IL-12, TNF-α, iNOS and cyclooxygenase-2 (COX-2) (127, 128). In addition, NF-κB regulates the expression and activation of MMPs, leading to leakage of the BBB and exacerbating the inflammatory response (129, 130). (2) Notch signaling: Notch signaling in response to LPS activation enhances IFN-γ production by co-recruiting p50 and c-Rel (131, 132). Notch signaling exacerbates ischemic brain injury by prolonging NF-κB activation with concomitant persistent inflammation and enhancing microglia/macrophage-induced neurotoxicity (131, 133). (3) Signal transducers and activators of transcription (STAT1 and STAT3): STAT1 and STAT3 can increase the expression of NF-κB/p65 (134). Inhibition of the activation of STAT1 and STAT3 attenuates the inflammatory response induced by cerebral ischemia while improving infarct volume (135, 136). (4) Glycogen synthase kinase-3β (GSK-3β): Cerebral ischemia-induced dephosphorylation and activation of GSK-3β reduces cAMP response element-binding protein (CREB) activity while enhancing NF-κB signaling to initiate pro-inflammatory capacity (137, 138). (5) Prostaglandin E2 (PGE2): PGE2 is the main product of cyclooxygenase and prostaglandin E synthase, and is considered to be a typical pro-inflammatory mediator in the brain. PGE2 activates its downstream signaling pathways through the G protein-coupled E-prostaglandin (EP) receptors EP1-EP4 (139). The EP1 receptor is expressed in microglia, and EP1 deletion inhibits microglial activity and phagocytosis. Although EP2 is expressed in neurons and not in microglia, loss of EP2 results in increased activation of M1-type microglia, suggesting that EP2 mediates the interaction between neurons and microglia (140, 141). (6) mTORC1: mTORC1 is a protein complex downstream of the PI3K-AKt pathway, and is one of the participants in the dysregulation after ischemia and OGD. Maria J et al. (142) showed that blocking mTORC1 can reduce lesion size, improve motor function, significantly reduce the production of pro-inflammatory cytokines and chemokines, and reduce the number of M1-type microglia. Thus, mTORC1 blockade attenuates behavioral deficits and post-stroke inflammation after MCAO by preventing the polarization of microglia towards the M1 type. (7) Related microRNAs: Recent studies have also identified the role of microRNAs (miRNAs) in microglial polarization (143). Current studies have shown that miRNAs involved in the positive regulation of microglial activation and M1 transformation after IS include: miR-689, miR-124, miR-155, miRNAlet-7c-5p, miRNA-200b, MiR-377, etc. These may be related to pro-inflammatory pathways and M1-type polarization (144, 145).

The signaling molecules associated with M2 phenotype polarization mainly include the following: (1) Peroxisome proliferator-activated receptor γ (PPARγ): In the inflammatory response, PPARγ can inhibit the inflammatory response by competitively inhibiting the inflammatory signaling pathway and the generation of inflammatory mediators. Among them, the crosstalk between Notch and NF-κB signaling pathway can inhibit the expression of PPARγ, which will decrease the expression of PPARγ after stroke, thereby aggravating the inflammatory response (146, 147). (2) cAMP response element binding protein (CREB): CREB cooperates with C/EBPβ and amplifies the expression of M2 phenotype-specific genes such as IL-10 and Arg1, promoting tissue repair (148), while the expression of M1 phenotype genes encoding pro-inflammatory molecules is also regulated by C/EBPβ (149). The dual role of C/EBPβ in regulating gene expression of M1 and M2 phenotypes may result from the competition between CREB and NF-κB for binding to C/EBP (148, 150). (3) Interferon regulatory factor-3 (IRF-3): In response to TLR activation, PI3K/Akt signaling initiates phosphorylated IRF-3. Activated IRF-3 translocates into the nucleus and drives polarization of the M2 phenotype by interacting with CREB-binding protein (CBP) (151, 152). (4) Related microRNAs: Current studies have shown that miR-124, miR-711, miR-145, miRNA203 and miRNA27a, which are involved in the positive regulation of microglial activation and M2 transformation after ischemic stroke, may be involved in the regulation of anti-inflammatory pathways and M2-type polarization (144, 145). Among them, miR-146a can not only inhibit the LPS-induced M1-type polarization of microglia, but also promote the M2-type polarization of microglia (145).



 3.3 Regulation of cellular interactions between microglia/macrophages, neurons, and other immune-inflammatory cells after IS

 3.3.1 The effect of the interactive regulation of microglia/macrophages and neurons on brain injury after IS

After IS, a large number of nerve cells die due to reduced blood flow and insufficient supply of glucose and oxygen. Dying neuronal cells release injury-associated ligands and excitotoxic glutamate to promote microglia/macrophage activation (153), thereby exacerbating neuronal damage (154). However, ischemia-induced neuronal injury can release IL-4, which can enhance the expression of IL-4 receptors in microglia/macrophages and promote microglia/macrophage polarization to the M2 phenotype. IL-4-activated PPARγ enhances the phagocytosis of apoptotic neurons by microglia/macrophages (155). The release of glutamate enables neurons to secrete soluble fractalkine (sFKN), which enhances the ability of microglia/macrophages to clear neuronal debris (156). These studies suggest that damaged neurons can promote microglia/macrophage protection to help neurons survive ischemic conditions (154, 157–159). Microglia/macrophages play a beneficial role in tissue remodeling and regeneration after IS by eliminating dead or dying neurons (160). A study of the infiltration of microglia and macrophages in the brain of chimeric mice found that microglia in the brain could phagocytose neuronal debris as early as day 1, and reached a peak on day 2, while infiltrating macrophages began to clear neuronal debris on day 4 after MCAO. They found that microglia in the brain are more sensitive and important in defense against ischemia by eliminating dead neurons (115).


 3.3.2 The effect of interaction between microglia/macrophages and astrocytes on brain injury after IS

Microglia and astrocytes play important roles in the innate immune environment of the brain. In two-photon microscopy-based time-lapse imaging recordings, it was found that microglia directly contact astrocytes by extending their branches toward the astrocytes (161). When the brain microenvironment is disrupted, microglia/macrophages and astrocytes play important roles in various pathological states such as IS (162–164). Among them, modulators such as IL-1β, TNF-α, TGF-β, adenosine, ATP and glutamate contribute to functional communication between microglia/macrophages and astrocytes (165–168), which is critical for immune responses in the brain (163). In the CNS, astrocytes mainly secrete cytokines such as IL-6, IL-1β, and IL-10. In addition, astrocytes secrete many chemokines, such as CCL2, CXCL1, CXCL10, and CXCL12, etc., and several chemokines have been found to be involved in microglial activation and polarization, as well as M1 and M2 phenotype switching. In vitro studies found that CCL2 released by primary astrocytes contributed to the polarization of M1-type microglia. The proinflammatory mediator lysophosphatidylcholine (LPC) produced by neurons and astrocytes after IS stimulates microglia/macrophages to upregulate the mRNA expression of Mcp-1 and Ccr2, which is involved in mediating the inflammatory response after cerebral ischemia (113). Therefore, there is a complex communication between microglia/macrophages and astrocytes.


 3.3.3 The effect of the interaction between microglia/macrophages and T cells on brain injury after IS

After cerebral ischemia, T cells activate and infiltrate into brain tissue, release cytokines and ROS, and induce brain injury by inducing early inflammatory response (169). However, some T cell subtypes have protective effects on brain cells in the early stage of cerebral ischemia. Existing evidence shows that T cells also play an important role in the repair and regeneration of brain tissue in the late stage of stroke (170). T cells include a variety of functional subsets, mainly pro-inflammatory Th1 and Th17 subsets and anti-inflammatory Th2 and Treg subsets. Different T cell subsets play different roles in ischemic brain injury (171). Among them, Th1 can secrete pro-inflammatory cytokines IL-2, IL-12, INF-γ and TNF-α, and play an important role in IS; while Th2 can exert neuroprotective effects by secreting anti-inflammatory cytokines IL-4, IL-10, IL-5 and IL-13 (172). Th17 mainly secretes IL-17, which can promote the occurrence of inflammation (172). IL-10 secreted by Treg is also an important brain protective mediator, which exerts neuroprotective effects mainly by inhibiting the secretion of pro-inflammatory cytokines TNF-α and INF-γ. Treg inhibits secondary infarct enlargement by inhibiting the production of pro-inflammatory cytokines, regulating lymphocyte activation and/or human invasion of ischemic brain tissue (172, 173). After IS, activated microglia and secreted cytokines promote the differentiation of T cells into different functional subsets (6). Among them, M1-type microglia promote the proliferation and differentiation of Th1, while M2-type microglia induce the production of Treg with strong inhibitory function. The interaction between them exerts pro-inflammatory and anti-inflammatory effects, respectively, after stroke, thereby inhibiting the occurrence of the disease or promoting the recovery of the disease (174). Immunofluorescence double-staining of IS brain tissue found that there was a certain interaction between microglia and T cells, indicating that T cells also had a certain regulatory effect on the mutual transformation of M1/M2 microglia (175, 176).

(1) Interaction between M1-type microglia and Th1/Th17: After ischemia, M1-type microglia can produce pro-inflammatory cytokines leading to BBB disruption (177). Both Th1 and M1 microglia can produce pro-inflammatory cytokines, and iNOS is closely related to inflammatory cells. Cerebral ischemia can induce the up-regulation of iNOS mRNA and protein expression in inflammatory cells, enhance iNOS activity, and promote the production of NO, which can further generate peroxynitrite, thereby aggravating brain damage (178, 179). Studies have shown that Th1 can produce IFN-γ and promote the transformation of microglia into M1 type, thereby aggravating secondary ischemic injury (180). In addition, M1-type microglia can induce Th1 to secrete pro-inflammatory cytokines IL-12 and TNF-α (181–183), and the chemokines (CXCL9, CXCL10) they express can mobilize Th1 to participate in the inflammatory response. Therefore, Th1 and M1-type microglia interact after cerebral ischemia, and can simultaneously promote inflammatory response and aggravate brain injury. IL-17 secreted by Th17 is a powerful pro-inflammatory cytokine that induces the expression of other pro-inflammatory cytokines (such as IL-6 and TNF-α), chemokines, and MMPs, causing inflammatory cell infiltration and tissue destruction. Meanwhile, M1-type microglia induce Th17 differentiation by secreting IL6 and IL-23, which together promote immune response (181–183). Therefore, M1-type microglia and Th17 act as pro-inflammatory effects of brain injury after cerebral ischemia.

(2) Interaction between M2-type microglia and Th2/Treg: After cerebral ischemia, the expression of inflammatory mediators is up-regulated, which induces the accumulation of microglia to the injured area and breaks the dynamic balance between M1 and M2 types. The anti-inflammatory cytokines IL4 and IL-10 secreted by Th2 can further promote the polarization of microglia to M2 type (184, 185). This indicates that there is an interaction between M2-type microglia and Th2 cells, which together play an anti-inflammatory role after cerebral ischemia (186). After cerebral ischemia, Treg inhibits the activation of microglia and reduces the inflammatory response in the brain by secreting IL-10 and TGF-β (187). In addition, Treg cell-derived osteopontin acts through integrin receptors on microglia to enhance the repair activity of microglia, thereby promoting oligodendrogliosis and white matter repair (188). Treg can induce the polarization of microglia to M2 type through the IL-10/GSK3 β/PTEN signaling pathway, thereby reducing the inflammatory injury caused by cerebral hemorrhage (189–191). Treg regulates the expression of other cytokines and inhibits the activation of microglia by releasing IL-10 in the late stage of cerebral infarction. In addition, studies on amyotrophic lateral sclerosis show that Treg can promote the transformation of microglia to M2 type. This suggests that Treg can change its effect from neurotoxicity to neuroprotection without changing the number of microglia (189). After cerebral ischemia, Treg can reduce infarct volume and improve neurological function by reducing T cell infiltration, reducing microglia/monocyte activation, or promoting M2-type polarization of microglia (187). The key inflammatory responses after ischemic stroke are summarized in  Figure 1 .

 

Figure 1 | Summary of key inflammatory responses after ischemic stroke (BBB, blood brain barrier; IRF, interferon regulatory factor; STAT, signal transducer and activator of transcription; NF-κB, nuclear factor-κB; IFN, Interferon; NMDA, N-methyl-D-aspartate receptor; MAMPs, Metabolism-related molecular patterns; LPS, Lipopolysaccharide; GM-CSF, granulocyte-macrophage colony stimulating factor). 






 4 Modulatory effects of natural botanical components on microglia-mediated immune inflammation in IS

 4.1 Natural botanical component monomer

 4.1.1 Polyphenols and phenols

(1) Gastrodin: Gastrodin is an organic compound extracted from the dried roots of Gastrodia elata Bl (192). Gastrodin has a good sedative and sleeping effect on neurasthenia, insomnia, headache symptoms have eased. Gastrodia elata Bl. Is able to treat pain, dizziness, limb numbness, and convulsions. Clinically, Gastrodia elata Bl. is generally used to treat vertebrobasilar insufficiency, vestibular neuritis and vertigo (193). Gastrodin is one of the main effective monomer components of Gastrodia elata Bl. It is currently widely used in clinical applications, and can exert neuroprotective effects in neurological diseases through multiple pathways such as anti-oxidative stress, anti-neuroinflammatory response, regulation of neurotransmitters, regulation of neural remodeling, anti-apoptosis and anti-autophagy. The study found that gastrodin pretreatment can significantly improve the neurological function of MCAO rats after 72h of reperfusion, and reduce the volume of cerebral infarction and BBB permeability. Gastrodin at 100 mg/kg in vivo and 40 μmol/L in vitro can inhibit microglia MMP2, MMP9 and AQP4, and increase ZO-1 expression, thereby exerting its protective effect on ischemia-reperfusion injury in MCAO and OGD/R models. In addition, OGD/R and MCAO can significantly increase the expression of SOX4 in microglia in vitro and in vivo, and pretreatment with gastrodin can inhibit the trend of increasing SOX4. Overexpression of SOX4 could reverse the effects of gastrodin on MMP2, MMP9, AQP4, and ZO-1 in OGD/R microglia, suggesting that gastrodin could regulate MMP2, MMP9, AQP4, and ZO-1 through SOX4 to exert neuroprotective effects (194).

(2) Malibatol A: Malibatol A is a natural resveratrol oligomer purified from the leaves of serrata with antioxidant activity. Yang et al. (195) found that Malibatol A improved mitochondrial dysfunction induced by middle cerebral artery occlusion. Pan et al. (196) found that Malibatol A significantly reduced the infarct size of mice with MCAO and improve neurological function. Weng et al. (197) found that Malibatol A can attenuate OGD/R-induced BV2 cell damage and promote M2 microglial polarization, which may be related to the inhibition of mammalian Ste20-like kinase 1 phosphorylation.

(3) Resveratrol: Resveratrol, a non-flavonoid polyphenolic organic compound, is an antitoxin produced by many plants when stimulated, with a chemical formula of C14H12O3. It can be synthesized in grape leaves and grape skins and is a bioactive component in wine and grape juice (198). In vitro and animal experiments have shown that resveratrol has anti-oxidation, anti-inflammatory, inhibition of platelet formation, blood clot adhesion to the vascular wall, anti-cancer and cardiovascular protection (199–201). Resveratrol reduces glial cell activation and prevents delayed neuronal cell death in MCAO rats (202). In addition, resveratrol may protect cranial nerves by reducing the production of inflammatory mediators such as IL-1β, TNF-α and ROS in the ischemic cortex, possibly mediated by attenuating the activation of microglia (203).

(4) 6-Shogaol: 6-shogaol, an active substance isolated from ginger, has a variety of biological activities, including anticancer, anti-inflammatory and antioxidant. For example, 6-shogaol reduced diethylnitrosamine (DEN)-mediated elevation of serum aspartate aminotransferase and alanine aminotransferase and DEN-induced hepatic lipid peroxidation. The induction of Nrf2 and HO-1 by 6-shogaol was also confirmed in mice. 6-shogaol also restores the decreased activity of DEN and the protein expression of liver antioxidant enzymes such as superoxide dismutase, glutathione peroxidase and catalase in mice (204–206). 6-Shogaol also reduces inflammatory biomarkers levels in LPS-activated microglia and neuroinflammation in the brain. It also attenuates iNOS, NO, COX-2, PGE2, TNF-α and IL-1β production by downregulating MAPK (p38, JNK and ERK)/NF-κB signaling. The inhibition of microglial activation and inflammatory mediators by 6-Shogaol contributes to its neuroprotective effect (207).

(5) 6-Paradoll: 6-Paradoll reduces tMCAO-induced cerebral infarction, neurological deficit, and the inflammatory cascade in the ischemic brain, which is mainly mediated by inhibition of microglia/macrophage activation (208).

(6) Honokiol: Honokiol is derived from the bark, root bark and branches of Magnolia officinalis Rehd. et Wils. or M. officinalis Rehd. et Wils. var. biloba Rehd. et Wils (209). Honokiol has obvious and long-lasting central muscle relaxation, central nervous system inhibition, anti-inflammatory, antibacterial, anti-pathogenic microorganisms, anti-ulcer, antioxidant, anti-aging, anti-tumor, cholesterol-lowering and other pharmacological effects. It is used to treat acute enteritis, bacterial or amoebic dysentery, chronic gastritis, etc. (210, 211). Honokiol inhibits inflammatory biomarkers in the ischemic brain, including NF-κB transcriptional activation, NO, and TNF-α production (212), which are mainly produced by activated glial cells and infiltrating macrophages.

(7) Indole-3-propionic acid: Indole-3-propionic acid treatment not only inhibited glial (astrocyte and microglia) activation in the ischemic brain, but also reduced lipid peroxidation, neuronal DNA damage. Its neuroprotective efficacy is mainly related to the fight against glial cell activation (213).

(8) Paeonol: Paeonol is a monomer extracted from the dried roots of Paeonia suffruticosa Andr. or Cynanchum paniculatum (Bge.) Kitag., which has various pharmacological effects (214). Paeonol has the effect of treating cardiovascular and cerebrovascular diseases, such as lipid-lowering and anti-atherosclerosis, vasodilation and blood pressure lowering, anti-arrhythmia, anti-cerebral ischemia-reperfusion injury and neuroprotection. It also has anti-hepatic injury and liver fibrosis, anti-inflammatory, antibacterial activity, anti-inflammatory activity, antioxidant activity and anti-tumor activity (215–217). Paeonol also decreased IL-1β immunoreactive cell numbers and microglia/macrophage activation in the ischemic brain (218).

(9) Epigallocatechin gallate: Epigallocatechin gallate is a component extracted from green tea. It is the main active and water-soluble component of green tea and is a component of catechins (219). Catechins are mainly divided into four categories: epicatechin, epigallocatechin, epicatechin gallate, epigallocatechin gallate (220). Epigallocatechin gallate has the activity of protecting dopaminergic neurons, inhibiting inflammation, inhibiting oxidative stress, anti-oxidation, protecting nervous system, anti-tumor and protecting cardiovascular and cerebrovascular (221, 222). Epigallocatechin gallate reduces infarct volume by reducing microglia/macrophage activation (223).

(10) Theaflavins: Theaflavins generally refers to tea yellow pigment, is a golden yellow pigment in black tea, is the product of tea fermentation. In biochemistry, tea yellow pigment is a class of polyphenols hydroxyl benzophenone structure of the material, with inhibition of inflammation, anti-oxidative stress and the neuroprotective effect (224–226). Theaflavins reduce infarct and edema volume by reducing microglial inflammatory mediators such as COX-2, iNOS, and ICAM-1 in the damaged brain (227).

(11) Propofol: Propofol reduces infarct volume and improves neurological function by reducing microglia/macrophage CD68 and Emr1 levels and inhibiting proinflammatory cytokines including TNF-α, IL-6, and IL-1β. Inhibition of microglial proinflammatory cytokine production during propofol-mediated MCAO contributes to neuroprotection against IS (228).

(12) Probucol: The neuroprotective effect of probucol is related to its anti-inflammatory effect in microglia. It downregulates NF-κB, MAPKs and AP-1 signaling pathways in LPS-activated microglia to reduce inflammatory mediators such as NO, PGE2, IL-1β and IL-6. It also reduces iNOS, COX-2, IL-1 and IL-6 in the brains of MCAO mice (229).


 4.1.2 Anthraquinones

(1) Emodin: Emodin, an active ingredient extracted from the Rheum palmatum L., has a wide range of pharmacological properties, including anticancer, hepatoprotective, anti-inflammatory, antioxidant and antibacterial activities (230). Previous studies have shown that (231, 232) emodin has neuroprotective effects, antagonizes CIRI, and prevents the formation of atherosclerotic plaques. However, its neuroprotective mechanism remains unclear. Cai et al. found that emodin may play a role in brain protection by inhibiting the activation of microglia and the release of inflammatory factors mediated by the TLR4/NF-κB pathway (233).

(2) Chrysophanol: Zhang et al. found that Iba-1 positive cells in the cerebral ischemic penumbra of MCAO model rats increased significantly, and were amoeba-shaped or round; the neurological deficit score, the percentage of cerebral infarction and the relative expression of Notch-1, TNF-α and ICAM-1 proteins in the ischemic penumbra were significantly increased (234). However, after chrysophanol intervention, Iba-1-positive cells in the cerebral ischemic penumbra were reduced; the neurological deficit score, the percentage of cerebral infarction and the relative expression of Notch-1, TNF-α and ICAM-1 proteins in the ischemic penumbra were significantly decreased (234). This suggests that chrysophanol has a certain cerebral protective effect on cerebral ischemia injury model rats, and can reduce its nerve damage, and its mechanism may be related to the inhibition of Notch signaling pathway-mediated activation of microglia and the expression of inflammatory factors. In addition, some studies have used a neuroinflammation model of LPS-induced microglial activation, and found that chrysophanol can inhibit LPS-induced microglial inflammatory response and promote the transformation of microglial M1 type to M2 type. The mechanism may be related to down-regulation of TLR4/NF-κB signaling pathway (235).


 4.1.3 Terpenes and alkaloids

(1) Astragaloside IV: Astragaloside IV is an organic compound with a chemical formula of C41H68O14. It is a white crystalline powder and is extracted from the herbal medicine Astragali radix. The main active ingredients in Astragali radix are astragalus polysaccharides, astragalussaponins and isoflavones. Astragaloside IV is mainly used as a quality control standard to evaluate the quality of Astragali radix (236, 237). Studies have shown that astragaloside IV can reduce cerebral infarct volume, down-regulate the M1-type microglia/macrophage markers CD86, iNOS, TNF-α, IL-1β and IL-6 mRNA, and up-regulate the M2-type microglia/macrophage markers CD206, Arg-1, YM1/2, IL-10 and TGF-β mRNAs. Astragaloside IV can also reduce the number of CD16/32+/Iba1+ cells and increase the number of CD206+/Iba1+ cells in the ischemic area of the brain. This suggests that astragaloside IV has a protective effect on cerebral ischemia injury in rats, which may be related to promoting the transformation of microglia/macrophages from M1 type to M2 type and inhibiting the inflammatory response (238). In addition, studies have shown that astragaloside IV can inhibit IFN-γ-induced activation of microglia. This is related to inhibiting the activation of STAT1/IκB/NF-κB signaling pathway, reducing the gene expression of IL-1β, TNF-α and iNOS in microglia under inflammatory state, thereby reducing the production of NO and TNF-α (239).

(2) Cycloastragenol: Cycloastragenol is directly extracted from the dried roots of Astragalus membranaceus (Fisch.) Bge.var.mongholicus (Bge.) Hsiao or Astragalus membranaceus (Fisch.) Bge., or obtained by hydrolysis of Astragaloside IV (240, 241). It has oral safety, a wide range of pharmacological effects, anti-oxidation, anti-inflammatory, anti-aging, anti-apoptosis and cardiovascular protection (242, 243). Li et al. found that Cycloastragenol dose-dependently reduced cerebral infarct volume, significantly ameliorated functional deficits, and prevented neuronal cell loss in MCAO mice. Meanwhile, Cycloastragenol significantly reduced the activity of MMP9, prevented the degradation of tight junctions, and subsequently ameliorated the disruption of the BBB. Furthermore, Cycloastragenol significantly upregulated the expression of SIRT1 in the ischemic brain, but did not directly activate its enzymatic activity. Concomitant with SIRT1 upregulation, Cycloastragenol reduces p53 acetylation and Bax to Bcl-2 ratio in the ischemic brain. Cycloastragenol also inhibits NF-κB p65 nuclear translocation. In summary, Cycloastragenol inhibits the expression of proinflammatory cytokines including TNF-α and IL-1β mRNA and inhibits the activation of microglia and astrocytes in the ischemic brain (243).

(3) Triptolide: Tripterygium is derived from the root bark of the traditional Chinese medicine Tripterygium wilfordii, which has anti-inflammatory, antioxidant and anti-cancer effects. Triptolide has been used in the treatment of various diseases, such as tumors [colorectal cancer (244), hepatocellular carcinoma (245)], autoimmune-related diseases [rheumatoid arthritis (246)], obesity (247), etc. Triptolide exerts anti-inflammatory and neuroprotective effects on cerebral ischemia rats through the nuclear factor-KB signaling pathway (248). Jiang et al. found that triptolide reduced neuronal apoptosis and inflammatory factor expression in rats with cerebral ischemia through IL-33/growth-stimulating expression gene 2 protein-mediated polarization of M2 microglia, thereby reducing cerebral infarct volume (249).

(4) Artesunate: Artesunate is a derivative of artemisinin with high water solubility and can pass through the BBB for the treatment of cerebral and other types of severe malaria (250). Artesunate can also maintain a high concentration in the nervous system, showing high efficiency and low toxicity (251–254). Studies have shown that artesunate may exert multiple functions, including anti-inflammatory, immunomodulatory, BBB protection, antibacterial and antitumor effects (253, 254). Studies have shown that the anti-inflammatory effects of artesunate are mediated by NF-κB and inflammatory cytokine inhibition. Lai et al. found that artesunate could alleviate liver fibrosis and inflammation by inhibiting the LPS/TLR4/NF-κB pathway (255). Okorji and Olajide found that artesunate reduced proinflammatory cytokine production by inhibiting the p38 MAPK-NF-κB signaling pathway in activated BV2 microglia (256). Artesunate also exerts a protective effect in CIRI and inhibits the expression of TNF-α and IL-1β (257). Liu et al. found that artesunate significantly improved neurological deficit score and infarct volume, and improved inflammation by reducing neutrophil infiltration, inhibiting microglial activation, and downregulating the expression of TNF-α and IL-1β. In addition, artesunate inhibits nuclear translocation of NF-κB and inhibits protein α proteolysis. In summary, artesunate may protect against inflammatory injury by reducing neutrophil infiltration and microglial activation, inhibiting inflammatory cytokines and inhibiting NF-κB pathway. Therefore, artesunate is a potential IS treatment drug (258).

(5) Neo-Minophagen C: Glycyrrhizin is derived from the glycosides of Glycyrrhizae radix et rhizoma, among which Neo-Minophagen C has anti-inflammatory effect, immunomodulatory effect, inhibitory effect on experimental liver cell injury, inhibition of virus proliferation and inactivation of virus (259, 260). Neo-Minophagen C reduces infarct volume and improves motor function and neurological deficits. The neuroprotective effect of Neo-Minophagen C is mediated by reducing neutrophil infiltration and microglial activation after ischemia. Neo-Minophagen C reduces inflammatory mediators and pro-inflammatory cytokines in LPS-activated microglia. Inhibition of microglial activation and inflammatory mediators contributes to the neuroprotective effect of neophage C after cerebral ischemia (261).

(6) Hyperforin: Hyperforin, as an active ingredient of Hypericum perforatum L, is used to alleviate mild to moderate depression and has a significant antidepressant effect (262). Further studies have shown that hyperforin has good anti-inflammatory, anti-tumor and neuroprotective effects (263, 264). Hyperforin reduces infarct size and improves nerve damage by inhibiting inflammatory microglial activation and promoting microglial polarization towards an anti-inflammatory M2 phenotype in the peri-infarct striatum (265).

(7) Ilexonin A: Ilexonin A is a water-soluble compound, 3-succinyl-18-dehydroursolic acid disodium salt, prepared by succinylation of 18-dehydroursolic acid isolated from the rhizome or root bark of Ilex pubescens Hook.et Arn (266). Ilexonin A is an antithrombotic drug whose chemical structure is different from the currently known antiplatelet aggregation drugs. Ilexonin A is effective in the treatment of ischemic cerebrovascular disease, coronary heart disease, central retinal choroiditis, peripheral vascular disease, etc., especially for the treatment of acute ischemic cerebrovascular disease (267, 268). Meanwhile, Ilexonin A reduces inflammatory microglial activation in the ischemic brain. Its neuroprotective effects may be related to neuronal regeneration, inhibition of microglial activation and increased angiogenesis (269).

(8) Huperzine A: Huperzine A is an alkaloid extracted from Huperzinaserrata (Thumb.) Trev. It is a potent cholinesterase reversible inhibitor. Its characteristics are similar to neostigmine, but the duration of action is longer than the latter (270, 271). Huperzine A can effectively prevent brain neurasthenia in middle-aged and elderly people, restore brain nerve function, and activate brain nerve transmission substances (272). Huperzine A may inhibit NF-κB activity and pro-inflammatory mediator production in the cerebral cortex and striatum of MCAO rats. It reduces neurological deficits and glial cell activation after ischemic injury mainly through its anti-inflammatory effect in the post-ischemic brain (232). Huperzine A can also down-regulate MAPK signaling, especially JNK and p38, to reduce the level of the inflammatory factor TNF-α. Huperzine A exerts neuroprotection against 2-VO-induced cognitive impairment by promoting an anti-inflammatory response in the brain (273).

(9) Berberine: Berberine, a quaternary ammonium alkaloid isolated from COPTIDIS RHIZOMA, is the main active ingredient in COPTIDIS RHIZOMA for antimicrobial activity. Studies have shown that berberine regulates immune and inflammatory mechanisms (274, 275). Berberine also improves ischemia-induced short-term memory impairment by reducing neuronal apoptosis, microglial activation and oxidative stress. Berberine exerts neuroprotective effects against ischemic injury by increasing the activation of the PI3K/Akt pathway through its phosphorylation in the hippocampus of ischemic gerbils (276).

(10) Sinomenine: Sinomenine is the main active ingredient isolated from Sinomenium acutum (Thunb.) Rehd.et Wils (277), which is a kind of morpholine alkaloids, molecular formula is C19H23NO4. It has anti-inflammatory, antihypertensive, analgesic, anti-arrhythmic and other pharmacological activities, and also plays an important role in the treatment of chronic nephritis, anti-oxidation, anti-tumor, detoxification and so on (278, 279). Sinomenine also reduces glial cell activation by inhibiting the NLRP3-ASC-Caspase-1 inflammasome in mixed glial cultures exposed to OGD as well as in MCAO mice. Sinomenine also reduces OGD-induced K phosphorylation in A macrophages in vitro. The inhibition of NLRP3 and A-macrophage K activation in activated glial cells by sinomenine is a key cellular mechanism for its neuroprotective effect against stroke (280).


 4.1.4 Flavonoids

(1) Icariin: Icariin is the main active ingredient of Epimedii folium, which is an 8-prenyl flavonoid glycoside compound (281). Icariin can increase cardiovascular and cerebrovascular blood flow, inhibit inflammation, resist oxidative stress, regulate immunity, promote hematopoietic function, immune function and bone metabolism, and also has the effects of tonifying kidney and strengthening yang, anti-aging and so on (282–284). Tang et al. found that after icariin treatment, the neurological function score and cerebral infarction rate of MCAO model rats were improved, the activation of Iba1 and TLR4 in microglia decreased, the NF-κB p65 protein level decreased, and the content of inflammatory factors IL-1α and TNF-α decreased significantly. This suggests that icariin may play a role in brain protection by regulating the activation of microglia, inhibiting the activation of TLR4 and its downstream NF-κB signaling pathway, and reducing the expression of related inflammatory factors IL-1α and TNF-α (285).

(2) Eupatilin: Eupatilin, a lipophilic flavonoid isolated from ARTEMISIAE ARGYI FOLIUM, is a PPARα agonist with anti-apoptotic, anti-oxidant and anti-inflammatory effects (286–288). Eupatilin may inhibit pro-inflammatory mediators including nitrite, PGE2, TNF-α and IL-6 in activated microglia in vitro and in vivo to combat focal cerebral ischemia. In the post-ischemic brain of mice challenged with tMCAO, eupatin significantly improved neurological function and reduced cerebral infarction. It also significantly reduced Iba1-immunopositive cells, microglia/macrophage proliferation, NF-κB signaling, IKKα/β phosphorylation, IκBα phosphorylation, and IκBα degradation in the tMCAO-attacked brain. This suggests its powerful effect on counteracting the inflammatory response of microglia/macrophages in the ischemic brain (289).

(3) Heptamethoxyflavonoids: Heptamethoxyflavone protects neuronal cells from ischemia-induced injury by increasing BDNF production, CaMK II phosphorylation, and reducing microglia/macrophage activation (290).

(4) Wogonin: Wogonin is a flavonoid extracted from the root of Scutellaria baicalensis Georgi (291). Wogonin has attracted attention because of its various pharmacological activities, including antioxidant activity, anti-inflammatory, immune regulation, and cardiovascular protection. It also has neuroprotective effects during cerebral ischemia (292, 293). Wogonin reduces LPS-induced microglial activation by attenuating the production of inflammatory biomarkers, including iNOS, nitrite, IL-1β, TNF-α and NF-κB in microglia. Furthermore, wogonin treatment down-regulated hippocampal neuronal death by reducing inflammatory mediators such as iNOS and TNF-α after systemic ischemia. It also inhibited the level of microglia-specific isolectin B4 staining, suggesting its role in inhibiting microglial activation (294).

(5) Puerarin: Puerarin is the main active ingredient extracted from Pueraria lobata (Willd.) Ohwi (295). It has the effect of protecting cardiovascular and cerebrovascular and nerve cells, and can dilate blood vessels, lower blood pressure, lower blood sugar, anti-tumor, improve immunity, anti-oxidation, anti-inflammatory and regulate bone metabolism (296–298). Puerarin also reduces ischemia-induced COX-2 expression and reduces cerebral infarction in MCAO rats by inhibiting microglia and astrocyte activation (299).

(6) Quercetin: Quercetin is a naturally occurring phytochemical with good biological activity. It mainly exists in vegetables, fruits, tea and wine in the form of glycosides and has a healthy effect (300, 301). The anti-diabetic, anti-hypertensive, anti-Alzheimer’s disease, anti-arthritis, anti-influenza virus, anti-microbial infection, anti-aging, autophagy and cardiovascular protective effects of quercetin have been extensively studied (302–304). Quercetin may reduce neuroinflammation and apoptosis by reducing the expression of iNOS and caspase-3, which is associated with hippocampal neuroprotection after systemic ischemia in rats (299).

(7) Fisetin: Fisetin is a compound extracted from natural plants with pharmacological effects against different pathological processes (305). The concentration of Fisetin in food is 2 ~ 160μg/g. The content of Fisetin in strawberry, apple and persimmon is high, and fisetin is also abundant in various legume trees and shrubs (306). Studies have shown that Fisetin has a certain therapeutic effect on neurological abnormalities, cardiovascular disease, diabetes, obesity, lung disease, immune disease, cancer and other inflammatory diseases (307, 308). Fisetin may reduce the infiltration of macrophages and dendritic cells into the ischemic hemisphere and reduces immune cell activation in the brain, as evidenced by decreased TNF-α levels. Fisetin significantly downregulates inflammation in LPS-activated microglia and macrophages by reducing NF-κB signaling and reducing TNF-α production. This anti-inflammatory effect of Fisetin is associated with reduced neurotoxicity and neuroprotection by activated microglia and macrophages following ischemic injury (309).

(8) Breviscapine: Breviscapine is the extract of Erigeron breviscapus (Vant.) Hand.-Mazz. It is composed of flavonoids, lignans, coumarins, terpenoids, phytosterols and other chemical components (310). Modern pharmacological studies have shown that Breviscapine has a wide range of pharmacological effects, including anti-oxidation, anti-fibrosis, anti-inflammatory, anti-aging, anti-platelet aggregation, reducing blood lipids, increasing blood flow, improving microcirculation, preventing and treating tumors, and anti-brain injury. At present, Breviscapine has been widely used in the treatment of diabetes, cerebral insufficiency, sequelae caused by a cerebral hemorrhage, hyperviscosity, cerebral thrombosis, nephropathy, liver disease, Alzheimer’s disease and other complex diseases (311–313). Breviscapine reduces microglial activation by inhibiting inflammatory biomarkers (such as ROS, NO, and iNOS) in LPS-activated microglia. It also inhibited pro-inflammatory cytokines, especially TNF-α, in the rat brain after ischemia (314). Breviscapine reduces levels of NF-κB, MCP-1 and Notch-1 signaling in vitro and in vivo in animal models of ischemia. It also reduced microglial migration and adhesion. Breviscapine also inhibits the inflammatory microglia/macrophage phenotype through the Notch pathway and contributes to neuroprotection against ischemia/stroke (315).

(9) Chrysin: Chrysin is a flavonoid found in plant species such as Oroxylum indicum (L.) Vent. It is mainly used for intervention in the treatment of hyperlipidemia, cardiovascular and cerebrovascular diseases, anxiety, inflammation, gout, cancer, muscle enhancement, etc. (316–318). Chrysin may reduce the number of activated glial cells, production of pro-inflammatory cytokines, iNOS, COX-2, and NF-κB signaling in the brain after ischemia. Through this anti-inflammatory mechanism, chrysin reduces infarct size and improves neurological deficits (319).

(10) Epicatechin: Epicatechin is a natural plant flavanol compound, chemical formula C15H14O6, with epigallocatechin, catechin gallate, epicatechin gallate, epigallocatechin gallate collectively referred to as catechin compounds (320, 321). Epicatechin and other flavonoids have the effects of anti-oxidation, scavenging free radicals, enhancing metabolism, regulating immunity and anti-tumor (322, 323). Epicatechin reduces oxidative stress by activating the antioxidant Nrf2 pathway, thereby increasing neuronal viability against OGD-mediated injury. In MCAO, epicatechin down-regulates motor dysfunction by down-regulating microglia/macrophage activation (324).


 4.1.5 Glycosides

(1) Salidroside: Salidroside is a phenylpropanol glycoside extracted from Rhodiola rosea L., which has good anti-inflammatory and antioxidant effects (325). Han et al. (326) found that salidroside can reduce the size of cerebral infarction in IS rats and improve neurological function and histological changes in rats, which may involve the activation of Nrtf2 pathway and its endogenous antioxidant system. Liu et al. (327) found that in the IS mouse model, salidroside decreased the expression of M1-type markers, increased the expression of M2-type markers, and induced the transformation of microglia from M1 phenotype to M2 phenotype. Salidroside can also inhibit LPS-induced BV2 microglia inflammatory response, mainly by activating PI3K/Akt signaling pathway, promoting Akt phosphorylation, inhibiting NF-κB p50 nuclear transcription, and then inhibiting cytokines. In addition, in a model of neuroinflammation after spinal cord injury, Li et al. found that salidroside can restore motor function in rats, increase the M2/M1 polarization ratio in the spinal cord, reduce the expression of Bax, NF-κB, iNOS and COX-2 mRNA, increase the expression of Bcl-2, p-AMPK, and reduce the expression of p-mTOR.

(2) Forsythin: Forsythin is the dried fruit of Forsythia suspensa (Thunb.) Vahl (328, 329). Modern pharmacological studies have shown that Forsythia suspense has antibacterial, anti-inflammatory, antiviral, hepatoprotective, anti-tumor, immune regulation and antioxidant effects (328). Studies have found that Forsythia suspensa (Thunb.) Vahl and its constituents have significant effects in improving neurodegenerative diseases and other neuroprotection in the elderly (330). Meanwhile, forsythin may protect neuronal cells in the CA1 region of the hippocampus after ischemia by attenuating glial activation. Forsythin also reduces the levels of pro-inflammatory cytokines such as IL-1β and TNF-α (331).

(3) Ginsenosides: Ginsenoside is a steroid compound, also known as triterpenoid saponins, which mainly exists in Panax L (332). The experimental results showed that Ginsenoside inhibited the formation of lipid peroxide in the brain and liver, reduced the content of lipofuscin in the cerebral cortex and liver, and also increased the content of superoxide dismutase and catalase in the blood (333, 334). In addition, some monomer saponins in Ginsenoside such as rb1, rb2, rd, rc, re, rg1, rg2, rh1, etc.can reduce the content of free radicals in the body to varying degrees. Ginsenoside can delay neuronal senescence and reduce memory impairment in the elderly, and has a stable membrane structure and increased protein synthesis, thereby improving the memory ability of the elderly (332, 335). The inhibitory effect of ginsenoside Rd on inflammation was demonstrated by reducing microglial activation and inflammatory biomarkers, including iNOS and COX-2, to exert neuroprotective effects against transient focal ischemia (336). Ginsenoside Rb1 improves neurological deficit and reduces infarct size by reducing microglia activation. Ginsenoside Rb1 treatment reduces the mRNA levels of proinflammatory cytokines such as IL-6, TNF-α by downregulating NF-κB-mediated transcription in the ischemic brain. This suggests that its neuroprotective efficacy is exerted by down-regulating the inflammatory response of activated glia (337).

(4) Kaempferol glycosides: Kaempferol is a flavonoid compound mainly derived from the rhizome of Kaempferol galanga L, which is widely found in various fruits, vegetables and beverages (338, 339). It has been widely concerned because of its anti-cancer, anti-cancer, anti-inflammatory, antioxidant, antibacterial, antiviral and other effects (340–342). Kaempferol glycosides, kaempferol-3-O-rutinoside and kaempferol-3-O-glucoside significantly reduced infarct volume, neurological deficits, neuronal and axonal damage in the brains of tMCAO-injured rats. Furthermore, these glycosides inhibit inflammation by reducing transcription mediated by GFAP, OX-42, phosphorylated STAT3, and NF-κB. These glycosides also inhibit macrophage O, iNOS, TNF-α, IL-1β, ICAM-1 and MMP-9 production for neuroprotective effects (343).

(5) Paeoniflorin: Paeoniflorin is derived from the roots of Paeonia albiflora Pall, P. suffersticosa Andr and P. delarayi Franch, and its content is high in P. lactiflora (344). Its pharmacological effects of paeoniflorin has significant analgesic, sedative, anticonvulsant effect, antithrombotic effect, anti-platelet aggregation, anti-hyperlipidemia effect, etc. (345, 346). Paeoniflorin ameliorates learning and memory impairment by reducing morphological and structural changes in the CA1 region of brain injury in rats with cerebral hypoperfusion. This neuroprotective efficacy was associated with reductions in inflammatory mediators (eg, NO) and proinflammatory cytokines (eg, IL-1β, TNF-α, and IL-6), and increases in anti-inflammatory cytokines (IL-10 and TGF-β1). Thus, down-regulation of the pro-inflammatory phenotype and increased anti-inflammatory phenotype of activated microglia/macrophages are associated with the neuroprotective efficacy of paeoniflorin (347).


 4.1.6 Others

(1) Fingolimod (FTY720): FTY720 is a high affinity agonist for sphingosine 1-phosphate (S1P) receptors and was developed from a sphingosine analogue extracted from Ophiocordyceps sinensis (Berk.) G.H. Sung, J.M.Sung, Hywel-Jones & Spatafora as a lead compound; it is approved by the US Food and Drug Administration for the treatment of relapsing-remitting multiple sclerosis (348). Among the four S1P receptor subtypes targeted by FTY720, the current study found that S1P1 and S1P3 are associated with cerebral ischemia (349). The therapeutic mechanism of FTY720 for ischemic stroke is not fully understood. Li et al. (350) found that FTY720 can activate the mammalian target of rapamycin/p70S6 signaling pathway and inhibit neuronal autophagy activity. Many scholars believe that (351, 352), the beneficial effect of FTY720 on IS has nothing to do with direct neuronal protection, but is anti-inflammatory and vascular protection by reducing the invasion of brain lymphocytes. Gaire et al. (349) found that FTY720 inhibits S1P3, thereby inhibiting the transformation of microglia to M1 type. Qin et al. (352) found that FTY720 activates signal transducer and activator of transcription 3 and promotes the polarization of microglia from M1 to M2.

(2) 3-N-butylphthalide (NBP): NBP is a compound isolated from celery seeds, and there are three types of derivatives: L-NBP, D-NBP and DL-NBP (353). L-NBP has been approved for use in China. Among the three derivatives, L-NBP has the strongest biological effect and the best safety (353). NBP has neuroprotective effects on ischemic stroke animal models by inhibiting oxidative damage, neuronal apoptosis and glial cell activation, increasing the level of circulating endothelial progenitor cells (354, 355). Li et al. (356) observed that L-NBP could enhance the M2 polarization of microglia in animal models of cerebral ischemia and inhibit the M1 polarization.

(3) Danshenol bornanyl ester: Danshenol bornanyl ester is a new compound with anti-cerebral ischemia effect, which is designed and synthesized based on the active ingredient of Salvia miltiorrhiza Bge.and the effective structural fragment of borneol by using the principle of modern drug design (357, 358). Danshenol bornanyl ester significantly inhibits NF-κB activity, inhibits the production of pro-inflammatory mediators, and simultaneously promotes the expression of M2 mediators in LPS-stimulated BV2 cells and mouse primary microglia. Danshenol bornanyl ester also exhibits antioxidant activity by enhancing Nrf2 nuclear accumulation and transcriptional activity, increasing HO-1 and NQO1 expression, and inhibiting LPS-induced ROS production in BV2 cells. The aforementioned anti-neuroinflammatory and antioxidant effects could be reversed by Nrf2 knockdown. In addition, Danshenol bornanyl ester improves disease behavior in mice with neuroinflammation induced by systemic LPS administration, significantly reduces infarct volume in rats with transient MCAO (tMCAO), and improves sensorimotor and cognitive function. Danshenol bornanyl ester also restores microglia morphological changes and alters M1/M2 polarization (359).

(4) Arctigenin: Arctigenin is a lignan compound from Arctium lappa L., which can effectively inhibit the release of inflammatory factors. It inhibits the proliferation, migration and angiogenesis of human umbilical vein endothelial cells (HUVECs) induced by high glucose, and plays a protective and anti-oxidative stress role in HUVECs injury (360–362). Arctigenin reduces the activation of microglia by reducing the release of TNF-α and IL-1β in rats with ischemic injury. This anti-inflammatory effect of arctigenin contributes to its neuroprotective effect (363).

(5) Sesamin: Sesamin mainly comes from the roots of Acanthopanax sessiliflorus (Rupr.et Maxim.) Seem., the seeds or seed oil of Sesamum indicum DC., and the wood of Paulownia tomentosa (Thunb.) Steud. Its main pharmacological effects are inhibition of inflammation and anti-oxidative stress (364, 365). Current research found that sesamin may inhibit oxidative stress and reduces cleaved-caspase-3 activation, lipid peroxidation and increases GSH activity. It also inhibited inflammatory mediators such as peroxynitrite, iNOS, COX-2, Iba1, Nox-2 in the brains of MCAO-challenged mice to exert their neuroprotective effects (366).

(6) Edaravone: Edaravone ameliorates cognitive decline and delays neuronal death after focal cerebral ischemia by inhibiting inflammatory biomarkers including iNOS, NO, ROS, IL-1β and TNF-α production. In addition, inhibition of inflammation, oxidative stress, and astrocyte activation are thought to be relevant mechanisms for the neuroprotective effect of edaravone against ischemic injury (314, 367).

(7) Tetramethylpyrazine (Ligustrazine): Ligustrazine is an alkyl pyrazine extracted from Ligusticum wallichii (368). It has potential anti-neural and anti-inflammatory activity in rats, can protect vascular endothelial cells, reduce capillary permeability, reduce vascular resistance in anesthetized dogs, and increase blood flow in brain, cerebral arteries and lower limbs (369, 370). Ligustrazine can also reduce the damage of neurons and microvascular endothelial cells and improve neurological signs. It has a short-term improvement effect on complete cerebral ischemia, and has a certain degree of promoting cerebral resuscitation, antagonizing systemic circulation and pulmonary blood pressure after cerebral ischemia (371). Ligustrazine has a strong inhibitory effect on rabbit platelet aggregation induced by ADP, collagen and thrombin in vitro, and inhibits the production of platelet malondialdehyde. Its mechanism is to inhibit the phosphorylation of phosphatidylinositol 4-phosphate (PIP) kinase and 20K protein in platelets (87). Ligustrazine can also reduce whole blood viscosity, red blood cell and platelet electrophoresis speed up, reduce fibrinogen, inhibit thrombosis (372). In regulating microglia, ligustrazine can reduce the activation of microglia/macrophages, lymphocyte infiltration and the production of inflammatory mediators in the brain after ischemia. It also reduces inflammatory responses and increases antioxidant/anti-inflammatory responses in microglia/macrophages and post-ischemic neurons via Nrf2/HO-1 (373).

(8) Cannabidiol: Cannabidiol is an ingredient extracted from Cannabis sativa L (374, 375). At present, its main pharmacological effects are analgesic and anti-inflammatory, inhibition of nerve growth factor-induced mast cell degranulation and neutrophil aggregation to inhibit allergic inflammation, and thus mediate immunosuppression (376, 377). Cannabidiol inhibits hippocampal neurodegeneration, cognitive and memory impairment, glial responses, and white matter damage against BCCAO. It also induces BDNF production in the hippocampus, promoting neurogenesis and dendritic reorganization in BCCAO mice (378).

(9) Ligustolide: Ligustolide is the main active ingredient in the volatile oil of Angelica sinensis (379). The current pharmacological Ligustolide can inhibit the proliferation of vascular smooth muscle cells and cell cycle progression, and inhibit vasoconstriction (380). It also increases vasodilation, antithrombotic and serotoninergic activity, and reduces platelet aggregation (381, 382). Currently, Ligustolide is widely used in the research and treatment of cardiovascular and cerebrovascular diseases and ischemic brain injury (383). Ligustolide can inhibit neuroinflammation and oxidative stress on CIRI damage (384) and reduces cerebral infarct volume and improves neurological function. Ligustolide-induced neuroprotection was accompanied by amelioration of neuropathological changes, decreased activation of microglia and macrophages, infiltration of neutrophils and lymphocytes, and downregulation of inflammatory mediators. This anti-inflammatory effect is controlled by the ERK/NF-κB signaling axis in the ischemic brain. Ligustolide-mediated inhibition of TLR4/Prx6 signaling induces neuroprotection against ischemic stroke (384).



 4.2 Herb Extracts

 4.2.1 Salvia Polyphenolic Acid

Salvia Polyphenolic Acid is an active ingredient extracted from Salvia miltiorrhiza Bge. Its main function is to improve the viscous state of blood, with blood circulation, blood stasis, and good clinical tolerance (385, 386). Current studies have shown that its mechanism of action is to inhibit the inflammatory response of endothelial cells, improve energy metabolism, promote vascular endothelial cell migration, and improve ischemia-reperfusion injury (380, 387, 388). Studies have shown that salvianolic acid can reduce the inflammatory factors (such as ICAM-1, IL-1β, IL-18 and TNF-α) in the cerebral cortex of the rat brain MCAO/R model, and reduce the apoptosis of cortical neurons. Salvianolic acid can alleviate the cell damage of oxygen glucose deprivation/reoxygenation (OGD/R)-treated neurons alone and co-cultured with microglia, improve cell viability, and reduce the rate of apoptosis, suggesting that salvianolic acid may reduce the cytotoxicity of microglia to neurons. Salvianolic acid can reduce the expression of NLRP3 in microglia after cerebral ischemia-reperfusion injury (CIRI) in rats, and inhibit the expression of pro-inflammatory factors such as IL-1β and IL-18 in the brain. It can also inhibit the cleavage of the pyroptosis-related protein GSDMD in microglia after CIRI, and reduce the expression of NLRP3, ASC, caspase1, and IL-1β mRNA in microglia. Salvianolic acid can also reduce the number of Iba1 and P2X7 double-labeled microglia in the MCAO/R model rat cerebral cortex, and can reduce the expression of P2X7 protein and mRNA in microglia (194).


 4.2.2 Panax notoginseng saponins

Panax notoginseng saponins are the main active ingredients of Panax notoginseng (Burkill) F. H. Chen ex C. H., mainly containing ginsenoside Rb1, ginsenoside Rg1, notoginsenoside R1 and other components (389). It can inhibit platelet aggregation in rabbits caused by ADP, and can also dilate cerebral vessels and increase cerebral blood flow (390, 391). Current studies have shown that Panax notoginseng saponins have a wide range of functions in the central nervous system, cardiovascular system, blood system, immune system, anti-fibrosis, anti-aging, anti-tumor, etc. (392–394). Jia et al. found that Panax notoginseng saponins can improve cerebral blood flow, neurological deficits, tissue morphology, and neuronal damage. It can also promote the expression of CD206/Iba-1 in M2-type microglia, and up-regulate the expression of CD206, TGF-β and IL-10 protein; inhibit the expression of CD16/Iba-1 in M1 type microglia cells and down-regulate the expressions of IL-1β, IL-6, TNF-α and iNOS protein. This suggests that Panax notoginseng saponins may promote the transition from M1-type polarization to M2-type in microglia (395).


 4.2.3 Omega-3 polyunsaturated fatty acids (n-3 PUFA)

n-3 PUFA is one of the members of the PUFA family, mainly derived from deep-sea fish and some plants, among which eicosapentaenoic acid and docosahexaenoic acid are most involved in the regulation of human physiology. n-3 PUFAs play a role in the prevention and treatment of ischemic stroke (396, 397) can promote neurogenesis, increase peri-infarct vascular formation, improve glial scarring after cerebral ischemia, reduce mitochondrial dysfunction, reduce neuroinflammation, etc. (398, 399). Jiang et al. (400) found that n-3 PUFAs can switch the phenotype of microglia from M1 to M2 in mice with cerebral ischemia, which helps to improve white matter integrity and sensorimotor recovery.


 4.2.4 Notoginseng leaf triterpenes

Notoginseng leaf triterpenes, as a valuable drug, have been found to have neuroprotective effects. It can reduce the expression of HMGB1, inhibit the inflammation caused by HMGB1, and inhibit the activation of microglia (IBA1) in hippocampus and cortex, thereby reducing the concentration of inflammatory cytokines including VCAM-1, MMP-9 and MMP-2 and ICAM-1 of IS in a dose-dependent manner. In addition, it can inhibit the activation of MAPKs and NF-κB, thereby ameliorating the neuropathological changes induced by CIRI (401).


 4.2.5 Fructus Gardenia Extracts

Fructus Gardenia is a TCM with various pharmacological effects, such as anti-inflammatory, antidepressant, improving cognition and ischemic brain injury. GJ-4 is a natural extract from Fructus Gardenia, GJ-4 can significantly improve memory impairment, cerebral infarction and neurological deficit in MCAO/R-induced vascular dementia (VD) rats. Further studies showed that GJ-4 attenuated VD-induced neuronal damage. In addition, GJ-4 can protect the synapses of VD rats by up-regulating the expression of synaptophysin, postsynaptic density 95 protein (PSD95) and down-regulating the expression of N-methyl-D-aspartate receptor 1 (NMDAR1). Subsequent investigations into the underlying mechanism found that GJ-4 could inhibit neuroinflammatory responses, supported by inhibiting microglia activation and reducing the expression of inflammatory proteins, ultimately exerting neuroprotective effects on VD (402).

The structures of those components are shown in  Figure 2 . The effects of natural botanical components on microglia/macrophages after cerebral ischemia are summarized in  Table 1  and  Figure 3 .

 

Figure 2 | The structure of main natural botanical components. 



 Table 1 | Summary of the role of natural botanical components on IS. 



 

Figure 3 | Effects of Natural botanical components on microglia/macrophages after cerebral ischemia (MAMPs, Metabolism-related molecular patterns; LPS, Lipopolysaccharide; GM-CSF, granulocyte-macrophage colony stimulating factor; IL, interleukin; TGF, transforming growth factor). 






 5 Prospect

Microglia play a biphasic regulatory role in ischemic stroke. After IS, microglia were activated, migrated, and exerted pro-inflammatory and anti-inflammatory effects through M1/M2 phenotype polarization, respectively, and at the same time played a protective role by inhibiting M1 phenotype polarization or promoting M2 phenotype polarization. However, the research on induced cell polarization is limited to animal experiments and in vitro experiments, and the potential mechanism still needs further research. Apoptosis after IS involves many complex signaling pathways. Regulating the programmed death of neurons in the ischemic penumbra can save dying neurons to the greatest extent and promote the recovery of neural function. In addition, activation of SIPRs, TLRs, NLRPs, PPARs, and P2X7R may be the potential mechanisms for regulating microglia after IS, however, the mechanisms need to be further studied.

Natural plant compounds may have great potential as therapeutic agents to reduce pro-inflammatory responses after cerebral ischemia. As can be seen from the foregoing, most of the current studies describe M1/M2 polarization, but most studies show a mixed signature of M1 or M2 microglial/macrophage phenotypes after cerebral ischemia. An urgent need to address is the need to define the M1 or M2 microglia/macrophage phenotype in experiments with these natural compounds. Furthermore, the markers currently used to differentiate M1 and M2 phenotypes are not microglia or macrophage specific. Therefore, technologies that can separate M1 from M2 microglia/macrophages (such as microfluidics and single-cell transcriptomics to identify novel microglia-specific biomarkers) are needed in the future.

The limitation of this review is that this review focuses on the detailed mechanisms of microglia/macrophages in IS and the mechanisms of natural compound intervention, but lacks a summary of other immune cells such as T cells, B cells, and neutrophils in IS. Since immune cells such as T cells and B cells also play an important role in the pathophysiological process of IS, it is recommended to review the mechanism of these immune cells in IS in the future (39, 169, 172).

In summary, it can be seen that not only single-component natural botanical components can exert a therapeutic effect on IS by regulating microglia, but multi-component natural botanical components also show potential synergistic effects in regulating microglia. This suggests that the combination of natural botanical components to treat multiple inflammatory models (including macrophages and microglia) is a promising direction, and we can see that the combination of natural botanical components will be more effective to achieve the desired therapeutic effect.


 6 Conclusion

Intervention of natural botanical components and their derivatives in microglia-mediated neuroinflammation in IS is a promising research direction. In the absence of effective neuroprotective drugs, we should pay more attention to the mechanisms of natural botanical components in regulating microglia-mediated neuroinflammatory diseases such as IS. Future research directions are suggested as follows: (1) Differentiate between microglia and macrophages through new techniques (such as single-cell transcriptomics and its derivatives) to more accurately determine the regulatory effects of natural compounds. (2) A more standardized and stable IS model is needed to determine the effects of drugs. (3) Using spatiotemporal omics to map the dynamic continuity state of microglia in natural botanical components intervening in IS. (4) Validate the long-term brain-protective effects of natural botanical components and the mechanisms regulating microglia in rodent and mammalian IS models. (5) Pay attention to the pharmacokinetics, pharmacodynamics, and toxicological properties of natural botanical components. (6) Explore the synergistic effect of natural botanical components in inhibiting neuroinflammation. (7) If all results are favorable, the next step is to conduct clinical trials of potential phytochemicals to investigate their neuroprotective effects on cerebral ischemia/stroke (For example, the team is currently conducting a clinical trial of Naotai Fang in the treatment of cerebral small vessel disease: ChiCTR1900024524).
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Introduction

Post-traumatic coagulopathy (PTC) is a critical pathology in traumatic brain injury (TBI), however, its potential mechanism is not clear. To explore this in peripheral samples, we integrated single cell RNA-sequencing and T cell repertoire (TCR)-sequencing across a cohort of patients with TBI.



Methods

Clinical samples from patients with more brain severity demonstrated overexpression of T cell receptor–encoding genes and less TCR diversity.



Results

By mapping TCR clonality, we found patients with PTC have less TCR clones, and the TCR clones are mainly distributed in cytotoxic effector CD8+T cell. In addition, the counts of CD8+ T cell and natural killer (NK) cells are associated with the coagulation parameter by WGCNA, and the granzyme and lectin-like receptor profiles are also decreased in the peripheral blood from TBI patients, suggesting that reduced peripheral CD8+ clonality and cytotoxic profiles may be involved in PTC after TBI.



Conclusion

Our work systematically revealed the critical immune status in PTC patients at the single-cell level.
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1 Introduction

Post-traumatic coagulopathy (PTC) is one of the critical pathophysiologies in a traumatic brain injury (TBI) population (1). Recent statistics show that approximately two-thirds of severe TBI patients have abnormal coagulation function on admission (2), and we previously show that coagulopathy and initial head computer tomography (CT) signs could be independent risk factors for progressive hemorrhagic injury (PHI) including epidural, subdural hematoma, brain contusion, subarachnoid hemorrhage, cranial fracture, and plasma D-dimer level (3, 4). The mechanisms of PTC include platelet dysfunction, endogenous anticoagulation, endothelial activation, abnormal fibrinogen (Fg), neuroinflammation, and hyperfibrinolysis (2, 5–7); however, up to now, the exact mechanism is unclear.

The key role of peripheral blood in TBI has been identified in our study and in other studies, and several biomarkers in peripheral blood mononuclear cells (PBMCs) are related to neurodegenerative diseases (8). In this study, we collected PBMCs from 12 TBI patients and four healthy controls for single-cell RNA sequencing (scRNA-seq) and TCR sequencing. The clonal expansion of CD8+ T cells in TBI and PTC progression was identified in TBI and PTC, which were further validated using fluorescence-activated cell sorting (FACS). Our finding might be useful for the development of immune cell-targeted therapy in PTC.



2 Experimental section


2.1 Participants

Four normal individuals and 12 TBI patients (4 with mild TBI, 4 with moderate TBI, and 4 with severe TBI) were enrolled. PBMCs from 11 TBI patients were further collected for validated FACS and correlation analysis with the patients’ GCS scores with randomization. The inclusion criteria are as follows: a clinical diagnosis of TBI, an age range of 18–60 years, and no previous history of brain, liver, or hematologic disorders. Patients were excluded if they met the following criteria: active systemic infection or multiple injury, use of immunosuppressants, and other serious coagulopathy not related to trauma.

The consent form was obtained from patients’ family members. Patients’ characteristics are summarized in 
Tables S1
 and 
S2
. There were no subjects dropped out from the study. No female patients were on progestin. This project was approved by the Ethics Committee of Shanghai Pudong New Area People’s Hospital (approval number 2021-K02) and was conducted in accordance with the Declaration of Helsinki.



2.2 Head CT imaging

The diagnosis of PHI was previously reported(3,4).



2.3 Post-traumatic coagulopathy definition

The coagulation parameters include the prothrombin time (PT), international normalized ratio (INR), activated partial thromboplasting time (APTT), Fg, and platelet count (Plt). The PTC is defined as abnormal value of PT, INR, APTT, Fg, or Plt(3,4). Detailed information of coagulation parameters on these patients is shown in 
Table S3
.



2.4 Microarray information

The Agilent Human lncRNA Microarray 2019 (4*180k, Design ID:086188) was used here. The RNA extraction and quantification method was previously reported.



2.5 ScRNA-seq method and TCR-seq

The exact procedure for scRNA-seq and TCR-seq for PBMCs could be obtained from the 10X website. Fresh blood samples from 12 TBI patients (Se1–4, Mo1–4, and Mi1–4) and four age-matched healthy controls (Co1–4) were collected and PBMCs were isolated with the assay. Single-cell 5′ and TCR V(D)J libraries were constructed according to the 10X Chromium Immune Profiling protocol. Briefly, CD3+ T cells (isolated with FACS) were loaded onto Chromium Controller (10X Genomics, USA) with a V(D)J Kit. Each single-cell 5’ and V(D)J library was sequenced with the Illumina Novaseq 6000.



2.6 Cell quality control

We carried out data quality control. We captured cells with less than 10% of mitochondrial genes, with the total number of genes ranging from 200 to 6,000 and were expressed in at least three cells. Doublets were removed with the DoubletFinder package with a doublet rate <5%. The number of highly variable genes was set at 3,000. These two samples were integrated through SCT correction. Then, both the tSNE and uMAP methods were used to reduce the dimension of data.



2.7 Fluorescence-activated cell sorting

PBMCs from 11 TBI patients were isolated by FACS to further validate the results of scRNA-seq. The exact procedure was previously reported (9).



2.8 Cell–cell interaction

Using scRNA-seq data, taking the gene expression data of cell subsets as the research object, with the help of the ligand–receptor database, the ligand and receptor information in cells can be obtained using cellphoneDB (10), and the signal communication relationship between cells can be obtained, to elucidate the complexity, diversity, and dynamics of cell-to-cell communication in a wide range of biological processes.



2.9 RNA velocity assessment

RNA velocity is the testing rate of change in the abundance of mRNA molecules in a cell (11). Previous studies have demonstrated that RNA velocity can be estimated from unspliced and spliced mRNA abundance, which can predict the future state of individual cells on a timescale of hours (11). RNA velocity can reveal the dynamics of single-cell gene expression on timescales that match developmental, regeneration, and response processes in humans and other mammals. We employed the velocyto algorithm to estimate changes in RNA abundance over time by calculating the ratio of intracellular mRNA before and after splicing, and infer the next possible differentiation direction of cells.



2.10 Weighted co-expression network analysis

Weighted co-expression network analysis (WGCNA) is a computational method to describe co-expressed genes between different groups. It can identify marker genes based on the non-orientation analysis between the gene set and phenotypes. Here, WGCNA was used to locate the gene modules related to coagulation dysfunction in TBI.



2.11 Statistical analysis

Statistical analysis was performed using GraphPad Prism software (v8.1, GraphPad Software Inc., San Diego, CA, USA). The data were analyzed by those who were blinded to patients’ grouping. No power analysis was required as we had four subjects in each group. The correlation among the number of T cells, the expression levels of genes, and GCS scores (the severity of TBI) was analyzed using the Pearson correlation. Any difference with a p-value < 0.05 was considered significant. The exact method for analysis was mentioned in essential parts.




3 Results


3.1 Single-cell transcriptional landscape of PBMCs from TBI patients

The schematic plot of the study is graphed in 
Figure S1
. Head CT scans showed progressive brain contusions in PTC patients (
Figures S2A, B
) compared to nPTC individual (
Figures S2C, D
). The chipset results for peripheral blood of TBI patients showed that the hallmark of coagulation was among the enriched pathways (
Figures S2E, F
). The KEGG analysis also showed that coagulation cascades were activated in TBI, while the antigen processing and presentation were deactivated in TBI (
Figure S2G
). This leads us to investigate the role of immune system in coagulation after TBI. When we investigated the coagulation parameter and immune profiles, we found the increased expression of CD8+ T cells in PBMCs of patients with more severe brain injury (
Figure S2H
) and the increased count of CD8+ T cells was positively associated with the increased Fg value; meanwhile, the counts of NK cells had a negative correlation with the PT and INR value.

To explore the peripheral immune status in TBI, we collected PBMCs from TBI patients for scRNA-seq based on 10x Genomics. Cells were subjected to t-distributed stochastic neighbor embedding (t-SNE) analysis, and 15 clusters in four groups were obtained (
Figure 1A
). The cell annotation identifies eight clusters, namely, T cells, monocytes, NK cells, B cells, pre-B cells, neutrophils, macrophages, and platelets (
Figure 1B
). About 1,300 highly variable genes were identified in 16 samples, and less genes (982) were found in mi2 (a sample from a mild TBI patient) (
Table S2
). The pairwise correlation between intergroup variability ranges from 0.8101 to 0.9496 (
Figure 1C
).




Figure 1 | 
The differences in cell subsets of PBMCs in TBI patients. (A) t-SNE plot shows the 15 cell subsets in all PBMC samples from 12 TBI patients and 4 healthy controls. (B) Cell annotations in eight clusters. (C) Correlations of 15 cell subsets are analyzed with Pearson method for the mean expression of genes between each cluster to investigate the similarity between each cell cluster. The X- and Y-axis is each cell cluster. The red color indicates the higher correlation similarity, while the blue color suggests the lower correlation. (D) Top 10 cell markers in each cluster. (E) The t-SNE distribution of 15 cell subsets in different TBI groups. (F) The bar plot of 15 cell subsets’ distribution in different TBI groups. (G) The t-SNE distribution of 15 cell subsets’ distribution in nPTC and PTC groups. (H) The bar plot of 15 cell subsets in nPTC and PTC groups.




Through the clustering analysis, the top 10 cell markers in each cluster were analyzed in two dimensions with Monocle2 (
Figure 1D
). Then, the quantification data showed high densities of T cells and NK cells in each sample (
Figures 1E, F
). In the PBMCs of PTC patients, the percentage of T and NK cells was obviously reduced compared with those of nPTC groups as well (
Figures 1G, H
).

The differentially expressed genes (DEGs) between different TBI groups and the control are listed in 
Figures S3A–C
. The DEGs between PTC and nPTC groups are listed in 
Figure S3D
. Next, KEGG analysis of DEGs identified by scRNA-seq was mainly enriched in the immune system, infectious disease, and signal transduction (
Figures S3E–G
). The similar enriched pathways were identified between the PTC and the nPTC group (
Figure S3H
). Then, the bubble plot shows that the upregulated genes identified by scRNA-seq were mainly involved in ko04620: Toll-like receptor signaling pathway; ko04612: antigen processing and presentation; and ko04610: complement and coagulation cascades (
Figures S3I, J
).



3.2 Decreased TCR diversity in PBMCs from TBI patients

To further accurately identify the peripheral immune function in TBI, we performed TCR-seq for collected PBMCs from TBI patients based on 10x Genomics again. The dilution curve of the sample list in 
Figure 2A
 shows the dependence between clonotype diversity and clonotype size. In theory, if the sequencing depth is large enough, ideally, the curve will eventually tend to be horizontal. Here, we can directly show the difference in clonotype richness between samples and can also find that the diversity of TCR repertoire was largely reduced with the severity of TBI. Again, the Chao1 index also decreased in the severe TBI group, indicating that severe TBI disrupts the diversity of T cells (
Figure 2B
). Furthermore, TCR V–J gene combinations were conserved in the TBI groups and the control group (
Figure S4
), and the relative expression of V genes (
Figure 2C
) and J genes (
Figure 2D
) in different groups was also conserved. These results suggested that TCR genes were conserved among groups. As the diversity of T cells decreased in TBI, we further investigated the number of clonotypes of TCR genes and found that it was obviously decreased in the severe TBI groups (
Figures 2E, F
) regarding the number of clonotypes, number of CDR3-TRA, and number of CDR3-TRB (
Figure 2G
). The difference also occurred between nPTC and PTC groups (
Figure 2H
). This indicates that CDR3 genes might be a biomarker for TBI and also involved in PTC.




Figure 2 | 
The differences of T-cell clonity in TBI patients. (A) Clonotype richness of TCR in different samples. (B) Chao1 index of TCR in different samples. (C, D) The relative expression of V and J genes in different groups. (E, F) The number of clonotypes of TCR genes in the control and severe group. (G) The quantification of clonotypes CD3-TRA and CD3-TRB in different TBI groups. (H) The quantification of clonotypes CD3-TRA and CD3-TRB between nPTC and PTC group.





3.3 Expanded CD8+ T cells in TBI patients

Therefore, we further looked at the distribution of different CDR3 lengths and found that the CDR3 length increased in the severe TBI group and the distribution of CDR3 length shows a symmetry style in the control group while it demonstrates a bias distribution (
Figure S5
). These findings indicate that the severe TBI group might have T-cell expansion, which leads us to further explore the leading role of CD4+ T and CD8+ T cells in TBI.

We first looked at the subpopulations of CD4+ T cells of PBMC in TBI patients and identified four clusters: Naïve CD4 T, Treg, Effector_memory CD4 T, and cytotoxic effector CD4 T (
Figure 3A
). There are very few TCR clones in CD4+ T cells, and they are sparsely distributed in cytotoxic effector CD4 T (
Figure 3B
). Next, the t-SNE map shows the different distribution of these clusters in control and TBI groups. We found that the number of effector_memory CD4 T cells decreased with the severity of TBI (
Figures 3C–E
). In addition, the number of effector_memory CD4 T cells was also reduced in the PTC group compared to the nPTC group (
Figures 3F, G
). Pseudo-time analysis for CD4 subsets shows that the Naïve CD4 T and effector_memory CD4 T cells are mainly distributed in control and nPTC groups, while the cytotoxic_effector CD4 T and Tregs are dominant in TBI and PTC groups, which also have a trend from Naïve CD4 T to cytotoxic_effector CD4 T and Tregs (
Figures 3H–J
). The molecular markers of cytotoxic_effector CD4 T, Naïve CD4 T, Treg_CD4 T, and Effector_memory_CD4 T are listed in 
Figures S6A–E
.




Figure 3 | 
The subpopulations of CD4+ T cells of PBMCs in TBI patients. (A) The four clusters of CD4+ cells in t-SNE map. (B) The TCR clone in each CD4+ cell cluster. (C) The t-SNE map shows the different distribution of four clusters in control, mild, moderate, and severe TBI. (D, E) t-SNE map shows the four CD4+ cell subsets between TBI and control and quantification of the proportion of cells in each group. (F, G) t-SNE map shows the four CD4+ cell subsets between nPTC and PTC groups and quantification of the proportion of cells in each group. (H–J) Pseudo-time analysis for CD4 subsets between control vs. TBI and nPTC vs. PTC group.




Next, we investigated the subpopulations of CD8+ T cells of PBMC in TBI patients and identified three clusters: Naïve CD8 T, Effector_memory CD8 T, and Cytotoxic effector CD8 T (
Figure 4A
). The TCR clone is mainly distributed in cytotoxic effector CD8 T (
Figure 4B
). Next, the t-SNE map shows the different distribution of these clusters in control and TBI groups. We found that the quantity of cytotoxic effector CD8 T cells increased with the severity of TBI (
Figures 4C–F
). In addition, the clonotypes of cytotoxic effector CD8 T cells were also increased in the PTC group compared to the nPTC group, and the dominant clonotypes shifted between these two groups as well (
Figures 4G–I
). Pseudo-time analysis for CD8 subsets shows that the Naïve CD8 T and effector_memory CD8 T cells are mainly distributed in control and nPTC groups, while the cytotoxic_effector CD8 T is dominant in TBI and PTC groups, which also have a trend from Naïve CD8 T to cytotoxic_effector CD8 T (
Figures 4J–L
). The molecular markers of cytotoxic_effector CD8T, Effector_memory_CD8 T, and Naïve CD8T are listed in 
Figures S7A–D
. These findings indicate the clonal expansion of CD8 T cells in the TBI, which might be involved in the PTC.




Figure 4 | 
The subpopulations of CD8+ T cells and CD8 T clone of PBMCs in TBI patients. (A) The three clusters of CD8+ cells in the t-SNE map. (B) The TCR clone in each CD8+ cell cluster. (C) The t-SNE map shows the different distributions of three clusters in control, mild, moderate, and severe TBI. (D–F) t-SNE map shows the clone expansion between TBI and control and quantification of the proportion of TCR clonotype in each group. (G–I) t-SNE map shows the clone expansion between nPTC and PTC groups; and quantification of the proportion of TCR clonotype in each group. (J–L) Pseudo-time analysis for CD8 subsets between control vs. TBI and nPTC vs. PTC group.





3.4 Cell–cell interaction in TBI patients

As the number of TCR clonity in TBI decreased, we further investigated the cell–cell interaction in the scRNA-seq data and found the cell–cell connection reduced in both TBI (
Figure S8
) and PTC compared to the control and nPTC groups (
Figure S9
); in particular, the interaction between T cells and other cell types decreased obviously in the PTC group (
Figures S9C, E
). Consistently, the RNA velocity map showed that the T-cell subset differentiation was also decreased in the TBI group compared to the control group (
Figures S8G, H
). The decreased differentiation ability of T cells also occurred in the PTC group compared to the nPTC group (
Figures S9G, H
).



3.5 Validation of immune cell proportion in peripheral blood by FACS

The immune system impairment has been previously reported in severe infection and neurodegenerative disease, both indicating the inverted ratio of CD4 T/CD8 T cells. Here, we also found this trend from our scRNA-seq results and further validated in our FACS analysis (
Figure 5
) and previous report (12). The plasma percentage of CD4+ T cells and ratio of CD4/CD8 decreased with the severity of TBI, while the ratio of CD8+ T cells increased. Both the CD4 expression and CD4/CD8 ratio show a positive correlation with the GCS score, while the CD8 expression has a negative correlation with the GCS score (
Figures 5A–G
). The representative FACS images of CD4 and CD8 in mild, moderate, and severe TBI groups are demonstrated in 
Figures 5H–M
.




Figure 5 | 
Plasma CD8+ T-cell increases in TBI. (A) The relative plasma CD4 percentage (reflected by CD3+ CD4+) in TBI groups. (B) The relative plasma CD8 percentage (reflected by CD3+ CD8+) in TBI groups. (C) The ratio of CD4/CD8 in TBI groups. (D) The scatter plot of plasma CD4 T% with GCS. (E) The scatter plot of plasma CD8 T% with GCS. (F) The scatter plot of CD4/CD8 with GCS. (G) The representative FACS image of CD4 (reflected by CD3+ CD4+) in severe TBI groups. (H) Moderate TBI and (I) mild TBI. The representative FACS image of CD8 (reflected by CD3+ CD8+) in (J) mild TBI groups. (K) Moderate TBI and (L) severe TBI. N = 3–5 in each group.





3.6 The cytotoxic profiles decrease in PTC groups

In addition, marker genes in cytotoxic CD8+ T, CD4+ T, and NK cells were also identified in PTC (
Figure 6
). The marker genes for different subsets of cytotoxic CD4+ T, CD8+ T, and NK cells were identified in 
Figures 6A–I
 for cytotoxic_effector CD4 T, cytotoxic_effector CD8 T, and NK cells. Furthermore, the intersecting marker genes of these subsets are listed (
Figures 6J–L
), and the cytotoxic profile of both cells that was validated in the plasma chipset data from 12 TBI patients and four healthy controls shows that the expression of cytotoxic markers (granzymes A, B, H, and M) and c-type lectin receptors (
Figures 6M–P
) and a representative NK cell marker (PPP2R2B) was also reduced with more severity in TBI (
Figures 6Q–T
), while the expression of a representative marker for cytotoxic CD8 T cells, CST7, increased with the severity of TBI (
Figure 6S
).




Figure 6 | 
The marker genes for subtypes of CD4, CD8, and NK cells. (A) Heatmap shows the DEGs in Naïve CD4 T, Treg, Effector_memory CD4 T, and cytotoxic effector CD4 T. (B, C) Marker genes for cytotoxic effector CD4 T. (D) Heatmap shows the DEGs in Naïve CD8 T, Effector_memory CD8 T and Cytotoxic effector CD8 T. (E, F) Marker genes for cytotoxic effector CD8 T. (G) Heatmap shows the DEGs in NK cell subsets. (H, I) Marker genes for NK cell subsets. (J–L) Intersected marker genes of brain injury in cytotoxic CD8+, CD4+, and NK cells. (M–P) The expression of cytotoxic markers (granzyme A, B, H, M) in peripheral blood of TBI patients. (Q, R) The expression of c-type lectin receptors in peripheral blood of TBI patients. (S) The expression of CST7 as a marker of cytotoxic CD8 T cells. (T) The expression of PPP2R2B as a marker of NK cells. n = 4 in each group and one-way ANOVA is applied.






4 Discussion

In this study, differentially expressed cell subpopulations were screened in PBMCs of TBI patients by scRNA-seq analysis; CD8+ T cells represented a crucial cell subset in the progression of TBI, as verified through FACS in TBI patients. The mechanism of PTC has been a challenging undertaking. Coagulation characterization with peripheral blood has been regarded as the standard diagnosis for PTC, but this method is a traditional clinical test, which has limited extensibility in terms of treatment target.

Immune cells, particularly lymphocytes, may be involved in the pathogenesis of PTC. The scRNA-seq results in this work provide a detailed view of PBMCs in normal and TBI patients, in which the top eight cell subsets were T cells, monocytes, NK cells, B cells, pre-B cells, neutrophils, macrophages, and platelets, and the cell difference in each cluster can be clearly seen (
Figure 1D
). Furthermore, while studying signaling pathways, KEGG analysis revealed that the upregulated genes in PBMCs were mainly enriched in the following pathways: antigen processing, presentation, and coagulation, while the similar enriched pathways were identified between the PTC and nPTC group: Toll-like receptor signaling pathway, antigen processing and presentation, and complement and coagulation cascades.

In addition, cytotoxic profiling genes in CD8+ T, CD4+ T, and NK cells were identified as marker genes (
Figure 6
). The cytotoxic profile of all these cells was validated in the plasma chipset data from 12 TBI patients and four healthy controls and shows that the expression of cytotoxic markers (granzymes A, B, H, and M) and c-type lectin receptors is reduced with more severity in TBI (
Figures 6J–O
). Immediately, the investigation value of CD8+ T cells in TBI stands out from other cell subsets. Afterward, the results were continuously expanded in 11 TBI patients through FACS, and CD8+ T cells were found to be specifically increased in PBMCs of severe TBI patients compared to mild TBI groups, and the increased number of CD8+ T cells was closely associated with TBI severity. A similar study showed that the percentage of CD8+ T cells in the lymphocyte subsets of TBI were increased compared with healthy people (12), which was consistent with our study.

To verify the role of CD8+ T cells in TBI progression, we further exploited TCR-seq for collected PBMCs from TBI patients based on 10x Genomics. First, we found that the diversity of the TCR repertoire was largely reduced with the severity of TBI. Correspondingly, the number of clonotypes of TCR genes, specifically the number of CDR3-TRA and CDR3-TRB, was also decreased in the severe TBI groups. This indicates that CDR3 genes might be a biomarker for TBI and also involved in PTC. However, when we further looked at the distribution of different CDR3 lengths, we found that the CDR3 length increased in the severe TBI group. In particular, we found that the amount of effector_memory CD4+ T cells decreased and the number of cytotoxic effector CD8+ T cells increased with the severity of TBI. In addition, the clonotypes of cytotoxic effector CD8+ T cells were also increased in the PTC group compared to the nPTC group. These findings indicate the clonal expansion of CD8+ T cells in TBI, which might be involved in the PTC. Functionally, the cell–cell interaction was also reduced in both TBI and PTC compared to the control and nPTC group; in particular, the interaction between T cells and other cell types decreased obviously in the PTC group. This is consistent with the RNA velocity map showing the reduced T-cell subset differentiation in TBI and PTC groups. Furthermore, the cytotoxic profiles in PBMC obviously decreased in the TBI and PTC groups, which is consistent with previous studies (13). All these findings suggest that CD8+ T cells might be involved in the PTC.

Traditionally, it would be difficult to link peripheral immune status to coagulation function. Consistent with our observation, one cellular therapy study of 100 patients with hematologic malignancies have coagulation disorders after chimeric antigen receptor (CAR)-T cell therapy, which demonstrated that imbalanced T-cell subsets may initiate the coagulopathy characterized by prolonged PT, APTT, INR, D-dimer, and decreased Fg (14). Meanwhile, patients accepting CD19 CAR-T cell therapy also demonstrate impaired coagulation function with severe cytokine release syndrome (15, 16). In addition, Johnsrud et al. also proposed that CAR-T cell therapy may trigger neurotoxicity as well (16). Accordingly, expanded CD8 T cells with reduced clonal diversity were identified in the early stage of TBI and might be involved in the mechanisms of PTC. Recently, immunity, endothelial injury, and complement-induced coagulopathy in COVID-19 have been the topic of many investigations, some of which consistently revealed that peripheral CD8+ T cells from patients with COVID-19 express high levels of exhaustion markers, including programmed cell death protein 1 (PD1) and T-cell immunoglobulin mucin-3 (TIM3) (17). However, the cytotoxic activity of CD8+ T cells in COVID-19 remains elusive, which are assessed in three ongoing clinical trials (17). Cytotoxic CD8+ T cells in TBI mice were mostly infiltrated in the injured brain, which initiate the neuro-immune response after TBI, and these infiltrated T cells were effector resident memory T cells (18), while whether these cytotoxic cells resident in the injured mouse brain had a conserved phenotype in human patients needs to be validated in a spatial transcriptomics study.

Regarding the marker genes for cytotoxic immune cells, we found that the expression of CST7 increased in the peripheral blood while the expression of PPP2R2B and cytotoxic profiling decreased. CST7 has been previously reported to increase in Alzheimer’s disease (AD) and as a cytotoxic marker for cytotoxic CD8 T cells in colorectal cancer with a hypomethylation status. We have previously shown that PPP2R2B as a subunit of protein phosphatase 2A had a decreased expression in brain injury animals (TBI model and three epilepsy models) (19, 20). Th17 cells are thought to drive the cytotoxicity of CD8+ T cells in brain insults (21), and increasing levels of IL-17 associated with worse neurological outcomes were found in the peripheral blood through 3 days after onset in stroke patients (22). Activated CD8+ T cells are proven to cause long-term neurological dysfunction in TBI mice (23), and depletion of CD8+ T but not B cells promotes neurological recovery following TBI. Interestingly, a current study from Xiong et al. reported that depletion of B cells is able to reduce the Aβ burden and cognitive impairment in AD mice (24). Although TBI is an independent risk factor for AD, these studies suggest that the heterogeneity of CNS and CD8+ T cells is also a biomarker in AD (13). Although these studies did not mention the source of infiltrated CD8+ T cells in TBI and B cells in AD, it could be predicted that these cells were from the peripheral system. In addition, almost no current studies have linked the immune cells with the coagulation function in brain insults. Based on our findings, it could also be proposed that the expanded peripheral CD8+ T cells might be involved in the progress of PTC. However, the exact role of cytotoxic CD8+ T cells and the neuro-immune interaction needs to be further confirmed in spatial transcriptomic and in vivo studies.

Meanwhile, we also showed that the peripheral CD4+ T cells decreased in TBI and correlated with the GCS score as well. To validate this, we first performed WGCNA for the chipset data and identified two modules (MEred and MEturquoise), which are positively and negatively correlated with the GCS score, coagulation dysfunction (Dysf), and Fg value (
Figure S10A, B
). The TOM graph shows that the most interacting modules were MSred and MEturquoise (
Figure S10C
) and the Fg value is mostly correlated with the MSred module (
Figure S10D
). Then, we selected genes from both modules to carry out pathway enrichment analysis and found that the turquoise module was mostly enriched in the T-cell receptor complex, T-cell activation, and lymphocyte differentiation, while the red module was dominantly enriched in neutrophil activation and neutrophil degranulation, which suggests a link between T cells and neutrophils (
Figures S10E, F
). To confirm this, we selected the CD4-related genes in the MEred module and listed both genes (from node in red and to node in blue color, 
Figure S10G
). To explore the link between CD4 T cells and neutrophils, we crossed the CD4 nodes, CD4 gene marker, and neutrophil marker and found that only one gene was intersected, named MGST1, as a CD4 node and neutrophil marker, which is not a CD4 T-cell marker (
Figure S10H
). The mRNA expression of MGST1 in human plasma was increased in the severe TBI group compared to the controls (
Figure S10I
, p = 0.0161). MGST1 (microsomal glutathione S-transferase 1) is considered to be an antioxidant molecule and has a neuroprotective role in suppressing ferroptosis via binding to ALOX5 (25). To validate this, we applied the cell–cell interaction study, and the interaction between ALOX5 and ALOX5AP was only found in the PTC group, but not in the control group (
Figures S10J, K
). In addition, we validated MGST1 as a marker gene for the neutrophil subgroup. From the tSNE analysis, we found that most subsets of neutrophils increased in TBI and PTC compared to the control group (
Figures S11A, B
). MGST1 is a marker gene for subset 8 (
Figure S11C
) and the expression of MGST1 was further validated (
Figures S11D, E
). This might indicate that the interaction between CD4 T cells and neutrophils is involved in the coagulation dysfunction in TBI and needs to be validated in laboratory experiments.

Collectively, a toxic expansion in CD8+ T cells was found to be associated with PTC development. This study only investigated potential biomarkers of PTC progression without a solid experimental validation; however, several immune markers here could be potential targets to reverse the PTC following TBI.
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Background

Encephalitis has been recognized in patients with autoimmunity related to the 65-kDa isoform of glutamic acid decarboxylase (GAD65) antibodies; however, patients with meningoencephalitis associated with those antibodies have been rarely identified in the medical literature. We aimed to define the frequency, clinical features, response to therapy, and functional outcomes of patients with meningoencephalitis associated with GAD antibodies.





Methods

We retrospectively studied consecutive patients attending a tertiary care center for evaluation of an autoimmune neurological disorder from January 2018 to June 2022. The modified Rankin Scale (mRS) was used to assess the functional outcome at the last follow-up.





Results

We evaluated 482 patients with confirmed autoimmune encephalitis during the study period. Four among the 25 patients with encephalitis related to GAD65 antibodies were identified. One patient was excluded owing to the coexistence of NMDAR antibodies. Three male patients aged 36, 24, and 16 years had an acute (n = 1) or subacute (n = 2) onset of confusion, psychosis, cognitive symptoms, seizures, or tremor. No patient had fever or clinical signs of meningeal irritation. Mild pleocytosis (<100 leukocytes/106) was identified in two patients, whereas one patient had normal CSF. Following immunotherapy with corticosteroids (n = 3) or intravenous immunoglobulin (n = 1), significant improvement was observed in all three cases, achieving a good outcome (mRS 1) in all cases.





Conclusion

Meningoencephalitis is an uncommon presentation of GAD65 autoimmunity. Patients present with signs of encephalitis but with meningeal enhancement and have good outcomes.





Keywords: anti-glutamic acid decarboxylase, antibodies, encephalitis, autoimmunity, GAD65, meningoencephalitis





Introduction

The knowledge of autoimmunity related to the 65-kDa isoform of glutamic acid decarboxylase (GAD65), the enzyme that converts the excitatory glutamate to inhibitory gamma-aminobutyric acid (GABA), has markedly evolved in recent decades (1). Cerebellar ataxia, epilepsy, and stiff-person syndrome were clinical syndromes initially linked to the presence of these antibodies (Abs) (2, 3). However, in these cases, conspicuous brain or spinal cord inflammation is usually absent in neuroimaging studies. More recently, a small proportion of patients with GAD65 autoimmunity have been described with clinical and radiological signs of brain inflammation that may affect the limbic and/or extralimbic cortices (4). Parenchymal inflammation in such cases is believed to originate from an autoimmune cellular response, rather than a direct effect of GAD65 Abs.

Aseptic meningitis is characterized by the lack of an identifiable bacterial cause in cerebrospinal fluid (CSF) cultures (5). Viruses are the most common cause of aseptic meningitis (6). Among them, enteroviruses and varicella zoster virus are the most common (6). Selected patients with inflammatory or autoimmune diseases, including Still disease, systemic lupus erythematosus (SLE), sarcoidosis, Behçet’s disease, Sjögren’s syndrome, and periodic fever syndrome, have been identified with aseptic meningitis secondary to the underlying systemic disorder (5–10). In contrast, meningeal enhancement has been identified in patients with paraneoplastic or autoimmune encephalitis, specifically anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis (11, 12). However, neuroimaging findings consistent with meningeal enhancement are rarely seen in patients with GAD65 autoimmunity.

In this study, we aimed to retrospectively characterize the frequency, clinical findings, response to therapy, and functional outcomes in patients with meningoencephalitis associated with GAD Abs. As patients with GAD65 encephalitis frequently present with inflammatory CSF, possibly reflecting meningeal inflammation, but without contrast enhancement on MRI, hence, we defined “meningoencephalitis” by the presence of patchy or diffuse contrast enhancement in the leptomeninges, supporting an inflammatory process disrupting the blood–brain barrier in these sites, with or without clinical or neuroimaging findings of brain parenchyma inflammation.





Methods

We retrospectively studied consecutive patients referred for evaluation at the Department of Neurology and Immunology of the GuangDong 999 Brain Hospital in Guangdong Province in the People’s Republic of China, a tertiary care center for autoimmune neurological disorders from January 2018 to June 2022. Patients were enrolled if they had clinical and neuroimaging features of acute or subacute encephalitis attributed primarily to anti-GAD65 autoimmunity, owing to the presence of serum anti-GAD65 Abs and/or positive anti-GAD65 Abs in the CSF (13).




General assessment and follow-up

All patients underwent general and neurological examinations to assess for rheumatological or systemic inflammatory causes of meningitis. History of medication, illicit drug consumption, or poisoning was determined. Blood count, glucose, kidney, and liver function tests were performed to assess for evidence of metabolic derangement. The outcome was defined according to the modified Rankin Scale (mRS) determined at the last date of follow-up. The mRS scores were categorized as follows: 0, no symptoms; 1, total independence despite symptoms; 2, unable to carry all previous activities but look after own affairs; 3, requiring some help but able to walk without assistance; 4, unable to walk without assistance; 5, bedridden; and 6, death. A favorable outcome was defined as an mRS score between 0 and 2, while a poor outcome was defined as an mRS score of 3-5 at the last follow-up.





Antibody screening

We used commercially available cell-based assay or radioimmunoassay to check for anti-GAD65 Abs. Antibody screening ruled out anti-glial fibrillary acidic protein (GFAP), anti-NMDAR, anti-LGI1, anti-CASPR2, anti-GABAB, anti-GABAA, anti-GlyR, anti-AMPA, anti-DPPX, anti-DRD2, anti-IgLON5, anti-mGlutR1, anti-mGlutR5, anti-MOG, and anti-Neurexin-3.





Infectious disease screening

All patients underwent extensive diagnostic tests to rule out infectious causes. A lumbar puncture was performed in four patients and CSF was collected. Opening pressure was measured in all cases in the lateral decubitus position, with the legs and neck in a neutral position. Intracranial hypertension was considered in case the opening pressure was above 200 mmH2O, whereas intracranial hypotension was considered in case the opening pressure was below 60 mmH2O (14, 15). CSF samples were extensively assessed for white blood cells (WBC), proteins, and glucose levels using bacterial cultures and Gram stain. Acid-fast staining and India ink/cryptococcal antigen preparation were done in order to detect tuberculosis or Cryptococcus neoformans, respectively (16). Polymerase chain reaction was carried out in the CSF to assess for the presence of viral causes of meningitis. Hepatitis B (HBV), hepatitis C (HCV), and human immunodeficiency virus (HIV) type 1 and 2 serology were carried out in these patients.






Results

Among the 482 patients evaluated with confirmed autoimmune encephalitis during the study period, there were 25 patients with encephalitis associated with positive anti-GAD65 Abs. Four (16%) of such patients had meningeal enhancement identified in the brain MRI. However, one patient, a 9-year-old girl with subacute headache and positive serum GAD65 Abs, was excluded from the study, owing to the presence of anti-NMDAR Abs in the CSF. The remaining three were all male patients, of Chinese origin, and between 16 and 36 years of age (Table 1). Extensive diagnostic studies ruled out metabolic, infectious, or drug-induced meningitis in all cases.


Table 1 | Summary of clinical and demographic features of GAD65 patients with meningeal enhancement.






Case 1

A 36-year-old male patient presented for evaluation of a 3-month history of behavioral changes and poor sleep. There was no history of fever or seizures. The patient presented with episodes of odd behavior, restlessness, irritability, aggressiveness, and agitation. There were sporadic visual hallucinations. Neurological examination was remarkable for fluctuating mental confusion with disorientation and bilateral upper limb resting tremor. There was no focal paralysis. Nuchal rigidity and Kernig’s and Brudzinski’s signs were all negative. Brain MRI showed diffuse leptomeningeal enhancement with scattered non-enhancing hyperintensities in the white matter (Figures 1A, B). EEG showed diffuse slow waves in the bilateral frontal lobes and bilateral centrotemporal regions, mostly on the right side. Lumbar puncture revealed an opening pressure of 150 mmH2O, and the CSF showed elevated WBC, 39 × 106/L (normal ≤5 × 106/L); lymphocytes, 74%; proteins, 0.28 g/L (normal: 0.15-0.45 g/L); and glucose, 3.4 mmol/L (range: 2.5-4 mmol/L). The patient had positive GAD65 Abs in the serum 1:10, but these Abs were negative in the CSF. Investigations for infectious causes were all negative. During the evaluation, the patient was diagnosed with type 2 diabetes mellitus with glycosylated hemoglobin (HbA1c) (8.6%) and received treatment with oral repaglinide and metformin. Treatment with progressively higher doses of risperidone did not provide benefit. However, marked clinical improvement was observed following treatment with oral methylprednisolone 40 mg per day for 2 weeks followed by progressively decreasing doses of 4 mg every week. The patient achieved an mRS score of 0 at the 16-month follow-up, after the onset of symptoms.




Figure 1 | Contrast -enhanced brain MRIs of (A, B) case 1 show diffuse enhancement of the leptomeninges without abnormalities in the brain parenchyma. (C) Case 2 and (D) case 3 also show conspicuous and scattered enhancement, respectively of the leptomeninges.







Case 2

A 24-year-old male patient came for evaluation of sudden onset of abnormal behavior and headache that started a few hours before the presentation. There was no history of a triggering event including poisoning or drug consumption. The patient and family denied fever or seizures. The clinical picture was characterized by severe, generalized, throbbing headache plus abnormal behavior with episodes of irritability, motor and language perseverance, disorientation, poor concentration, altered memory, and judgment. There were delusional thoughts, and the patient complained of being electrocuted, although no historical or clinical evidence of such an event was identified. Ritualistic behavior such as repetitive knocking on the wall was also present. There was evidence of insomnia and moderate anxiety. The neurological examination did not show a focal deficit; meningeal and cerebellar signs were negative. Cranial nerves were normal. Brain MRI showed extensive meningeal enhancement with a thickening of the tentorium more prominent on the right side. Brain parenchyma did not show abnormal hyperintensities or contrast enhancement (Figure 1C). EEG showed diffuse slow waves; epileptiform discharges were identified in the bilateral frontal lobes and right temporal lobe. Lumbar puncture revealed an opening pressure of 120 mmH2O, and cell count, proteins, and glucose levels were all normal in the CSF. Anti-GAD65 Abs were positive in the serum (1:30) and cerebrospinal fluid (1:10). The patient initially received variable doses of oral olanzapine with partial improvement. This was followed by a course of intravenous immunoglobulin (IVIg) 20 g per day for 5 days (total: 100 g) plus oral methylprednisolone 40 mg per day for 2 weeks followed by progressively decreasing doses of 4 mg every week. The patient achieved an mRS of 1 at the 12-month follow-up, after the onset of symptoms with a sporadic headache.





Case 3

A 16-year-old male patient presented for evaluation of a 20-day history of severe daytime sleepiness. There were no apparent precipitating events, and no recent history of fever, psychosis, mental confusion, behavioral changes, or seizures was recorded. The patient showed an increased propensity to fall asleep, poor responsiveness during episodes of sleeping, generalized fatigue, and night insomnia with sleep fragmentation. The neurological examination was consistent with normal cranial nerves. Muscle strength and tendinous reflexes were also normal. Babinski sign was negative, and there were no signs of meningeal irritation. Brain MRI showed a scattered line-like enhancement in the intracranial sulci. The right tentorium was thickened and showed contrast enhancement (Figure 1D). The lumbar puncture showed an opening pressure of 100 mmH2O, and the CSF showed elevated WBC, 18 × 106/L (normal ≤5 × 106/L); lymphocytes, 70%; mildly elevated proteins, 1.14 g/L (normal: 0.15-0.45 g/L); and glucose, 3.2 mmol/L (range: 2.5-4 mmol/L). Anti-GAD65 Abs were positive in the serum (1:10), confirmed with radioimmunoassay with >2,000 U/ml, and in the cerebrospinal fluid (1:10). The patient received treatment with IVIg 25 g/day for 5 days and methylprednisolone 500 mg per day for 5 days followed by oral prednisone with progressively decreasing doses. The patient achieved an mRS score of 0 at the 10-month follow-up, after the onset of symptoms.






Discussion

In this study, we reported three patients with clinical–radiological findings consistent with meningoencephalitis. All three were male patients, despite the higher frequency of GAD65 autoimmunity in women (4). Reports of meningeal involvement defined as contrast enhancement in the leptomeninges in patients with GAD65 autoimmunity are very scarce. A 44-year- old female patient has been reported under the diagnosis of “meningoencephalitis” associated with GAD65 Abs, 1 month after receiving remdesivir for COVID-19 infection (Table 1). The CT scan showed hydrocephalus and some meningeal enhancement; however, it is unclear whether the findings were related to COVID-19 infection (17). On the other hand, Triplett and colleagues reported on a 21-year-old female patient with seizures and progressively decreased level of consciousness with MR showing leptomeningeal enhancement aside from prominent hyperintense lesions involving both frontal lobes (18). The patient showed clinical worsening despite the use of first-line immunosuppressive drugs but responded to cyclophosphamide and rituximab (18).

The question is whether our patients actually had a neurological disorder secondary to GAD65 Abs, as they had a relatively low titer of Abs. Case 3 had >2,000 U/ml in the serum by RIA. This is consistent with GAD65 Abs titers that are considered high according to Saiz and colleagues (13). It is possible that GAD65 Abs 1:10 reported in commercially available cell-based assay are consistent with titers over 2,000 U/ml by RIA. Low titers of GAD65 Abs have been detected in up to 1% of the general population and 5% with various neurological disorders (19); therefore, these Abs may coincide and be confused as the cause of a specific neurological disorder. For example, patients with some forms of viral meningitis (i.e., related to the enterovirus) or rheumatic disorders may have meningeal enhancement with a benign clinical course and response to corticosteroids. The suspected autoimmune basis in our patients is supported by the lack of identification of specific infectious agents, despite extensive evaluation, the absence of recent history of poisoning or drug consumption, and no identification of metabolic or rheumatic diseases in the follow-up. Moreover, there is emerging evidence that low titers of GAD65 Abs may be related to some neurological syndromes, such as cerebellar ataxia (3).

The pathological role of GAD65 Abs has been questioned, mostly as the target antigen is intracellular. In contrast, the role of cellular autoimmunity has been highlighted. There are few pathological reports in patients with GAD65 autoimmunity showing microglial proliferation and mild infiltration of CD8+ cytotoxic T cells in the anterior horn cells of the spinal cord in a patient with stiff-person syndrome (20). On the other hand, in a pathological study of three cases with limbic encephalitis related to GAD65 encephalitis, parenchymal infiltration of CD3+ T cells was low but higher than that of the controls, with intermediate infiltration of CD8+ T cells between patients with autoimmunity related to onconeural and surface antigen Abs (21). Apposition of GrB+ lymphocytes to single neurons and CD107a, a lysosomal-associated membrane protein-1, both markers of cytotoxic cell attack, were identified in a single patient with limbic encephalitis associated with GAD Abs (21). These findings were coupled with the loss of neural tissue but glial preservation, suggesting that a cytotoxic rather than a humoral response underlies the pathogenesis in these patients. Moreover, the ratio of CD8/CD3 in the perivascular space of blood vessels is lower than in the parenchyma, supporting the CD8+ T-cell migration into the brain parenchyma (21). We speculate that a local cellular inflammatory response in the leptomeninges may occur disrupting the blood–brain barrier leading to contrast enhancement. This is supported by the presence of CD3+ T cells in the leptomeninges in a patient with GAD65 meningoencephalitis (18).

Meningeal enhancement has been found in patients with anti-NMDAR encephalitis, which is the prototype of autoimmune encephalitis. In these patients, an abnormal MRI is observed in less than 50% of cases (11). However, among patients with abnormal MRIs, medial temporal and frontal hyperintensities in T2W and FLAIR sequences along with leptomeningeal enhancement are the most common findings (11). Evidence from cytokine dynamics suggests that patients with anti-NMDAR encephalitis have an early chemoattractant immune response despite the paucity of cellular T- and B-cell response identified in the brain parenchyma in most of these patients (22). Minimal inflammatory infiltrates in the leptomeninges have been identified in patients with anti-NMDAR encephalitis (23). It is unclear why patients with GAD65 encephalitis uncommonly present with meningeal enhancement. Similar to anti-NMDAR encephalitis, patients with GAD65 encephalitis may show a paucity of inflammatory T-cell infiltrates in the leptomeninges that appears during a specific time window during the evolution; however, further studies are required to confirm these findings.

None of our patients had positive anti-GFAP Abs; patients with autoimmunity associated with these Abs have a median age at onset of 44 years and are most commonly women (54%) (24). Perivascular radial enhancement perpendicular to the ventricles is one characteristic, and it has been detected in about half of the cases in some series; meningeal enhancement is also a distinctive feature (25). Patients with anti-GFAP Abs usually have a high number of cells in the CSF (>50 × 106/L), which contrasts with the paucity of inflammatory response found in the CSF of patients with GAD65 autoimmunity. Moreover, a third of cases may have an underlying neoplasm (24), contrasting with the apparent low occurrence of cancer in patients with GAD65 autoimmunity.

The main limitation of our study is the lack of pathological specimens in order to assess the presence of lymphocyte infiltration in the meninges. However, justification of leptomeningeal biopsy may be questionable in a patient with aseptic meningitis showing rapid recovery with anti-inflammatory therapies. In this regard, the identification of CSF cytokines can be helpful in understanding the immunological dynamics of T and B cells, which may yield the type of immunological response in these patients.





Conclusion

In summary, a clinical picture characterized by the presence of signs of encephalitis combined with meningeal enhancement in the brain MRI but lack of fever and/or signs of meningeal irritation may be observed in patients with otherwise positive GAD65 Abs. These patients showed a rapid response to immunotherapy with a favorable outcome. Further studies should clarify the role of GAD65 autoimmunity in meningeal inflammation.
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The intracerebral infection of mice with Theiler’s murine encephalomyelitis virus (TMEV) represents a well-established animal model for multiple sclerosis (MS). Because CD28 is the main co-stimulatory molecule for the activation of T cells, we wanted to investigate its impact on the course of the virus infection as well as on a potential development of autoimmunity as seen in susceptible mouse strains for TMEV. In the present study, 5 weeks old mice on a C57BL/6 background with conventional or tamoxifen-induced, conditional CD28-knockout were infected intracerebrally with TMEV-BeAn. In the acute phase at 14 days post TMEV-infection (dpi), both CD28-knockout strains showed virus spread within the central nervous system (CNS) as an uncommon finding in C57BL/6 mice, accompanied by histopathological changes such as reduced microglial activation. In addition, the conditional, tamoxifen-induced CD28-knockout was associated with acute clinical deterioration and weight loss, which limited the observation period for this mouse strain to 14 dpi. In the chronic phase (42 and 147 dpi) of TMEV-infection, surprisingly only 33% of conventional CD28-knockout mice showed chronic TMEV-infection with loss of motor function concomitant with increased spinal cord inflammation, characterized by T- and B cell infiltration, microglial activation and astrogliosis at 33-42 dpi. Therefore, the clinical outcome largely depends on the time point of the CD28-knockout during development of the immune system. Whereas a fatal clinical outcome can already be observed in the early phase during TMEV-infection for conditional, tamoxifen-induced CD28-knockout mice, only one third of conventional CD28-knockout mice develop clinical symptoms later, accompanied by ongoing inflammation and an inability to clear the virus. However, the development of autoimmunity could not be observed in this C57BL/6 TMEV model irrespective of the time point of CD28 deletion.




Keywords: conventional CD28-knockout, conditional CD28-knockout, multiple sclerosis (MS) disease, Theiler’s murine encephalomyelitis virus (TMEV), immunology & infectious diseases, neuroimmunology and neuropathology




1 Introduction

The intracerebral inoculation with Theiler’s murine encephalomyelitis virus (TMEV) is a widely used, infectious model for neuro-inflammatory and -degenerative diseases like multiple sclerosis (MS) or epilepsy in humans (1). Susceptibility and outcome of a TMEV-infection in mice is genetically defined by the host (2). Infection of the central nervous system (CNS) is also influenced by the virus strain and as importantly, disease progression and virus spread within the nervous tissue from the cerebrum to the spinal cord is associated with changes in cell tropism (2–5). TMEV shows a strong tropism to neurons during the acute phase, which is followed by a predominant infection of glial cells and macrophages in the chronic phase of infection after three to four weeks (2–8). Briefly, the acute phase of the TMEV-infection is related to a direct virus-mediated effect predominantly on neurons and characterized by a transient encephalitis that lasts about two to three weeks after intracerebral infection in most mouse strains (1, 9). In resistant C57BL/6 mice the acute phase of TMEV-infection is restricted to the brain, especially the hippocampus, and these animals are able to eliminate the virus from the CNS within about two weeks (9). In susceptible mouse strains with an insufficient anti-viral immune response, like SJL mice, the acute phase is followed by a chronic phase, characterized by virus spread into the spinal cord and persistent TMEV-infection with concomitant development of a progressive demyelinating disease (TMEV-IDD), resembling progressive MS (1, 9). The alterations seen in the chronic phase are caused by immune-mediated tissue damage and infection of glial cells and macrophages (2–8). Thus, the division into an acute and chronic phase is not only based on the pathomorphological changes in the CNS, but also characterized by a changing cell tropism of the virus and underlying pathogenetic mechanisms (2–5).The clearance of a pathogen is critically dependent on a functioning immune system. For a virus infection, especially cytotoxic CD8+ T cells and NK cells are significantly involved, but the function of these cells is also embedded in the general context of a healthy immune system, involving antigen-presenting cells of the myeloid lineage as important cells for T cell activation and also T-helper cells for assisting the CD8+ cytotoxic response. The co-stimulatory molecule CD28 is considered the most important accessory molecule for the activation of naïve T cells (10–13). CD28 is first expressed on T cells during the β-selection in the thymus (14, 15) and keeps up its regulatory functions until the exhaustion of the T cell (16). When the CD28-mediated co-stimulatory signal is missing, T cells are unable to be fully activated and to differentiate and are becoming anergic instead. Beside its function in activation and differentiation of effector T cells, CD28 is also found to be critically involved in the maintenance of regulatory T cells (17–19). In 1993, a conventional CD28-knockout mouse was published missing the co-stimulatory molecule in all cells through all stages of life (20). These mice have some defects in germinal center reactions and antibody class switch recombination, but in principle are still able to mount cytotoxic T cell responses to certain viruses (20). Additionally, they exhibit a normal susceptibility to Leishmania major and are able to mount Th1 and Th2 responses (21). However, knockout of CD28 or blockade of CD28 with specific antibodies prevents the development of autoimmunity such as experimental autoimmune encephalitis (EAE) in rodents (22–24), and rhesus monkeys (25) or collagen-induced arthritis (26). The caveat in using conventional CD28-knockout mice is that adaptation mechanisms could have taken place where either other co-stimulatory receptors take over the function of CD28 or a different T cell repertoire with a different overall affinity/avidity of the T cell receptor (TCR) is selected in the thymus, changing the sensitivity of effector T cells for the requirement of co-stimulation during activation/differentiation. To overcome this problem, conditional CD28-knockout mice have been generated in which CD28 can be deleted pharmaceutically (27). These mice show normal expression of CD28 until administration of the inductive agent, like tamoxifen for activation of a modified estrogen receptor-coupled cre-recombinase (cre). This enables to define the exact time point of loss of CD28 expression in these mice without the problems of aberrant T cell selection in the thymus.

For human autoimmune diseases, aberrations of CD28-expression appears to influence the risk for MS relapses (28) as well as severity of Crohn’s disease (29). In addition, it was hypothesized that if a chronic virus infection of the CNS is involved in the disease pathology, as recently proposed for MS (30, 31), a downregulation of the immune response might be disadvantageous for the host. However, beside the “molecular mimicry” hypothesis (32) for the involvement of pathogens in the pathogenesis of autoimmune diseases, it is currently unknown how pathogens could contribute to their development.

In the present study we investigated how mice with a constitutive (CD28 –/–; further named CD28KO) or conditional deletion of CD28 (CD28-/flox Cre+/-; further named Cre) are able to deal with a TMEV-infection in comparison to controls without Cre-expression (CD28-/flox Cre-/-; further named B6) and to controls without tamoxifen administration. It could be shown that the CD28 knockout renders genetically resistant mice susceptible for chronic TMEV-infection reflected by persistent virus presence, modified immune responses and histopathological changes within the CNS.




2 Materials and methods



2.1 Mice and housing

Conditional CD28-knockout mice with cre-expression (CD28-/flox Cre+/-; Cre) and without cre-expression (CD28-/flox Cre-/-; B6) (27) as well mice with a conventional CD28 knockout (CD28-/-; CD28KO) (20) on a C57BL/6 background were bred at the central animal facility of the Institute for Multiple Sclerosis Research (IMSF), University of Göttingen. The study took place in the Department for Pathology of the University of Veterinary Medicine Hannover, where the mice were housed in individual ventilated cages (IVC) with ad libitum access to water and food (ssniff Spezialdiäten GmbH, DE- 59494 Soest, cat. V1534-000). All experiments were performed in accordance with German law and approved by the Lower Saxony State Office for Consumer Protection and Food Safety as the responsible authority (Niedersächsisches Landesamt für Verbraucherschutz- und Lebensmittelsicherheit (LAVES), Oldenburg, Germany; permission number: -17/2418).




2.2 Induction of CD28-knockout

The knockout of CD28 was induced in Cre-expressing FEC2/FLCK CD28KO mice (CD28-/flox Cre+/-) by three oral gavages of tamoxifen (3 mg tamoxifen/100µl rapeseed oil) at 5, 7 and 9 dpi, using a flexible 20 G feeding tube (Instech, cat. FTP-20-38-50) as described before (4).




2.3 TMEV-infection

All mice of the study were infected intracerebrally at the age of five weeks with 20µl of a TMEV-BeAn-1-TiHo cell culture supernatant of 2.7x107 plaque-forming units (PFU)/ml (infective dose of 5.4x105 PFU) under injection-anesthesia as described before (33).




2.4 Study design



2.4.1 Acute phase of infection

To study the acute phase of TMEV-infection, mice with conventional innate (CD28KO) and tamoxifen-induced, conditional knockout (Cre-Tam) of CD28 were infected intracerebrally at the age of five weeks. The conditional knockout was induced 5 days post infection (dpi) in Cre-Tam mice by oral gavages of tamoxifen at 5, 7 and 9 dpi. Clinical scoring and motor tests (RotaRod) were performed weekly. The mice were sacrificed at 14 dpi. Control animals without CD28 knockout were treated accordingly.

As controls for the wild type-phenotype mice with loxP-flanked exons 2 and 3 of CD28 (flox) without expression of cre-recombinase (CD28-/flox Cre-/-, further named: B6) were used (27). Additionally, CD28-/flox Cre-/- animals without tamoxifen application (nT) were involved in this study, since tamoxifen is known to influence the immune response after TMEV-infection (4, 34).

The genotypes, number of animals and information about infection, Tam application and necropsy are presented in Table 1.


Table 1 | Overview of conditional and conventional CD28-knockout mice investigated in the early phase of TMEV-infection at 14 dpi, including the group names, genetic background, age at TMEV-infection, days of oral tamoxifen application, number of animals, information about CD28 knockout status and/or induction, day of necropsy after TMEV infection.






2.4.2 Chronic phase of infection

For investigations on the chronic TMEV-infection, only mice with conventional innate CD28-knockout (CD28KO) were used. Due to detrimental effects of the induced conditional CD28-knockout on the clinical score of the Cre-Tam mice, these animals were not included in the long-term studies for animal welfare reasons. Of the mice with conventional CD28-knockout (CD28KO) planned for necropsy at 42 dpi (n=6) and 147 dpi (n=6, data not shown), one third (n= 4 out of 12) developed motoric deficiencies starting at 21-33 dpi. These four mice were thus evaluated separately as ‘responders’ (CD28KO-R). Two of the four CD28KO-R mice developed hind limb paresis and were immediately euthanized for humane reasons at 33 (n=1) or 35 dpi (n=1), respectively. Two of the four CD28KO-R mice showed only mild to moderate clinical signs and thus reached the scheduled necropsy date at 42 dpi (n=2). The CD28KO-R group was thus composed of n=4 animals euthanized at 33 (n=1), 35 (n=1) and 42 dpi (n=2). These were compared to the CD28KO mice without clinical signs (n=4) and controls without tamoxifen application (B6-nT, n=6), all sacrificed at 42 dpi. Remaining CD28KO mice that did not show clinical signs until 42 dpi (n=4) as well as further B6-nT control mice (n=7) did not develop any clinical signs until 147 dpi (endpoint of investigation). At 147 dpi, there was no difference in clinical as well as histological data between these animals (data not shown). The genotypes, number of animals and information about infection, Tam application and necropsy are presented in Table 2.


Table 2 | Overview of conventional CD28-knockout mice in the investigation on the chronic phase of TMEV-infection at 33-42 dpi, including the group names, genetic background, age at TMEV-infection, days of oral tamoxifen application, number of animals, information about CD28 knockout status, day of necropsy after TMEV infection.







2.5 Clinical scoring, RotaRod®

Mice were visually inspected daily; clinical scoring (appearance [0-3], activity [0-3], gait [0-4]) and RotaRod®-testing for motor skills were performed weekly as described (4). The intervals of clinical scoring were increased according to the animals’ clinical signs as described before (4).




2.6 Necropsy

Animals were sacrificed at 14 (n=39), 42 (n=12) or 147 (n= 11, data not shown) days post infection (dpi). Mice with CD28 knockout that reached the pre-defined termination criteria (weight loss ≥ 20%, high clinical scores, paralysis of limbs) were euthanized for humane reasons at 14 (Cre-Tam), 33 (n=1) and 35 (n=1) dpi (CD28KO-R). After euthanasia, mice were perfused with phosphate buffered saline (PBS) at a flow rate of 3.75 ml/min through the left ventricle. Brain, spinal cord, thymus, spleen, and intestine were removed and fixed in 4% formaldehyde solution followed by paraffin embedding.




2.7 Histology and immunohistochemistry – staining and scoring

For histology and immunohistochemistry, the formalin-fixed, paraffin-embedded (FFPE) tissue was cut to 2 µm thick sections and mounted on glass slides (Thermo Scientific, Superfrost® Plus, cat. J1800AMNZ). Hematoxylin-eosin (HE) stained sagittal sections of the brain were divided into 10 regions (as seen in Supplementary Figure S1) and scores (0-3) for hyper-cellularity, perivascular infiltration, meningeal infiltration, vacuolization, and neuronal/axonal damage (4, 35) were added up. The scores (0-3) for hyper-cellularity in the white matter, the grey matter, perivascular infiltration, vacuolization and meningeal infiltration from three spinal cord segments (cervical, thoracic, and lumbar) each divided into 6 regions (left/right, dorsal, middle and ventral) were added up for every animal.

Immunohistochemistry was performed applying the avidin-biotin complex (ABC)-method with 3,3’-diaminobenzidine (DAB)-labelling as described before (36). The pretreatment and concentrations of primary antibodies are presented in Table 3 below:


Table 3 | List of antibodies for immunohistochemistry.



For morphometry and figures, stained sections were scanned with extended focal image (EFI) on an Olympus Slide Scanner VS200. Tissue detection was done by thresholding (CellSens, ImageJ). Positive stained areas and cell counts were obtained according to the requirements by manual counting on glass slides (TMEV, CD45R, Caspase 3, beta amyloid precursor protein [beta-APP], S100A10) or applying a neural network (CD3 [Olympus cellSens imaging software VS200]) trained on respective tissue to detect the cell numbers per area. Brain and spinal cord sections with glial markers (ionized calcium-binding adapter molecule 1 [Iba-1] and glial fibrillary acidic protein [GFAP]) were digitalized (VS200) followed by thresholding and automatic detection of the percentage of positive areas (ImageJ, QuPath) to account for changes in cell volumes during the inflammatory response. The cell numbers and positive areas were evaluated on one sagittal brain section (including all 10 regions as defined above) or three spinal cord sections (cervical, thoracic, lumbar) combined into one evaluated area, respectively.




2.8 Figures, graphs and statistics

Photographs for the figures were obtained from scanned slides (VS200) and edited with GIMP 2.10.32 (GNU Image Manipulation Program). Graphs were created with Graphpad Prism (Graphpad Software Inc.) and show scatter plots (one dot per animal) with median (black bar) and 95% confidence intervals (black error bars). Statistical analyses were conducted using SPSS for Windows TM v. 27 (IBM® SPSS® Statistics, SPSS Inc., Chicago, IL, United States). Data were analyzed for normal distribution using the Shapiro–Wilk test. Significant differences between the groups were investigated via Kruskal–Wallis tests followed by Dunn–Bonferroni post hoc testing with correction of significance levels for multiple testing. Corrected p-values of ≤ 0.05 were recognized as statistically significant and indicated by an asterisk (*) within the graphs. Figures of multiple panels were generated with GIMP and Inkscape 1.2 (Inkscape Community).





3 Results



3.1 Conditional and conventional CD28-knockout mice are unable to eliminate the virus during the acute phase (14 dpi) of a TMEV-infection

Mice with tamoxifen-induced, conditional knockout of CD28 (Cre-Tam) showed a marked loss of body weight between 7 and 14 dpi (Figure 1A). Additionally, only Cre-Tam mice showed significantly increased clinical scores (Figure 1B) but without measurable effects on their RotaRod performance (Figure 1C) at 14 dpi.




Figure 1 | (A-C) Assessment of general parameters and clinical score during the acute phase of a Theiler’s murine encephalomyelitis virus (TMEV)-infection at 14 days post infection (dpi). (A) Mice with tamoxifen-induced CD28-knockout (Cre-Tam, n=17) show a significant loss of the body weight within the second week of infection (7 to 14 dpi). (B) At 14 dpi, the clinical score of Cre-Tam mice (n=17) is significantly increased compared to B6-nT (n=6) and B6-Tam (n=10) controls. (C) RotaRod-performance was similar and lacked significant differences between the groups at 14 dpi. Graphs show scatter plots (one dot per animal) with median (black bar) and 95% confidence intervals (black error bars). Statistically significant p-values are depicted within the graphs (Kruskal-Wallis test followed by Dunn-Bonferroni post-hoc test and significance level correction for multiple testing).



Histopathological examination of the brain and spinal cord revealed that the sum score in HE-stained brain sections is significantly lower in Cre-Tam mice compared to the B6-Tam controls without CD28 deletion (Figures 2A, B). Inflammation within the spinal cord was most apparent within the lumbar region of all mouse strains (Figure 2A). Concerning the virus clearance, there were also differences between the groups. Whereas B6 mice without tamoxifen administration (B6-nT) completely cleared the virus by 14 dpi as expected (Figure 2C, upper left), mice with tamoxifen application (B6-Tam) still show virus antigen within the brain at 14 dpi (Figure 2C, upper right), as reported before (28). Virus persistence was also seen in both mouse strains in which CD28 had been deleted (Figures 2C, D). Remaining TMEV-antigen was detected preferably within the hippocampus of mice without CD28 knockout but tamoxifen application (B6-Tam), while in both mouse strains with CD28-knockout (CD28KO, Cre-Tam), the antigen was more likely to be spread over more brain regions, except for the olfactory bulb, forebrain, and cerebellum (Supplementary Figure S1). Highest numbers of TMEV-antigen positive cells were detected within the cerebral cortex, hippocampus and thalamus of both CD28-knockout strains (Supplementary Figure S1). Furthermore, only in mice with CD28-knockout (Cre-Tam, CD28KO), an unexpected virus spread into the spinal cord was seen (Figure 2D).




Figure 2 | (A, B) Semi-quantitative scores of the brains and spinal cords of TMEV-infected B6-nT mice (no CD28-knockout, no tamoxifen application, n=6), B6-Tam mice (no CD28-knockout, tamoxifen application, n=10), CD28KO mice (CD28-knockout, no tamoxifen application, n=6) and Cre-Tam mice (CD28-knockout, tamoxifen application, n=17) using hematoxylin-eosin (HE) stained sections in the acute phase at 14 days post infection (dpi). (A) Representative pictures showing inflammatory infiltrates (arrowheads) within the lumbar spinal cords in Theiler’s murine encephalomyelitis virus (TMEV) infected mice at 14 dpi. (B) Summarized graphical presentation of semi-quantitative scores obtained in 10 brain regions and 6 spinal cord regions at 14 dpi, showing significantly lower scores within the brains of CD28-knockout (Cre-Tam) mice compared to B6-Tam controls and similar scores within the spinal cord. (C, D) Immunohistochemical detection of TMEV-antigen within the brains and spinal cords of TMEV-infected mice at 14 dpi. (C) Representative pictures showing no TMEV-antigen in B6-nT mice (upper left) and persisting TMEV-antigen within the hippocampus (B6-Tam, upper right) and cerebral cortex (CD28KO, lower left; Cre-Tam, lower right) at 14 dpi. (D) In contrast to B6-nT-control animals, mice with tamoxifen application (B6-Tam) as well as mice with CD28-knockout (Cre-Tam, CD28KO) showed virus antigen in the brain at 14 dpi. Virus spread into the spinal cord was only detected in mice with CD28-knockout (Cre-Tam, CD28KO) and reached statistically significance between CD28KO mice and B6-Tam controls. Graphs show scatter plots (one dot per animal) with median (black bar) and 95% confidence intervals (black error bars). Statistically significant p-values are depicted within the graphs (Kruskal-Wallis test followed by Dunn-Bonferroni post-hoc test and significance level correction for multiple testing).



Immunohistochemical assessment of the local immune response by counting infiltrating immune cells into the CNS revealed significant differences in the T- and B cell response as well as microglial activation. It was observed that mice with conditional, tamoxifen-induced CD28-knockout mice (Cre-Tam, Figure 3A, lower right) showed increased T cell infiltration into the brain (Figure 3B). The T cell infiltration in B6-nT mice without tamoxifen application (Figure 3A, upper left) and animals with conventional CD28-knockout (Figure 3A, lower left) were at similarly low levels, despite the presence of TMEV-antigen in the CNS in the CD28KO mice. Within the spinal cord, there were no significant differences in T cell infiltration between the groups at 14 dpi (Figure 3B). The number of B cells in B6-nT mice without tamoxifen application (Figure 3C, upper left) and mice with conventional CD28-knockout (Figure 3C, lower left) were, as seen for T cell infiltration, at comparable levels (Figure 3D). Contrary to T cells, the B cell infiltration showed the opposite trend with non-significantly reduced B cell numbers in tamoxifen-treated B6-Tam mice (Figure 3C, upper right) and significantly reduced B cell numbers in Cre-Tam mice with conditional CD28 knockout (Figure 3C, lower right) in both the brain and the spinal cord (Figure 3D). Prominent reactive microgliosis was seen in the brain of B6-nT and B6-Tam mice without CD28-knockout (Figure 3E, upper left and upper right). Within the brain, microglial activation was significantly reduced in Cre-Tam and CD28KO mice with knockout of CD28 (Figures 3E, F). Within the spinal cord, there was no significant difference between mice with or without CD28-knockout (Figure 3F).




Figure 3 | (A, B) Immunohistochemical detection of CD3-positive T cell infiltration into the brain and spinal cord of Theiler’s murine encephalomyelitis virus (TMEV)-infected B6-nT mice (no CD28-knockout, no tamoxifen application, n=6), B6-Tam mice (no CD28-knockout, tamoxifen application, n=10), CD28KO mice (CD28-knockout, no tamoxifen application, n=6) and Cre-Tam mice (CD28-knockout, tamoxifen application, n=17) in the acute phase at 14 days post infection (dpi). (A) Representative pictures showing moderate T cell infiltration (arrowheads) into the thalamus of B6-nT (upper left) and CD28KO mice (lower left) in contrast to high numbers of infiltrating T cells in B6-Tam (upper right) and Cre-Tam mice (lower right) at 14 dpi. (B) Quantitative evaluation of T cells per area (0.5 cm² brain, 0.07cm² spinal cord) reveals increased infiltration into the brain of Cre-Tam compared to B6-nT controls and spinal cord of B6-Tam mice, compared to Cre-Tam mice. (C, D) Infiltration of CD45R-positive B cells into the brain and spinal cord of TMEV-infected mice at 14 dpi. (C) Representative pictures showing moderate infiltration of B cells (arrowheads) into the hippocampus of TMEV-infected B6-nT (upper left) and CD28KO mice (lower left) in contrast to low numbers of infiltrating B cells in B6-Tam (upper right) and Cre-Tam mice (lower right) at 14 dpi. (C) Quantitative analysis shows significantly decreased B cell infiltration in the brain of Cre-Tam mice compared to all other groups. Within the spinal cord, B cell numbers are significantly lower in Cre-Tam mice, compared to CD28KO mice at 14 dpi. (E, F) Analysis of microgliosis within the brain and spinal cord of TMEV-infected mice at 14 dpi. (E) Representative pictures of activated, ionized calcium-binding adapter molecule-1 (Iba-1)-positive microglia/macrophages within the thalamus, showing increased cell numbers and ramification in B6-nT (upper left) and B6-Tam mice (upper right) in contrast to lower cell numbers with only few cell processes in CD28KO (lower left) and Cre-Tam mice (lower right) at 14 dpi. (F) A detailed analysis of Iba-1 positive areas reveals significantly decreased microgliosis within the brain of CD28-knockout mice (Cre-Tam, CD28KO) compared to controls (B6-nT, B6-Tam) at 14 dpi. Within the spinal cord, there is no difference at 14 dpi concerning microgliosis. Graphs show scatter plots (one dot per animal) with median (black bar) and 95% confidence intervals (black error bars). Statistically significant p-values are depicted within the graphs (Kruskal-Wallis test followed by Dunn-Bonferroni post-hoc test and significance level correction for multiple testing).



The number of apoptotic cells (caspase 3 positive cells) within the brain and spinal cord was not elevated in CD28-knockout mice compared to the controls at 14 dpi (Supplementary Figure S2). In addition, there was no increase in axonal damage (beta APP positive axons) within the spinal cord of CD28-knockout mice in the early phase of TMEV-infection at 14 dpi (Supplementary Figure S2).

The summarized results of the clinical and histopathological findings in intracerebrally TMEV-infected mice reveal that mice lacking CD28-expression (Cre-Tam, CD28KO) show virus persistence and spreading of virus within the brain as well as into the spinal cord at 14 dpi. This is correlated with significantly less microglial activation, despite presence of virus antigen within the CNS. T- and B cell infiltration seem to be influenced by tamoxifen administration and CD28-knockout in a mutually enhancing manner. The influence of tamoxifen on the number of infiltrating lymphocytes can be seen in the direct comparison with B6-nT controls, but only reaches statistical significance in Cre-Tam mice with CD28-knockout, that show significantly increased T cell infiltration and decreased B-cell infiltration.




3.2 Conventional CD28-knockout mice partially develop a clinical phenotype during the chronic phase (21-42 dpi) of a TMEV-infection

Because TMEV has not been cleared yet at 14 dpi, it was interesting to follow up the fate of the mice also in the chronic stage of TMEV infection. In susceptible SJL mice, the chronic phase is characterized by progressive clinical signs and loss of myelin caused by different immunopathologies of this model (1). Since the CD28KO mice were unable to clear the virus within 2 weeks after infection, a longer period was studied to see whether CD28-deficiency results in a similar fate on the otherwise resistant C57BL/6 background. Due to the detrimental effects of the tamoxifen-induced conditional CD28-knockout in the early phase of TMEV-infection (weight loss, clinical signs), Cre-Tam mice were not included in this part of the study for animal welfare reasons. Mice with a conventional CD28-knockout (CD28KO) either showed no clinical signs, similar to the control animals (B6-nT) or developed motoric deficiencies at 21 (n=1), 32 (n=1) and 33 (n=2) days post TMEV-infection. Mice that developed these clinical signs were thus evaluated separately as ‘responders’ (CD28KO-R, n= 4 out of 12). At the end of experiment, the four responders with conventional CD28-knockout had a lower body weight (Figure 4A) and showed increased clinical scores (Figure 4B). The high clinical scores in CD28KO-R mice were mainly determined by hind limb paresis (score 4) of two mice at 33 (n=1) and 35 dpi (n=1). Mice with hind limb paresis were euthanized immediately for humane reasons and thus not put on the RotaRod. Accordingly, the presented data (Figure 4C) show the last RotaRod performance on 28 dpi of mice prior to the hind limb paresis and 42 dpi of the mice with mild gait abnormalities. It can be seen, that anyways, the motor skills of the CD28KO-R mice are non-significantly reduced compared to the non-responder CD28KO mice (Figure 4C).




Figure 4 | (A–C) Assessment of general parameters and clinical score during the chronic phase of Theiler’s murine encephalomyelitis virus (TMEV)-infection. TMEV-infected conventional CD28-knockout mice with clinical signs in the chronic phase, termed ‘responder CD28KO’ mice, (CD28KO-R, n=4) were euthanized at 33 (n=1), 35 (n=1) and 42 dpi (n=2) and compared to CD28-knockout mice without clinical signs (CD28KO, n=4) and control mice without knockout (B6-nT, n= 6) that were sacrificed on 42 dpi. (A) CD28KO-R mice show a significantly lower body weight at the end of experiment, compared to B6-nT controls. (B) B6-nT and CD28KO mice do not show a clinical score at 42 dpi. The clinical scores of CD28KO-R mice (n=4) are elevated significantly at the end of experiment at 33, 35 and 42 dpi, respectively. (C) RotaRod performance tests show a mildly reduced performance of CD28KO-R mice compared to CD28KO mice, that however reaches no statistical significance (p= 0.104). Graphs show scatter plots (one dot per animal) with median (black bar) and 95% confidence intervals (black error bars). Statistically significant p-values are depicted within the graphs (Kruskal-Wallis test followed by Dunn-Bonferroni post-hoc test and significance level correction for multiple testing).



Histopathological examination at 42 dpi revealed that B6-nT control animals without knockout (Figure 5A, upper left) as well as conventional CD28KO mice without gait abnormalities (Figure 5A, upper right) showed no, or only minor inflammation characterized by single parenchymal and perivascular infiltrations of immune cells within the brain and spinal cord (Figure 5B). In contrast, inflammation was still visible within the spinal cord of the CD28KO-R mice and most prominent in the lumbar segment (Figures 5A, B). The B6-nT controls (Figure 5C, upper left) and clinically unaffected CD28KO mice (Figure 5C, upper right),except for one mouse with very low titer, were able to eliminate TMEV from the brain and spinal cord (Figure 5D) at 42 dpi. Conversely, TMEV-antigen was still detectable within the brain (Figure 5C, lower left) of 3 and spinal cords of 2 out of 4 CD28KO-R mice, respectively (Figure 5D).




Figure 5 | (A, B) Semi-quantitative scoring of brain and spinal cord on hematoxylin-eosin (HE) stained sections in the chronic phase at 33, 35 or 42 days post infection (dpi), respectively. Theiler’s murine encephalomyelitis virus (TMEV)-infected CD28-knockout mice with clinical signs in the chronic phase, termed ‘responder CD28KO’ mice, (CD28KO-R, n=4) were euthanized at 33 (n=1), 35 (n=1) and 42 dpi (n=2) and compared to CD28-knockout mice without clinical signs (CD28KO, n=4) and control mice without knockout (B6-nT, n= 6) that were sacrificed on 42 dpi. (A) Representative pictures of lumbar spinal cord of TMEV-infected mice showing lack of inflammatory changes in B6-nT (upper left) and CD28KO mice without clinical signs (upper right) in contrast to ongoing inflammation (arrowhead) in the spinal cord of a CD28KO-R mouse at 35 dpi (lower left). (B) Semi-quantitative scores representing the total sum obtained by added scores of 10 different brain- or 6 spinal cord regions, respectively, showed significantly increased scores in the brain and spinal cord of CD28KO-R mice compared to B6-nT controls in the chronic phase of TMEV-infection. (C, D) Immunohistochemical analysis of TMEV-antigen within the brain and spinal cords of mice in the chronic phase of TMEV-infection. (C) Representative pictures lack TMEV-antigen in B6-nT control mice (upper left) and CD28KO mice without clinical signs (upper right) in contrast to persisting TMEV-antigen within the cerebral cortex of a CD28KO-R mouse at 35 dpi (lower left). (D) Quantitative analysis revealed TMEV-persistence within the brain and spinal cord of CD28KO-R mice. Graphs show scatter plots (one dot per animal) with median (black bar) and 95% confidence intervals (black error bars). Statistically significant p-values are depicted within the graphs (Kruskal-Wallis test followed by Dunn-Bonferroni post-hoc test and significance level correction for multiple testing).



The low sum score of the CNS of B6-nT control animals and non-responder CD28KO mice, were affirmed by low numbers of infiltrating T cells (Figures 6A, B) and B cells (Figures 6C, D). This was in contrast to the ongoing T cell (Figures 6A, B) and B cell (Figures 6C, D) infiltration in CD28KO-R mice.




Figure 6 | (A, B) Immunohistochemical analysis of CD3-positive T cell infiltration into the brain and spinal cord of Theiler’s murine encephalomyelitis virus (TMEV)-infected mice in the chronic phase at 33, 35 and 42 days post infection (dpi), respectively. TMEV-infected conventional CD28-knockout mice with clinical signs in the chronic phase, termed ‘responder CD28KO’ mice, (CD28KO-R, n=4) were euthanized at 33 (n=1), 35 (n=1) and 42 dpi (n=2) and compared to CD28-knockout mice without clinical signs (CD28KO, n=4) and control mice without knockout (B6-nT, n= 6) that were sacrificed on 42 dpi. (A) Representative pictures showing single CD3-positive T cells within the hypothalamus (B6-nT, upper left)) and thalamus (CD28KO, upper right) in contrast to increased T cell infiltration into the thalamus of a TMEV-infected CD28KO-R mouse (lower left) at 35 and 42 dpi, respectively. (B) Quantitative evaluation of T cells per area (0.5 cm² brain, 0.07cm² spinal cord) shows, compared to B6-nT controls at 42 dpi, a significantly increased T cell infiltration into the brain and spinal cord of CD28KO-R mice at 33, 35 and 42 dpi, respectively. (C-D) Immunohistochemical analysis of CD45R-positive B cell infiltration into the brain and spinal cord of TMEV-infected mice in the chronic phase at 33, 35 and 42 dpi, respectively. (C) Representative pictures of CD45R-positive B cells (arrowheads) within the hypothalamus, showing no B cells in a B6-nT (upper left) or single perivascular B cells in a CD28KO mouse (upper right), in contrast to increased perivascular infiltration in a CD28KO-R mouse at 35 dpi (lower left). (B) Quantitative analysis of B cell infiltration shows significantly increased numbers of B cells within the brain and spinal cord of CD28KO-R mice at 33, 35 and 42 dpi, compared to B6-nT controls at 42 dpi. Graphs show scatter plots (one dot per animal) with median (black bar) and 95% confidence intervals (black error bars). Statistically significant p-values are depicted within the graphs (Kruskal-Wallis test followed by Dunn-Bonferroni post-hoc test and significance level correction for multiple testing).



Compared to the B6-nT controls (Figures 7A–D, upper left) the astroglial and microglial response in the brain was mildly but not significantly elevated in CD28KO mice without clinic (Figures 7A–D, upper right). CD28KO-R mice showed significantly increased density of astrocytes (astrogliosis) within the brain and spinal cord (Figures 7A, B) as well as a high density of hypertrophic/hyper-ramified microglia (Figures 7C, D). These data indicate an ineffective and delayed immune response against TMEV-infection in clinically affected CD28KO-R mice.




Figure 7 | (A, B) Immunohistochemical analysis of glial fibrillary acidic protein (GFAP)-positive astroglia (astrogliosis) within the brain and spinal cord of Theiler’s murine encephalomyelitis virus (TMEV)-infected mice in the chronic phase at 33, 35 and 42 days post infection (dpi), respectively. TMEV-infected conventional CD28-knockout mice with clinical signs in the chronic phase, termed ‘responder CD28KO’ mice, (CD28KO-R, n=4) were euthanized at 33 (n=1), 35 (n=1) and 42 dpi (n=2) and compared to CD28-knockout mice without clinical signs (CD28KO, n=4) and control mice without knockout (B6-nT, n= 6) that were sacrificed on 42 dpi. (A) Representative pictures of GFAP-positive astroglia (arrowheads) within the thalamus of TMEV-infected mice, showing moderate numbers of astroglia with few processes in the brains of B6-nT (upper left) and CD28KO mice (upper right) at 42 dpi in contrast to increased cell size and number of processes in a CD28KO-R mouse (lower left) at 35 dpi. (B) Quantitative analysis of GFAP-positive area revealed significantly increased astrogliosis within the brain and spinal cord of CD28KO-R mice compared to B6-nT controls in the chronic phase. (C, D) Analysis of activated, ionized calcium-binding adapter molecule-1 (Iba-1)-positive microglia within the brain and spinal cord of TMEV-infected mice at 33, 35 and 42 dpi, respectively. (C) Representative pictures of Iba-1-psotive microglia/macrophages (arrowheads) within the thalamus of TMEV-infected mice at 33 and 42 dpi showing low cell numbers and few processes in B6-nT (upper left) and CD28KO mice (upper right) at 42 dpi, in contrast to increased ramification of microglia within a CD28KO-R mouse (lower left) at 33 dpi. (D) Quantitative analysis of Iba-1-positive area revealed significantly increased microgliosis within the brain and spinal cord of CD28KO-R mice compared to B6-nT controls. Graphs show scatter plots (one dot per animal) with median (black bar) and 95% confidence intervals (black error bars). Statistically significant p-values are depicted within the graphs (Kruskal-Wallis test followed by Dunn-Bonferroni post-hoc test and significance level correction for multiple testing).



Concomitant to the chronic TMEV-infection and ongoing inflammation within the CNS of CD28KO-R mice, the responders also show increased numbers of apoptotic cells (Figures 8A, B) and damaged axons within the spinal cord (Figures 8C, D). The number of neurotrophic S100A10-positive astrocytes in the spinal cord was not affected (Figures 8E, F). Prominent loss of myelin was not seen in luxol-fast-blue (LFB)-stained sections of the spinal cord in any of the mice (data not shown). When following the remaining B6-nT control animals (n=7) and conventional CD28KO animals (n=4) up to 147 dpi, no development of clinical signs or histopathological abnormalities were observed (data not shown).




Figure 8 | (A, B) Immunohistochemical analysis of cleaved caspase 3-positive, apoptotic cells within the brain and spinal cord of Theiler’s murine encephalomyelitis virus (TMEV)-infected mice in the chronic phase at 33, 35 and 42 days post infection (dpi), respectively. TMEV-infected conventional CD28-knockout mice with clinical signs in the chronic phase termed ‘responder CD28KO’ mice (CD28KO-R, n=4), were euthanized at 33 (n=1), 35 (n=1) and 42 dpi (n=2) and compared to CD28-knockout mice without clinical signs (CD28KO, n=4) and control mice without knockout (B6-nT, n= 6) that were sacrificed on 42 dpi. (A) Representative pictures of the lumbar spinal cord show no apoptoses in B6-nT (upper left) and CD28KO mice (upper right) at 42 dpi in contrast to low numbers of apoptotic cells (arrowhead) in a CD28KO-R mouse (lower left) at 35 dpi. (B) Quantitative analysis of cleaved caspase 3-positive cells revealed significantly increased numbers of apoptoses within the brain and spinal cord of CD28KO-R mice compared to B6-nT controls. (C, D) Immunohistochemical analysis of beta amyloid precursor protein (beta-APP)-positive, damaged axons within the spinal cord of TMEV-infected mice at 33, 35 and 42 dpi. (C) Representative pictures show no damaged axons in B6-nT (upper left) and CD28KO mice (upper right) at 42 dpi, in contrast to the CD28KO-R mouse (lower left) showing small and enlarged beta-APP-positive axons (arrowheads) within dilated myelin sheets in the lumbar spinal cord at 35 dpi. (D) Quantitative analysis of beta-APP-positive axons revealed significantly increased axonal damage within the spinal cord of CD28KO-R mice compared to B6-nT controls. (E, F) Immunohistochemical analysis of S100A10-positive, neurotrophic astroglia within the spinal cord of TMEV-infected mice in the chronic phase at 33, 35 and 42 dpi, respectively. (E) Representative pictures show S100A10-positive astroglia (arrowheads) within the spinal cord of all TMEV-infected mice in the chronic phase of TMEV-infection. (F) Quantitative analysis revealed no significant difference between the groups regarding the number of neurotrophic astroglia in the chronic phase. Graphs show scatter plots (one dot per animal) with median (black bar) and 95% confidence intervals (black error bars). Statistically significant p-values are depicted within the graphs (Kruskal-Wallis test followed by Dunn-Bonferroni post-hoc test and significance level correction for multiple.



In summary, in the chronic phase after TMEV-infection, the deletion of CD28 results in variable outcome. Control mice (as expected) and two third of conventional CD28KO mice are able to resolve the virus infection without development of clinical symptoms and histopathological abnormalities. In contrast, one third of CD28KO mice are susceptible for a chronic TMEV-infection with an inefficient inflammatory response and concomitant loss of lower motor neurons within inflamed spinal cord regions as well as increased apoptosis and axonal damage.





4 Discussion

The deletion of the co-stimulatory molecule CD28 has considerable impact in the TMEV-model at different time points after virus inoculation as determined by clinical evaluation, functional testing and pathohistological analysis. In the early phase at 14 dpi, both conventional and conditional deletion of CD28 resulted in impaired viral clearance with spread of TMEV within the brain and into the spinal cord, the latter being a rather uncommon finding in C57BL/6 mice. Furthermore, despite more abundant T cell infiltration, the microglial activation was reduced in both mouse strains, which correlated with the inability for the clearance of the virus. The chronic phase of TMEV-infection was only investigated in conventional CD28KO mice, due to animal welfare reasons. Two third of the animals did not develop clinical symptoms and showed no histopathological abnormalities when investigated at 42 or 147 dpi, pointing to a rather delayed then abolished immune response and eventual clearance of the virus. However, one third of the CD28KO mice developed clinical symptoms with loss of motor function in the chronic phase (CD28KO-R), indicating that these mice could not clear the virus with fatal consequences. The clinical signs seen between 21-42 dpi were associated with virus persistence and increased inflammation within the CNS of CD28KO-R mice, characterized by increased T- and B cell infiltration, microglial activation and astrogliosis at 33-42 dpi.

In summary, loss of CD28 in any case resulted in an impaired anti-viral immune response reflected by abnormal histopathology and accompanied by the development of clinical symptoms already in the early phase in the case of conditional deletion of CD28 and in one third of the mice in the case of permanent deletion of CD28 in the chronic phase of the disease.



4.1 CD28 and controlling a virus infection in the CNS – immune cell homeostasis

The infection of C57BL/6 mice with low virulent TMEV is known to cause acute and chronic seizures and is thus used as a model for human temporal lobe epilepsy (37). However, the occurrence and frequency of seizures depends on the virus strain (38). About 50%-75% of mice intracerebrally infected with the Daniel’s strain of TMEV (TMEV-DA) develop seizures, depending on the applied detection method and initial virus dose (39–41). For the TMEV-BeAn-strain the percentage differs between 0-40% (39, 41). It was seen that seizure development does not correlate with neuropathological changes (39). In the present experiment the variant BeAn-1-TiHo was used, which is not suspected to cause seizures in C57BL/6 mice (41). Concomitantly, no apparent seizures were observed after TMEV-BeAn-infection in the present study. However, it cannot be excluded that seizures might have occurred apart from the general examinations, since no specific scoring (Racine score) or continuous monitoring via video-electroencephalogram (VEEG) were applied.

One of the hallmarks after CD28 loss – both conventional and conditional - is the unexpected virus spread within the brain as well as into the spinal cord of mice with a C57BL/6 background (Figures 2C, D). In general, C57BL/6 mice are considered to be resistant to a chronic TMEV-infection and are able to eliminate the virus within 2 weeks after intracranial infection (9). Although it was previously already shown that the tamoxifen application is associated with delayed virus elimination (34), the tamoxifen treated mice without CD28 knockout (B6-Tam) did not show virus spread into the spinal cord, or elevated clinical scores. In both CD28-knockout strains, microglial activation and change of morphology as reaction to the acute TMEV-infection in the brain were reduced.

Brain-resident microglia and infiltrating monocytes as part of the innate immune response play a pivotal role in the acute, as well as in the chronic phase of a TMEV-infection (42). On the one hand, these cell types contribute to local damage, scarring and development of seizures in C57BL/6 mice (42). Further, microglia are susceptible for TMEV-infection and the major host cells during the chronic TMEV-BeAn infection as seen in SJL mice (43). On the other hand, a clearing of TMEV from the CNS is impossible for C57BL/6 mice after depletion of microglia (44). Similarly, the presented data indicate a link between reduced microglial activation (Figures 3E, F) and delayed virus elimination and virus spread within the CNS in mice lacking CD28 (Figures 2C, D). The molecular background of this correlation will be subject of further studies.

For infiltration of cells of the adaptive immune response (T- and B cells), the situation is different. As described in other studies on the immune system (45), conventional TMEV-infected CD28KO mice had similar levels of infiltrating T- and B cells into the brain and spinal cord as their B6-nT controls. Conversely, Cre-Tam mice with an induced knockout showed increased T-cell infiltration and almost a total lack of B cell infiltration into the TMEV-infected brain. Furthermore, it was shown that the tamoxifen application alone (B6-Tam) has a similar effect, but to a lesser extent. Thus, it seems that the tamoxifen application and the delayed anti-viral immune response is the main reason for the changed T- and B-cell infiltration, and that the actual deletion of CD28 is somehow reinforcing these effects, whereas the pure lack of CD28 from the beginning has no influence of T- and B cell infiltration. Based on these data, it also seems that T- and B cell infiltration is uncoupled from microglial activation after TMEV-infection and also from the development of neurological symptoms.

CD28 is important during the antigen presentation from myeloid cells, for instance dendritic cells (DC), but also decisive in the communication between T- and B cells (46). Antigens binding to the B cell-receptor (BCR) are processed and presented on MHC-II with concomitant expression of CD80/CD86 (B7-1/B7-2) as ligands for CD28 on the T cell (46, 47). Activated T cells secrete interleukins to further stimulate B cells, however, the interaction of CD28 with the B7 molecules itself poses a direct co-stimulatory signal for B cells (48). The presented data show, that the activation and expansion of B cells is almost completely aborted in mice with induced CD28 knockout, which is likely due to a loss of communication between the B- and T cells as well as loss of CD28/B7 mediated co-stimulation of B cells (48). The similarity in T- and B cell reaction of mice with conventional CD28 knockout in this study indicates an alternative route of activation in these mice. Although CD28 is a main molecule for the activation of naïve T cells, it is by far not the only one (49). Upregulation of other co-stimulatory molecules may have compensated the lack of CD28-signaling in the thymus of CD28KO mice with conventional CD28-knockout (45, 49, 50).

Tamoxifen as a selective estrogen receptor modulator (SERM) is known to influence the immune response under therapeutic as well as in experimental conditions (4, 34, 51–53). Although tamoxifen is designed to act on human estrogen receptors (hER) it also influences murine immune cells and has estrogen-like (agonistic) as well as antagonistic properties, depending on the expression of ER-subtypes (4, 34, 51–57). Since tamoxifen is a SERM and not a specific ER-inhibitor, and it also modulates cell responses through estrogen-independent mechanisms, reported effects on the immune response on a cellular level are divergent and highly depend on the applied method (51, 58). In the CNS, tamoxifen has mostly neuroprotective and anti-inflammatory properties, increases proliferation and differentiation of oligodendrocyte progenitor cells (OPC), decreases production of pro-inflammatory cytokines like TNF-alpha, IL-12 and IL-1 by micro- and astroglia, as well as reduces astrogliosis under non-infectious conditions (59, 60). Under infectious conditions, these effects might affect the initial immune response to be less efficient, resulting in a delayed virus elimination as seen in tamoxifen treated animals in the present study. The ongoing presence of TMEV-antigen is however suspected to stimulate the immune response in these animals, possibly covering an initially anti-inflammatory effect until 14 dpi. Further, tamoxifen is known to negatively influence the activation and maturation of B cells (54). The B cell response after a virus infection is dependent on factors of the virus itself, such as pathogenicity and cell tropism, as well as the accessibility and presentation of virus peptides and a pro- or anti-inflammatory microenvironment (61, 62). Although ER-β-mediated effects of tamoxifen are suspected to have negative effects on B cells (63), the molecular mechanism behind the reduced B cell response remains unclear for the present study and demands further investigation.

Despite differences in T- and B cell infiltration into the CNS of TMEV-infected mice with conventional and induced CD28-knockout, the virus elimination in these mice was equally impaired. The weak microglial activation in the early phase of TMEV-infection in both types of CD28-knockout mice indicates a disruption of an activation pathway, which could not be quickly overcome by other routes of co-stimulation and is somewhat independent of the B- and T cell infiltration. A comparable stimulatory function of B7-signaling on microglia (64), similar to B cells (48), might be a factor that should be addressed in future studies.

Since the cre-expression of these mice is not controlled by a cell-specific promotor, but rather expressed in all cells after tamoxifen application, a CD28 knockout in all cells is expected in the Cre-Tam mice. The variable significant difference in T- and B cell infiltrations of Cre-Tam mice compared to the TMEV-infected mice without CD28-knockout, as well as the decreased microglial reaction during the acute phase of TMEV-infection supports this assumption of a CD28-knockoutin the infiltrating immune cells.

The role of a CD28-knockout for CD4+ and CD8+ T cells separately represent an interesting topic for future studies in this model. The outcome and special contributions of MHC-I molecule H-2Db (65, 66), the early anti-viral CD8+T cell response to a TMEV-infection, the reaction of CD4+ T helper and effector cells as well as regulatory T cells (Tregs) (67, 68) could not be differentiated in the present study, utilizing a generalized CD28-knockout. A cell specific promotor for the cre-expression might aid to shed light on the contribution of different immune cell subsets to the observed neuropathologies in the present study (69). It would further be of interest to implement this model in mice on a susceptible SJL-background to investigate the effect of a CD28-knockout on demyelination (TMEV-IDD) (1).




4.2 Chronic infection of mice with conventional CD28-knockout

Due to the acute clinical and pathomorphological impairments of conditional CD28-knockout at 14 dpi, this mouse strain could not be included in long-term studies. Therefore, the chronic TMEV-infection was only investigated in mice with conventional CD28-knockout (CD28KO).

A surprising finding here was the heterogeneity in the long-term clinical outcome of the intracerebral TMEV-infection in CD28KO mice. Two thirds of CD28KO mice were, just like the B6-nT control animals, clinically unaffected until 42 dpi or even 147 dpi (data not shown). 33% of the animals showed progressive impairments of motor function (CD28KO-R, ‘responders’), starting around 21-33 dpi, leading up to hind-limb paresis in 2 of 4 affected animals.

Analysis of body weight, clinical score and RotaRod-performance test of the CD28KO-R did not reveal changes in the acute phase of TMEV-infection that would signal that these animals would develop clinical signs during the chronic phase. From 14 dpi until 42 dpi, the median RotaRod-performance of CD28KO-R mice is reduced compared to the other groups, followed by first clinical signs in some mice at 21 dpi and a lower median body weight from 28 until 42 dpi (Supplementary Figure S3).

Histologically, the responder-mice (CD28KO-R) were affected by ongoing virus spread and CNS-inflammation, indicating that the virus could not be cleared due to an inefficient immune response. However, in contrast to susceptible SJL mice (4), the myelitis of CD28KO-R mice was not associated with prominent demyelination, but inflammation and possible damage of lower motor neurons in the ventral horns. Thus, autoimmunity did not develop in the absence of CD28 in C57BL/6 mice, even when the virus could not be cleared similar to SJL mice. The marked difference to the early phase for the CD28-knockout mice was the increased microglial and astroglial activation at 33-42 dpi, combined with high numbers of infiltrating lymphocytes. However, despite this inflammatory response and microglial activation, the CD28KO-R mice were not able to eliminate the virus. It would be interesting to investigate the trigger(s) that differentiate mice able versus unable to clear the virus on the long run.

CD28 signaling is not only important for T cell activation and priming but also plays an important role for effector T cells (70). In CD28flox/flox Ox40cre/+ mice where CD28 expression is lost after T cell priming following an influenza A infection, it was shown that T follicular helper cells (Tfh) need CD28 for survival, and T helper (Th1) require CD28-signaling for expansion after activation (70). These findings corroborate studies that showed a decreased germinal center formation and isotype switching in CD28-deficient C57BL/6 mice (20, 71). Conversely, it was shown that stimulation of the CD28-receptor on human and murine Th1 cells induces IFN-γ secretion (72). In microglia and astrocytes, IFN-γ and other Th1 effectors regulate gene expression associated with neuroinflammation (73), indicating that a loss of CD28-sinaling might have an anti-inflammatory effect. Further, the interaction of CD28 with the B7-ligands not only stimulates cytokine production in T cells but also triggers auto- and paracrine IL-6 and IFN-γ-secretion by dendritic cells (DC) (74). This bidirectional signaling of CD28 and B7 molecules has yet to be shown for microglia, as a possible factor for initially decreased microgliosis in TMEV-infected, CD28-knockout mice. However, in the present study it was seen, that a chronic TMEV-infection of CD28KO mice is associated with ongoing neuroinflammation, characterized by T- and B cell infiltration as well as astro- and microgliosis. In the early phase of TMEV-infection, the T- and B cell response of CD28KO mice does not differ significantly from the B6-nT controls. This indicates a CD28-independent activation pathway in lymphocytes of conventional CD28KO mice, and might indicate a disturbed interaction of lymphocytes and microglia in the early phase of TMEV-infection, as reported for DCs (74). The glial reaction in the late phase of TMEV-infection is likely reflective of the pro-inflammatory microenvironment, sustained by activated T and B cells in response to virus persistence.

Besides CD28, T cells own a large variety of co-stimulatory and co-inhibitory receptors whose expression depends on the cell’s environment and activation status (49). Hence, despite their narrow genetic diversity, also inbred mice own individual expression panels of TCRs and co-receptors (20). In absence of CD28, individual expression of co-receptors could explain the heterogeneity in virus persistence and clinic seen in mice with a lack of CD28 (75).





5 Summary and conclusions

In summary, the absence of CD28 in T cells severely impacts the immune response against Theiler`s murine encephalomyelitis virus (TMEV)-infection, but significant differences are also seen depending on the time point of the deletion during the development of the immune system. CD28KO mice with a conventional CD28-knockout appear to develop early and individual compensatory mechanisms to overcome the lack of CD28 co-stimulation in the thymus as well as peripheral T- and B cells. Therefore, they do not develop clinical signs in the early phase of the infection. However, nevertheless these alternative pathways are inefficient under infectious conditions as indicated by delayed virus clearance accompanied by histopathological abnormalities in the early phase and the inability to finally clear the virus in one third of the mice in the chronic phase. This phenotype is much more pronounced in Cre-Tam mice with a tamoxifen-induced, conditional knockout of CD28. In these mice, viral spread within the brain and into the spinal cord was also observed in the early phase of the disease. Additionally, they show reactive T cell infiltration into the TMEV-infected brain, and develop clinical signs accompanied by a significantly reduced body weight already in this stage. Therefore, the immune system obviously has more problems to deal with virus infections when CD28 is suddenly lost without the possibility that adaptive mechanisms take place. However, the persistent virus infection within the CNS in these CD28-deficient C57BL/6 mice does not lead to autoimmunity as seen in susceptible mouse strains such as SJL, leading to the conclusion that other factors besides virus persistence may contribute to this phenotype.
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Age/sex Clinical manifestations Therapy Response
(Author) to therapy
36/M Behavioral changes, confusion, poor sleep, | Diffuse leptomeningeal Slow waves in bilateral Risperidone Complete
(This visual hallucinations enhancement frontal lobes and MTP 40 mg/day with recovery
report) centrotemporal regions progressive dose reduction (mRS: 0) at
16 months
24/M Behavioral changes, severe throbbing Diffuse leptomeningeal Diffuse slow waves; Olanzapine Prominent
(This headache, delusional thoughts, cognitive enhancement, thickening  epileptiform discharges in 1VIg 20 g/day for 5 days recovery
report) disturbances, motor/language perseverance, | of the tentorium the bilateral frontal lobes MTP 40 mg/day with (mRS: 1) at
insomnia and right temporal lobe progressive dose reduction 12 months
16/M Sleepiness, fatigue, insomnia Scattered line-like N/A 1VIg 25 g/day for 5 days Complete
(This enhancement in MTP 500 mg/day for 5 recovery
report) intracranial sulci days, followed by (mRS: 0) at
prednisone with progressive 10 months
dose reduction
21/F Seizures, coma Leptomeningeal Generalized slowing, left Antiepileptics; Mild
(Triplett enhancement; bilateral frontal epileptic activity cyclophosphamide, improvement
2018) frontal, insular, and rituximab, IVIg, MTP,
temporal hyperintensities mycophenolate mofetil,
prednisone
44/F Cognitive symptoms and mental confusion | Hydrocephalus, N/A MTP Good
(Salari meningeal enhancement® recovery
2022)

F, female; IVIg, intravenous immunoglobulin; M, male; MTP, methylprednisolone; mRS, modified Rankin Scale; N/A, not available.

* Not observed in published neuroimaging.
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Group

RetinaC
Retinal T
RetinalS
RetinaIN
Retinall
RetinaOT
RetinaOS
RetinaON
RetinaOl
RetinaT

Un-injection

229.16 + 28.23
285.66 + 17.66
300.16 + 16.51
303.16 + 16.75
296.73 + 24.02
251.04 + 14.86
267.76 +19.43
283.28 + 22.65
256.45 + 20.23
270.24 + 16.46

No-antibody

21832 +35.12
287.17 +27.43
299.21 £ 20.81
296.52 + 25.17
29477 + 24.28
24896 + 25.12
263.02 + 24.52
273.61 £ 33.27
24892 +23.70
264.02 +24.17

IgM

21945 + 36.53
289.19 + 31.51
299.74 + 30.50
298.72 + 41.50
293.54 + 32.50
254.74 + 25.01
257.56 +19.81
27437 £ 21.10
255.62 + 18.43
268.60 + 20.61

1gG

223.56 + 36.16
284.07 + 2831
299.71 + 2444
301.41 + 27.13
296.54 + 27.67
247.45 + 27.09
266.28 = 17.90
278.17 2351
253.70 + 24.25
268.23 + 2243

p?

0.879
0.815
0.551
0.635
0.637
0.303
0.470
0.341
0.636
0.658

Pb

0.665
0.815
0.365
0.191
0.726
0.886
0.522
0.658
0.534
0.447

RetinaC as the thickness for the central region of retina, RetinalT, RetinalS, RetinaIN and Retinall as the thickness for the inner temporal, superior, nasal and inferior ring region of retina,
RetinaOT, RennaOS RetinaON and RetinaOl as the thickness for the outer temporal, superior, nasal and inferior ring region of retina, and RetinaT as the thickness for the total retina. Unit

of thickness: (m.

> 0.05 as nonparametric test. P% p > 0.05 as one-way ANOVA test.





OPS/images/fimmu.2022.1024124/table4.jpg
Group

GCLC
GCLIT
GCLIS
GCLIN
GCLIT
GCLOT
GCLOS
GCLON
GCLOI
GCLT

Un-injection

38.37 + 10.47
74.76 + 14.73
83.93 + 12.98
84.54 + 15.41
82.54 + 18.48
67.47 +17.70
61.86 + 8.02
66.04 + 12.79
59.09 + 11.00
67.38 + 10.45

No-antibody

38.00 + 14.95
78.18 + 2543
85.79 +17.20
85.71 £ 17.17
86.67 £ 17.68
62.01 +18.30
64.60 + 9.64
64.93 +12.84
57.55 £ 12.63
65.86 + 16.07

IgM

36.28 + 14.76
7449 + 28.57
86.02 + 13.60
81.22 + 36.07
79.52 + 31.37
62.60 + 11.49
63.64 + 10.95
68.74 + 20.89
59.59 + 13.75
66.45 + 14.82

IgG

38.73 + 15.52
77.72 +28.94
86.25 + 17.50
84.67 +20.44
85.55 + 18.52
65.65 + 23.06
61.48 + 13.04
6293 + 14.79
58.69 + 12.65
66.78 + 15.89

p?

0.959
0.921
0.672
0.474
0.887
0.487
0.651
0.165
0.623
0.600

Pb

0.836
0.747
0.926
0.277
0.797
0.900
0.962
0.436
0.927
0.847

GCL ganglion cell complex. GCLC as the thickness for the central region of GCL, GCLIT, GCLIS, GCLIN and GCLII as the thickness for the inner temporal, superior, nasal and inferior ring
region of GCL, GCLOT, GCLOS, GCLON and GCLOI as the thickness for the outer temporal, superior, nasal and inferior ring region of GCL, and GCLT as the thickness for the total GCL.
Unit of thickness: um. P% p > 0.05 as nonparametric test. P% p > 0.05 as one-way ANOVA test.
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Group

RNFLC
RNFLIT
RNFLIS
RNFLIN
RNFLIT
RNFLOT
RNFLOS
RNFLON
RNFLOI
RNFLT

Un-injection

6.17 + 6.02
21.26 + 9.62
25.98 £ 9.11
23.50 + 7.97
27.16 + 8.41
23.61 + 6.82
41.45 + 14.13
49.53 + 15.83
42.01 + 11.64
36.01 + 9.07

No-antibody

525+ 545
21.32 + 13.97
27.82 + 871
22.81 + 731
28.08 + 10.20
24.58 + 13.41
39.76 + 13.92
50.85 + 16.02
40.73 + 14.07
36.71 £ 9.77

IgM

5.22 +5.69
20.85 + 18.89
26.02 +5.76
2244 + 8.89
24.03 £9.97
26.96 +15.99
37.20 + 11.64
44.80 + 13.88
39.74 + 16.55
35.87 + 10.79

IgG

5.04 + 4.58
20.18 + 14.05
26.52 + 7.56
23.82 + 7.66
2634+ 7.18
23.10 + 12.10
40.66 + 11.20
49.24 + 15.38
41.12 £ 10.29
35.39 £ 8.77

p*

0.167
0.731
0.750
0.692
0.329
0.659
0.338
0.652
0.452
0.426

Pb

0.499
0.744
0.493
0.476
0.752
0.666
0.778
0.667
0.796
0.442

RNFL retinal nerve fiber layer. RNFLC as the thickness for the central region of RNFL, RNFLIT, RNFLIS, RNFLIN and RNFLII as the thickness for the inner temporal, superior, nasal and
inferior ring region of RNFL, RNFLOT, RNFLOS, RNFLON and RNFLOI as the thickness for the outer temporal, superior, nasal and inferior ring region of RNFL, and RNFLT as the
thickness for the total RNFL. Unit of thickness: um. P*: p > 0.05 as nonparametric test. P° p > 0.05 as one-way ANOVA test.
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Morphology

Ramified

Amoeboid

Bulbous endings of microglial
processes

Ball-and-chain structures

Hyper-ramified

Honeycomb

Jellyfish

Rod microglia

Functional characteristics
Classically considered a ‘resting’ state.

Frequent extension/contraction of microglial processes.
Surveillance of CNS parenchyma and neuronal activity.
Neuroprotective role during excitotoxicity.

Classically considered an ‘activated’ state.

Transformation to amoeboid morphology in response to infection, injury and/or
pathological processes.

Phagocytically active.

Key roles in the healthy brain, eliminating debris and apoptotic cells.
Transient formation of bulbous structures in the apex of microglial processes.
Involved in the chemotactic response to neuron-released ATP gradients.

Also involved in monitorization and control of neuronal activity.

Present in immunologically unchallenged microglia.

Phagocytically active.

Involved in the phagocytosis of apoptotic cells, neural precursors and myelin
sheaths.

Hyper-ramification of processes in response to acute and chronic stress.
Possible role in stress-related synaptic modifications.
Formed in response to BBB leakage after compression-TBI.

Several microglia cells retract most processes, except 3-4 to form a contiguous
network.

Formed in response to astrocytic death after compression-TBIL.
Microglia extends a single non branching process.
Phagocytically active.

Elongated and narrowed soma.

Thin polar processes.

Can form multicellular ‘trains’ of several rod microglia.

Rod microglia align adjacent to injured neurons.

Described in several pathological processes.

Model

Human, mouse, rat,

zebrafish

Human, mouse, rat,

zebrafish

Mouse, zebrafish

Mouse, rat, macaque,
zebrafish

Mouse, rat

Mouse

Mouse

Human, mouse, rat

References

(7,13, 57, 88, 91, 92, 111,
112)

(16, 23, 24, 46, 53, 56, 57,
59, 113)

(91, 114-116)

(11, 55, 117-121)

(122-125)

(126)

(126)

(127-131)
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Groups Un-injection

Included number 39
Age (years) 66.26 + 7.74
Male (persons) 14
Female (persons) 25

b values for ages (one-way ANOVA) and gender (Chi square analysis).

No-antibody

35
66.89 + 6.54
17
18

IgM

12
67.25 + 9.51
3
9

IgG

78
65.27 +9.38
29
49

0.739
0.459
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Group Un-injection No-antibody IgM 1gG P P®

ChoC 161.10 + 108.12 189.07 + 126.26 144.84 + 79.85 182.14 + 83.10 0.799 0.683
ChoIT 146.53 + 117.91 173.50 + 103.96 144.27 + 107.03 172.16 + 81.40 0.592 0.675
CholIS 204.63 + 124.36 199.72 +129.28 144.23 + 112.89 175.76 + 91.06 0.478 0.512
ChoIN 141.81 + 131.05 182.12 + 125.56 165.38 + 114.64 165.47 + 100.02 0.480 0.655
CholIl 168.44 + 143.09 163.11 + 130.50 135.93 + 112.67 170.59 + 117.31 0.544 0.540
ChoOT 158.73 + 110.44 169.41 + 113.04 117.95 + 101.08 160.65 + 76.42 0.388 0318
ChoOS 184.38 + 107.99 168.06 + 109.08 145.73 £ 92.99 162.34 + 82.69 0.523 0.788
ChoON 113.42 + 96.13 126.43 + 115.19 123.42 +109.54 124.03 +101.37 0.607 0.810
ChoOI 147.11 + 101.76 141.14 + 81.68 138.09 + 89.75 160.66 + 115.27 0.590 0.635
ChoT 158.03 + 107.06 168.69 + 109.76 136.72 + 82.42 156.15 + 96.16 0.754 0.723

ChoC as the thickness for the central region of choroid, CholT, CholS, ChoIN and Choll as the thickness for the inner temporal, superior, nasal and inferior ring region of choroid, ChoOT,
ChoOS, ChoON and ChoOl as the thickness for the outer temporal, superior, nasal and inferior ring region of choroid, and Cho™ as the thickness for the total choroid. Unit of thickness:
um. P* p > 0.05 as nonparametric test. P p > 0.05 as one-way ANOVA test.
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Group name Genetic Age at TMEV Tamoxifen Number of Necropsy (dpi)

background infection application animals
B6-nT CD2g/Mx 5 weeks None 6 No 42 dpi
Cre’”
CD28KO CcD28 5 weeks None 4 Yes 42 dpi
CD28KO-R CcD28 5 weeks None 4 Yes 33,35 and 42 dpi
B6-nT GDagrtor 5 weeks None 7 No 147 dpi
Cre’”
CD28KO cp28 5 weeks None 4 Yes 147 dpi

B6-nT, mice without Cre expression and without tamoxifen application; CD28KO, mice with conventional innate CD28-knockout without motoric deficiencies; CD28KO-R, mice with
conventional innate CD28-knockout and motor deficiencies (responders); TMEV, Theiler’s murine encephalomyelitis virus; wpp. weeks post-partum; dpi, days post TMEV infection.
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Abbre- Primary Company, Concentration  Pretreatment Blocking Secondary Compa

viation antibody #cat-no. of primary antibody (1:200) cat-no#2
antibody
Beta-APP Anti-APP A4 Merck, 1:2000 20 min. Goat-serum  Biotinylated-goat-anti- Vector,
Mouse mAb, #MAB348 microwave, mouse 1gG #BA9200
clone 22C11 citrate buffer (pH
6)
Caspase 3 Anti-cleaved caspase 3 Cell 1:200 20 min. Goat-serum  Biotinylated-goat-anti- Vector,
(Asp175) Signaling, ‘microwave, rabbit TgG #BA1000
Rabbit pAb #9661 citrate buffer (pH
6)
CD3 Anti-human CD3 Dako, 1:250 20 min. Goat-serum  Biotinylated-goat-anti- Vector,
Rabbit pAb #A0452 microwave, rabbit IgG #BA1000
citrate buffer (pH
6)
CD45R Biotinylated-anti mouse BD 1:1000 20 min. None None None
CD45R/B220 Pharmin- microwave,
Rat mAb gen, citrate buffer (pH
#553085 6)
GFAP Anti-cow GFAP Agilent, 1:1000 None Goat-serum  Biotinylated-goat-anti- Vector,
Rabbit pAb #2033429-2 rabbit IgG #BA1000
Iba-1 Anti-Tbal Wako, 1:500 None Goat-serum  Biotinylated-goat-anti- Vector,
Rabbit pAb #019-19741 rabbit IgG #BA1000
S100A10 Anti- S100A10 Bio Techne, 1:100 None Goat-serum  Biotinylated-goat-anti- Vector,
Rabbit mAb #Ab JF0987 rabbit IgG #BA1000
TCEF-1 Anti-TCF1/TCF7 (CD63D9) | Cell 1:1000 20 min. Goat-serum  Biotinylated-goat-anti- Vector,
Rabbit mAb Signaling, microwave, +1% BSA rabbit IgG #BA1000
#2203 citrate buffer (pH = +0,1%
6) Triton X
TMEV Anti-TMEV (30) 1:2000 None Goat-serum  Biotinylated-goat-anti- Vector,
Rabbit pAb rabbit TgG #BA1000

APP, amyloid precursor protein (marker for axonal damage); caspase 3 (marker for apoptotic cells), CD3 (T cell marker), CD45R (B cell marker), GEAP, glial fibrillary acidic protein (astrocyte
marker); Iba-1, ionized calcium-binding adapter molecule 1 (marker for macrophages and microglia); S100A10 (marker for neurotrophic astrocytes); TCE, T cell factor (naive T cell marker);
TMEV, Theiler’s murine encephalomyelitis virus; mAb, monoclonal antibody; pAb, polyclonal antibody.
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Genetic Age at Tamoxifen Number of animals Necropsy

background TMEV infection application (dpi) (dpi)

B6-nT CD2g"Mx 5 weeks None 6 No 14 dpi
Cre’

B6-Tam Chgioe 5 weeks 5,7 and 9 dpi 10 No 14 dpi
Cre””

CD28KO CcD28 5 weeks None ‘ 6 Yes 14 dpi

Cre-Tam CD2g"Mx 5 weeks 5,7 and 9 dpi 17 Yes 14 dpi
Cret

B6, mice without Cre expression (conditional CD28-knockout cannot be induced by tamoxifen); Cre, mice with cre-recombinase expression (conditional CD28-knockout can be induced by
tamoxifen); CD28KO, mice with conventional; innate CD28-knockout; nT, mice without Cre expression and without tamoxifen application; Tam, oral tamoxifen application 5; 7 and 9 days post
infection; TMEV, Theiler's murine encephalomyelitis virus; dpi, days post TMEV infection.
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Antibody Name #Cat.

CNR2 Recombinant Rabbit Monoclonal Antibody # 703485
NLRP3 Rabbit mAb #49012

Phospho-AMPKo (Thr172) (D4D6D) Rabbit mAb #50081
AMPKo (D63G4) Rabbit mAb #5832

Phospho-ULK1 (Ser757) (D706U) Rabbit mAb #14202

ULK1 (D8H5) Rabbit mAb #8054

LC3A Mouse Monoclonal Antibody(5G10) #44176
Anti-Ubiquitin (linkage-specific K48) antibody [EP8589] #ab140601
LC3B Polyclonal Antibody #29075

Phospho-NF-kB p65 (Ser536) (93H1) Rabbit mAb #3033

NF-kB p65 (D14E12) XP® Rabbit mAb #8242

SQSTM1/p62 (D6M5X) Rabbit mAb (Rodent Specific) #23214
HRP-conjugated GAPDH Monoclonal antibody # HRP-60004
Goat Anti-Rabbit IgG Secondary antibody (H+L), HRP #YFSA02
Goat Anti-Mouse IgG Secondary antibody (H+L), HRP # YFSAO1
Anti-iNOS antibody #ab15323

Arginase-1 (D4E3M"™) XP® Rabbit mAb #93668

Anti-Ibal antibody [EPR16588] #ab178846

GFAP (GA5) Mouse mAb #3670

Neurofilament-H (RMdO 20) Mouse mAb #2836

Myelin Basic Protein (D8X4Q) XP® Rabbit mAb #78896
Anti-NeuN Antibody, clone A60 #¥MAB377

Anti-Annexin V/ANXA5 Antibody [EPR3980] #ab108194

Alexa Fluor® 594 AffiniPure Fab Fragment Goat Anti-Rabbit IgG (H+L) #111587003
Alexa Fluor® 488 AffiniPure Fab Fragment Goat Anti-Rabbit IgG (H+L) #111547003
Alexa Fluor® 594 AffiniPure F(ab’), Fragment Goat Anti-Mouse IgG (H+L) #115586003
Alexa Fluor® 488 AffiniPure F(ab’), Fragment Goat Anti-Mouse IgG (H+L) #115546003

BD Pharmingen"™ PE Rat Anti-Mouse F4/80 #565410

BD Transduction Laboratories'™ FITC Mouse Anti-iNOS/NOS Type II #610330
CD206 (MMR) Monoclonal Antibody (MR6F3), APC, eBioscience'™'#17-2061-82
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Abcam
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Abcam
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Millipore

Abcam

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
BD Biosciences

BD Biosciences

Invitrogen
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Goat
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Rat
Ms
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WB
WB
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WB/IF
WB/IF

1:500
1:1,000/1:200/1:30
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
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Biomaterial

Regulator

Production
Method

Therapeutic
components

Target

Result

Reference

TGF Fibrin

hydrogels

TGE pullulan

microbeads

TGF Collagen-
Polyurethane

scaffold

chitosan
(CH)-
based scaffold

TGF-B3@PDA
NPs

Genipin Fibrin
Gel

gelatin-
hyaluronic
acid
methacrylate
(GelHA)
hydrogel

IL-0. HA-pNIPAM

IL HMw-HA Gel

IL PLGA
Microspheres

Fibrinogen

Fitc-pullulan was
dissolved in 20 mL of
distilled water under
‘magnetic stirring and
Iyophilized after the
addition of a cross-
linking agent. Pullulan
microbeads (PMBs)
and 500 u of LCCL5
and TGF-B1 were
magnetically stirred for
24 h.

Polyurethane (PU) was
dissolved in N,N-
dimethylformamide
solution, and the PU
film was formed after
evaporating the
solvent. Type I
collagen fibers were
used as cell carriers to
encapsulate AF cells
and TGF-B1 on PU
membranes to make
collagen-PU scaffolds.

Mixing chitosan with
porcine gelatin at a
ratio of 3:2 can further
increase the biological

response of
encapsulated cells by
adding gelatin and
Link N (a peptide
present in IVDs).

PDA NP were
prepared through
chemical oxidative
polymerization using
dopamine (DA) and
tris-(hydroxymethyl)-
aminomethane (Tris).
TGF-B3 was loaded
onto the surface of
PDA nanoparticles in a
covalent binding
manner.

Genipin and fibrinogen
in a humidified
incubator for 3-4 h for
polymerization and
cross-linking.

Methacrylic anhydride
(MA) was added to the
gelatin solution and
allowed to react for 1
h. The resulting
solution was dialyzed
for 3 days and
lyophilized.

integrins were added,
and photocrosslinking
was performed under
UV light irradiation
for 2 min.

Gelatin was combined
with EGCG, mixed
with water, and stirred
at 40°C for 4-6 h.
Poly-N-
isopropylacrylamide
was directly grafted
onto HA. Gelatin was
directly applied to
(HA-pNIPAM).

HMw sodium
hyaluronate was
dissolved in 1 mL of
distilled water and
mixed with PGE-
amine to induce cross-
linking to obtain
spherical hydrogels.

After mixing IL-1ra
with 1 mL of 75:25
PLGA and sonicating
the mixture, 1%
polyvinyl alcohol
(PVA) magnetic stir
bar was added and
mixed for 3 h.

CCL5 AF

CCL-5
TGE-B1

ECM

AF cells AF
TGE-B1 ECM

Link ECM

TGF-3 AF
NP

TGF-B3 ECM

integrin ECM

EGCG ECM

- ECM

IL-1ra NP

Fibrin hydrogels release CCL5 for the chemotaxis homing
effect of AF cells, but do not promote AF cell repair in sheep.

PMBs were loaded with CCL5/TGF-B1/GDF-5 continuously
and sustainably released growth factors and maintained their
biological activities in vitro. Increased distance that ASCs can
migrate to NP.

The TGF-P1 treatment of collagen hydrogels further promotes
cell proliferation and matrix production in AF cells in vitro.

LN increased GAG production in degenerative media to the
same level as that of TGE-B. The addition of 1% gelatin to the
CH hydrogel further increased GAG production in vitro.

The released GFs could induce the differentiation of BSMCs
into myeloid and annulus-like cells and maintain high activity.
Finally, in vivo experiments confirmed that the reconstituted
IVD scaffolds exhibited region-specific stromal phenotypes
with histological and immunological features.

Fibrin increases integrin binding sites and prevents partially
encapsulated cells from undergoing apoptosis, allowing
encapsulated cells to increase ECM synthesis in vitro.

The combination of photocrosslinked GelHA hydrogel and
ASC can enable ASC to undergo NP-like differentiation and
enhance the efficacy of ASC for IVD repair by activating the
integrin ovB6-TGE-B1 pathway in vitro.

EGCG microparticles combined with a suitable carrier can
modulate the activity/release of EGCG in the IVD in vitro.

The hydrogels inhibited the expression of the inflammatory
receptors IL-IR1 and MyD88, downregulated NGF and BDNF
gene expression, and upregulated CD44 receptor expression in
vitro.

IL-1ra delivered from PLGA microspheres effectively
attenuated IL-1B-mediated inflammatory changes in
engineered NP constructs in vitro.

(38)

(39)

(40)

(41)

(42)

43)

(44)

(45)

(46)

(47)

L Chitosan/Poly-
Y-glutamic
acid
nanoparticles

ELP-curcumin
conjugates

PNIPAAM
MgFe-LDH
Gel

HIF Small leucine-
rich
proteoglycans

Chitosan-
alginate gel
scaffold

Nanofibrous

spongy
microspheres

Polymer
capsule

ROS Rapamycin

hydrogel

Alginate
scaffold

Chitosan/Poly-y-
glutamic acid was
mixed at a molar ratio
of 1:1.5 to prepare
nanoparticles by the
co-coagulation
method. Diclofenac
(Df) was added to the
nanoparticles and
stirred at a constant
speed.

Elastin-like polypeptide
(ELP) is a
thermoresponsive
biopolymer composed
of Val-Pro-Gly Xaa-
Gly pentapeptide
repeating units.
Curcumin is
chemically modified
and coupled with ELP.

N-isopropylacrylamide
forms a pNIPAAM
polymer via free
radical polymerization.
Polymers with MgFe
layered double
hydroxide (LDH)
nanoparticles and CXB
were dissolved in
‘water.

Chitosan was dissolved
in acetic acid, and after
filtering the solution,
the pH was adjusted to
8.5 with 0.1 mol/L
NaOH. The sterile
alginate solution was
then mixed with the
chitosan solution at a
ratio of 1:1.

Development of poly
(L-lactic acid) grafted
poly(hydroxyethyl
methacrylate) (PLLA-
g-PHEMA)
nanoparticles using the
phase separation
method. miR-199a was
encapsulated in
nanoparticles using the
double emulsion
technique.

Calcium carbonate was
used as a sacrificial
template to fabricate
catalase-loaded
polymer capsules
functionalized with an
outer layer of tannic

acid (TA) by a layer-
by-layer approach.

The ROS-labile linker
was synthesized via the
quaternization reaction
of tetramethylpropane-
1,3-diamine with an
excess of 4-
(bromomethyl)
phenylboronic acid.
Cross-linking of the
ROS-labile linker with
poly(vinyl alcohol)
(PVA) to form ROS-
scavenging hydrogels
for loading rapamycin.

The sodium alginate
solution was diluted
with sterile saline, then
the
Perfluorotributylamine
emulsion was added
and sonicated.

Df ECM

Curcumin ECM

CXB ECM

- ECM

ADSC NP
ECM

miR-199a NP

Catalase ECM

Rapamycin ECM

ECM

The intradiscal injection of Ch/Df/y-PGA NPs reduced pro-
inflammatory mediators, downregulated MMP 1 and 3
expression, and upregulated Col 1T and Agg production in a
pro-inflammatory/degenerative IVD organ culture model in
vitro.

The ELP-curcumin conjugate rapidly forms a depot after
physiological administration and slowly releases bioactive
curcumin in the perineural space to treat neuroinflammation
in vitro.

The controlled release of CXB from this hydrogel resulted in
the inhibition of PGE 2 in a mice model of spontaneous IVD
degeneration.

Biglycan can bind and (TGF-B) to activate the MAPK pathway
to enhance HIF-1c translation in vitro.

ADSCs grew well in the C/A gel scaffolds, differentiated into
NP-like cells under certain induction conditions, produced the
sameECM as NP cells, and were promoted under hypoxia in
vitro.

Sustained release of in situ anti-miR-199a inhibits miR-199a,
which in turn enhances HIF-10. and Sox-9 activity, thereby
inhibiting calcification and promoting NP regeneration in
mice.

ROS-responsive polymer capsules reduce the potential for
oxidative stress and downregulate MMP expression in the
ECM.

ROS-responsive hydrogel scaffolds and rapamycin can reduce
ROS levels and promote macrophage polarization to M2 type
in vitro.

Perfluorotributylamine -enriched alginate scaffolds promote NP
cell survival and proliferation in vitro. Furthermore,
Perfluorotributylamine can modulate ECM expression to
generate disc-like tissue grafts in mice.

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(56)

GAG, glycosaminoglycan; MMP, matrix metalloproteinase; HIF-1;, hypoxia inducible factor-10t; IL-1ra, Interleukin -1 receptor antagonist; TNF, tumor necrosis factor; ROS, reactive oxygen
species; ECM, extracellular matrix; CCL-5, chemokine (C-C motif) ligand; ELP, elastin-like polypeptide; CXB, celecoxib; NGF, nerve growth factors.
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Natural botanical Ischemia Category Reference
component type
Gastrodin The volume of cerebral infarction and BBB permeability |; MMP2, MMP9, MCAO/R and Polyphenols (194)
AQP4, IL-1B, COX-2 and iNOS|; ZO-11 OGD/R and Phenols
Malibatol A Promoting M2 microglial polarization OGD/R Polyphenols (195-197)
and Phenols
Emodin MMP-9, TLR4, NF-xB, TNF-0, ICAM-1 | MCAO Anthraquinones (230-233)
Chrysophanol Notch-1, TNF-0: and ICAM-1 protein |; Iba-1 positive cells|; promoting the MCAO Anthraquinones (234, 235)
transformation of microglial M1 type to M2 type
Salidroside CD16, CD32, CD11b, iNOS|; CD206, Arg-1, TGF-, Ym-1/2 1 MCAO Glycosides (326, 327)
Icariin the activation of Ibal and TLR4 in microglia | NF-xB p65 protein |; IL-1ot and MCAO Flavonoids (285)
TNF-o. |
Salvia Polyphenolic Acid ~ ICAM-1, IL-1B, IL-18, TNF-0, NLRP3, GSDMD, ASC, CASP1; Ibal/P2X7 MCAO/R and Polyphenols (194)
double-labeled microglial OGD/R and Phenols
Panax notoginseng CD206, TGF-B and IL-1015IL-1B, IL-6, TNF-o. and iNOS|;Promoting the MCAO/R Glycosides (395)
saponins expression of CD206/Iba-1 in M2-type microglia; Inhibiting the expression of
CD16/Iba-1 in M1 type microglia cells
Notoginseng leaf ICAM-1, VCAM-1, MMP-9, MMP-2, HMGBI | MCAO/R Terpenes and (401)
triterpenes Alkaloids
Omega-3 Promoting the phenotype of microglia from M1 to M2. MCAO Lipids (398-400)
polyunsaturated fatty
acid
Fingolimod promoting the polarization of microglia from M1 to M2 Bilateral Other (349-352,
carotid artery 403)
stenosis
3-N-butylphthalide Inhibiting oxidative damage, neuronal apoptosis and glial cell activation, IS patients; Other (356)
increasing the level of circulating endothelial progenitor cells; promoting the M2-  MCAQ animal
type polarization of microglia, inhibiting the M1-type polarization
Danshenol bornanyl HO-1 and NQO11; NF-kB | Altering M1/M2 polarization MCAO/R Other (359)
ester
Astragaloside IV MI-type microglia/macrophage markers CD86, iNOS, TNF-a, IL-1f and IL-6 MCAO Terpenes and (238, 239)
mRNA |; M2-type microglia/macrophage markers CD206, Arg-1, YM1/2, IL-10 Alkaloids
and TGF-B mRNAs 1; the number of CD16/32+/Ibal+ cells|; the number of
CD206+/Ibal+ cells 1; IL-1B, TNF-0t and iNOS|
Cycloastragenol SIRT11; p53, Bax/Bax ratio |;TNF-0 and IL-13 mRNA; Inhibiting NF-KB p65 MCAO Terpenes and (243)
nuclear translocation; Inhibiting the activation of microglia and astrocytes Alkaloids
Triptolide IL-1B, IL-6, TNF-o, IL-33, IL-10 |; promoting the M2-type polarization IS paitents; Terpenes and (248, 249)
MCAO/R and Alkaloids
OGD/R
animal
Artesunate TNF-o. and IL-1p |; Inhibiting microglial activation MCAO Terpenes and (255-258)
Alkaloids
6-Paradol Ibal |; TNF-o and iNOS|; Inhibiting microglia/macrophages MCAO/R Polyphenols (208)
and Phenols
Honokiol NF-B, NO, and TNF-0.}; Inhibiting the M1 phenotypes 2 vessel Polyphenols (212)
occlusion/ and Phenols
reperfusing
Indole-3-propionic acid  Ibal |; Inhibiting microglia; Inhibiting the M1 phenotypes 2 vessel Polyphenols (213)
occlusion/ and Phenols
reperfusing
Resveratrol Ibal |; IL-1B and TNF-oInhibiting microglia; Inhibiting the M1 phenotypes MCAO/R; Polyphenols (202, 203)
Bilateral and Phenols
common
carotid artery
occlusion
Paeonol IL-1BJ; Inhibiting microglia; Inhibiting the M1 phenotypes MCAO/R Polyphenols (218)
and Phenols
Epigallocatechin gallate  iNOSJ; Inhibiting the M1 phenotypes MCAO/R Polyphenols (223)
and Phenols
Theaflavin COX-2, INOSJ; Inhibiting the M1 phenotypes MCAO/R Polyphenols (227)
and Phenols
Propofol IL-1B, IL-6, TNF-ct} Inhibiting microglia; Inhibiting the M1 phenotypes MCAO/R Polyphenols (314)
and Phenols
Probucol COX-2, IL-1, IL-7, iNOS|; Inhibiting the M1 phenotypes MCAO/R Polyphenols (229)
and Phenols
6-Shogaol Ibal |; Inhibiting microglia 2 vessel Polyphenols (207)
occlusion/ and Phenols
reperfusing
Eupatilin Ibal |; Inhibiting microglia; Inhibiting the M1 phenotypes MCAO/R Flavonoids (289)
Heptamethoxyflavonoids ~ BDNFf;Ibal |; Inhibiting microglia; Promoting the M2 phenotypes 2 vessel Flavonoids (290)
occlusion
‘Wogonin TNF-0, iNOS|; Inhibiting microglia; Inhibiting the M1 phenotypes MCAO Flavonoids (294)
Puerarin COX-21; Inhibiting microglia; Inhibiting the M1 phenotypes 4 vessel Flavonoids (299)
occlusion
Quercetin iNOS|; Inhibiting the M1 phenotypes Bilateral Flavonoids (299)
common
carotid artery
occlusion
Fisetin TNF-0.}; Inhibiting the M1 phenotypes MCAO/R Flavonoids (309)
Breviscapine TNE-0, NF-kB, Notch-1, MCP-1, Hes-1 and iNOS|; Inhibiting microglia; MCAO Flavonoids (314, 315)
Inhibiting the M1 phenotypes
Chrysin Ibal, iNOS, COX-2, CD68, IL-1B, IL-6, IL-12, IL-10t, IL-17a, IFN-y, and TNF-o. MCAO/R Flavonoids (319)
15 Ym-11; Inhibiting microglia; Inhibiting the M1 phenotypes
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Study Model

SCI model of adult
SD rats established
by Allen gravity
drop method

SCI model of
contusion in
C57BL/6] WT male
mice

SCI model of adult
SD rats established
by Allen gravity
drop method

SCI models of adult
male Sprague-
Dawley rats
established by
gravity drop
method

SCI model of adult
male S D rats
established by Allen
gravity drop
method

SCI model of male
SD rats established
by aneurysm clip
compression

SCI model of
NOD-SCID female
mice established by
Infinite Horizon
Impactor

SCI model of adult
female S D rats
established by Allen
gravity drop
method

SCI model of C57
BL/6 female mice
established by
Infinite Horizon
impactor

SCI model of adult
female S D rats
established by Allen
gravity drop
method

SCI model of male
SD rats established
by modified Tetzlaf
lateral spinal cord
compression

SCI model of male
SD rats established
by aneurysm clip
compression

SCI model of adult
SD rats established
by Allen gravity
drop method

SCI model of
C57BL/6 female
mice prepared by
clamp method

SCI model of male
Wistar rats
established by
aneurysm clip
compression

SCI model of male
SD rats established
by aneurysm clip
compression

Intervention and

Dosing Schedule

HBO (8~10L/min, 2.5 ATA,
Once or twice a day.
Inhaling oxygen for 45
minutes at a time)

Higenamine (10 mg/kg, i.p.)

HBO (8~10L/min, 2.5 ATA,
Once a day. Inhaling
oxygen for 45 minutes at a
time)

1.5 u L RAGE antibody (1
W g/ml) injected into the
affected area.

Shikonin (10-100mg/kg,
ip.)

Dexmedetomidine
intrathecal injection (1, 2,

and 4ug/kg)

anti-HMGBI (2-16 mg/kg,
ip.)

Ethyl pyruvate (50 mg/kg,
ip.)

Glycyrrhizin (50 mg/kg,
ip.)

Catalpol (60 mg/kg, i.g)

Glycyrrhizin (100 mg/kg,
ip.)

Glycyrrhizin (100 mg/kg,
ip)
FPS-ZM1 (1 mg/kg, ip.)

NSCs preconditioned with
1 ng/ml HMGBI in 3 pl
DMEM

Dihydrotanshinone I (2-4
mg/kg, p.0.)

Electroacupuncture (1.5 Hz/
7.5 Hz,1.0mA) was applied
to “jiaji” (EXH-B2) for 10
minutes, once a day for 5-
14 days, separately

1 UM ATRA-treated BM-
MSCs

Glycyrrhizic Acid (100 mg/
kg, i.p.)

Observations

HMGB1 mRNA and protein expression water, NF-kB mRNA decreased averagely,
and Basso, Beattie and Bresnahan scores increased significantly after HBO
intervention.

HG decreased the expression of HMGBI, increased the expression of IL-4 and IL-
10, promoted the production of HO-1 and the activation of macrophage M2, and
increased the BMS score of mice.

The production of HMGB1 mRNA, NF-kB mRNA, TLR4 protein and NF-kB
mRNA decreased, and BBB score increased. HMGB1 mRNA and TLR4 mRNA
were positively correlated with TLR4 protein.

RAGE inhibition reduced the expression of Nestin in MAP-2, a marker of mature
neurons, and did not improve the Basso, Beattie, and Bresnahan (BBB) scores after
SCL

Shikonin decreased the expression of HMGB1, TLR4 and NF-kB, alleviated
inflammatory reaction, spinal cord oedema and increased BBB score after SCI.

Dexmedetomidine pretreatment increased the expression of o. 7nAChR and
acetylcholine and activated PI 3 K/Akt, and increased the BBB score of mice after
SCIL

After treatment with anti-HMGBI antibody, the destruction of blood spinal screen
and the formation of oedema were alleviated, the survival from neurons was
increased, and the BMS score was increased, suggesting that the functional
recovery was increased. The subsequent hiPSC-NSC transplantation greatly
enhanced this recovery.

Both EP and GL could effectively inhibit the expression of HMGBI in spinal cord
and the level of serum HMGBI in SCI rats, inhibit the activation of TLR4/MyD88/
NF-kB signal pathway, reduce the overexpression of SCI-related GFAP and AQP4
in spinal cord, improve the motor function of SCI rats, reduce the water content of
spinal cord and relieve spinal cord oedema.

Catalpol treatment can reduce the expression of HMGB1/TLR4/NF-kB pathway
protein, inhibit apoptosis, reduce inflammation and oxidation, and increase the
BBB score of SCI mice.

Glycyrrhizin decreased the expression of GFAP, CSPG, HMGB1 and NF-kB in
spinal cord, reduced the formation of glial scar and promoted the recovery of
hindlimb motor function in rats.

Inhibition of HMGB1 or RAGE effectively reduced the number of harmful
proinflammatory macrophages/microglia and increased the number of anti-
inflammatory cells after SCI. Inhibition of HMGBI or RAGE significantly reduced
neuronal loss and demyelination after SCI, and improved functional recovery after
SCL

NSCs pre-treated with HMGBI-increased the number of functional Nissl bodies in
neurons, increased the number of BIII-tubulin® cells in the injured spinal cord of
SCI rats, promoted the differentiation of NSCs into neurons and increased BBB
score.

DI treatment inhibited the levels of TLR4, MyD88, HMGB1, NOX 4, TNF-q, IL-
1b, IL-6, iNOS and TOS, increased the level of TAS, alleviated the pathological
injury caused by SCI and promoted the recovery of neurological function.

After electroacupuncture treatment, the expression level of TLR4 protein, HMGB1
and Ibal protein decreased significantly, the number of Ibal positive cells and
HMGB1/Ibal copositive cells in spinal cord decreased significantly, and the
morphology of microglia in spinal cord changed from overactivated state to resting
state. BBB score increased significantly.

ATRA-MSCs increased the levels of Beclin-1 and LC3-1II, downregulated the levels

of proteins related to HMGB1/NF-kB/NLRP3 pathway, inhibited proinflammatory
cytokines, improved the motor activity of hindlimb, and contributed to the survival
of neurons, showing a greater beneficial effect than MSCs.

GA significantly decreased the expression of HMGBI and inflammatory factors
after SCI. GA decreased the phosphorylation of p38 and JunN-terminal kinase
proteins, but did not decrease their expression levels.
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Vavl TGTGAGAAGTTCGGCCTCAAG (Forward)

CAGAGCAGACAGGGTGTAGAT (Reverse)
Ttab5 GAAGTGCCACCTCGTGTGAA (Forward)

8 GGACCGTGGATTGCCAAAGT (Reverse)

Bam GGCCCATCTTGCATTCTAGGG (Forward)

CAGGCAACGGCTCTATATTGAAG (Reverse)
TNF-0. TCAGCCTCTTCTCATTCCTGC (Forward)

TTGGTGGTTTGCTACGACGTG (Reverse)

CTCCATGAGCTTTGTACAAGG (Forward)
IL1B

GGGGTTGACCATGTAGTCGT (Reverse)

GGTCTCAACCCCCAGCTAGT (Forward)
1L-4

GCCGATGATCTCTCTCAAGTGAT (Reverse)
IL-10 CTTACTGACTGGCATGAGGATCA (Forward)

GCAGCTCTAGGAGCATGTGG(Reverse)

TCTGCATTGCACTTATGCTGA (Forward)
TGF-B
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GGGTCTTGTTAGCCTAGTCA (Forward)
iNOS

TGTTGTTGGGCTGGGAATAG (Reverse)

CTCCAAGCCAAAGTCCTTAGAG (Forward)
Arg-1

AGGAGCTGTCATTAGGGACATC (Reverse)






OPS/images/fimmu.2023.1068359/fimmu-14-1068359-g004.jpg
and presen
exogenous
adaptive immune
response based on
regulation ‘somatic
recombination of
immune receptors
bt from positive regulation
immunoglobulin  Of adaptive immune
e g o ok st ‘superfamily response
—— domains .
myelid cell ation
i s Sy, P

Yellow module

positive reguiation . con acvation response to
of cell-cell adhesion

sitive regulation
et (| popolysaccharide e

of inflammatory
response to

. . antigenic stimulus
positive reguiation .

positive regulation positive regulation  of tumor necrosis Negative regulation
of leukocyte O INErleukinG  factor supertamily Of nterlewino ST
proliferation Production cytokine production  Production ‘o chemokiis
production
lymphocyte
differentiation
) sitive reguiation 1VOrogen peroxide  negative regulation
positive regulation Boellactvation P e blosynthetic of tumor necrosis
of interleukin-1
response process factor superfamily
production cytokine production

response to
interferon-gamma

type il
hypersensitivity

ligestion
flopideunt
tolke riceptor erusions el
ignatig pythway rducton






OPS/images/fimmu.2023.1068359/fimmu-14-1068359-g005.jpg
Relative Percent

§
1

100% =
A * B.cellsnaive B
© B.cellsmemory
© Plasma.cells
* Tcells.CD8
© Teells.CD4.naive
%9 © Tcells.CD4.memory.resting
* Tcells.CD4.memory.activated
© Teells folicular helper
© Tcellsregulatory. Tregs.
© Tcells. gamma defta
60% - © NKcells resting
NK_cells activated
Monacytes
 Macrophages.M0
E © Macrophages.M1
© Macrophages.M2
© Dendritic.cells resting
© Dendritic.cells activated
 Mastcells.resting
 Mast.cells.activated
© Eosinophils
20% o © Neutrophils,
0% <
T

1 Group B8 Sham ES scI

s amory

- e

2 BUC B Fosq Fo56-0.300.54-0.54 -

Dq o — fosq 06

D B W Lo 084|050 Fod

0 D DCuBnos Fosqo2f0ad ’ 04

94 a PG T

PIBTID T RISl 02

9 P@ YD Py - .

449 1gDpDva P

IQ€~ PGODI L - o2

D PQ ' @ PE P 0 Bl cwiom e

Q0 9 DG 9 QD Puicn o

b
Q
T D@ |@uoqavq DB
(R aQ ” [ VG e
Ta a||>\1> uuav
Taa Qo DA B0 O|aggm 08
Daga vnvv D g
1 evéPrDv l><l<l‘l7|>|<l,4}.§l.,v - o &fgﬁy“&&f&#yff@y\
E






OPS/images/fimmu.2023.1068359/fimmu-14-1068359-g006.jpg
I Type

Itgbl1*
Coltal**
Colta2**
Col3at***
Pcolce**
Colgat***
Col5a2***
Col5at***
[ Col6a3***
Colgat***
Cola2***
Cd2g**

Col20a1***
H2-Ab1***
Col18a1***
Col7at1***
Plod2***
H2-Aa***
H2-Eb1***
Col16a1***

Serpinh1***
Cdse™*
Fcer1g***

B
on - =
Serpinh1 o
Ptprc | ] ||
Plod2
Pcolce 5!7'
Itgbl1
E = fon
Itgb2 las
H2Eb1 on
H2Ab1 on
H2Aa | |
Fcerlg
Col8at fon
Col7a1 | ]
Col6a3 B fon
E on
Coléa1
Col5a2
Col5a1 an L
B B | |
Col3a1
Col20a1 | ]
o =
Col1at
Col18a1
Col16a1
Cdse Fon | ]
Cd28 B I
wr %m‘ bor
Ry cqu ARG
\\f & 6"" \\eo dg R \0 o{b&'b@% < e\e @{b\\ Qo @Q
Qo@\\q@&\\% \\c},\ ic?zo\ @ \\ ) &\dz,d;, wé’e“
«Ogu&\\e%@% w‘\; @%W &\\\&
N f\?’?'

<&

| | Itgb2***
B2m*™*
Itgb5***
Colda5***
Ptpre***
Vavi**

Eosncpni
Nouropns

1% 07 0% 0% 5% 0% 0% 0% 1

@ 1% 075 <% 425 0%0 035 0% 0% 100

2

Type

P EC

o000
Naowo

Corsiation

03
08
09

Sham





OPS/images/fimmu.2023.1068359/fimmu-14-1068359-g007.jpg
A cell_type B

Asifiiies Oligc} tes
i@ . EDendfa’TbEN?

® Ast ’ 8 o ofteohocyte
S0 ore?;y‘ss mphocyt pro egulation of "
® Endothelial cells lymphoc: i
& © Ependymal cells p{oI;eralﬁ relgu:(anon of
g o Granooyes . aton :" oGyte antigen processing
tacrophage
B . Mmm;w o chemotaxis and presentation of
® Monocytes peptide antigen via
© NKcells
® Obgodendrocyien MHC class Il
negétive ragulstion microglial cell natural killer cell
of leukocyte activation involved chemotaxis
activation in immune
response
C E sci Sham

Itghs - Colsa2

§ L SR | TR s

v A N, Il R
. oEn W =& | [~
R Rt T R
PG Y9G e A R

10 = P ot Granuoyes
-10 5 -10. it

-5 0 5 [ 3 -5 0 5 3 3
UMAP_1 UMAP_1

-15-10 5 6 5
UMA

~15-10 5 6 &

P_1 UMAP_1 Oligodendrocytes.
Asooyies y—
Col1a2 Col4as 10 . mm—ﬂ{“}?"" 10 A penya ot <.,
- ) », hﬁa
10 r~ 10 . =’ 10 - Emuuuu:us © St

oz, |

UI:AP_Z J
;:AP_?
;i \\
()
u:AP_z
wza

Bosts  neas
Gl Ganyoores
-10 ~10- =10- ki
3

-5 0 5§ -5 0 5§
= UMAE T e " UMAP_1
F Number of interactions
Macrophage Microglia
Ependymal cells Endothelial cells Ependymal cells Endothelial cells
g o » »
Granulogytes B cells Granulogytes B cells
Macropﬁgf—‘_-_\fi*oc‘ﬁes Macrophage Astrocytes
Oligodendrocytes r‘ Oligodendrocytes
Microglia Microglia
8 ek cel L S
MonocytedlK cells MonocytedlK cells
Bcells Monocytes NK cells
Ependymal cellsEndothelial cells Ependymal cells Endothelial cells Epenﬂyrr{al cells Endothelial cells
.
Granulogytes “Bells

Macropfiage

Microglia

Monocyted!K cells






OPS/images/fimmu.2023.1068359/fimmu-14-1068359-g001.jpg
Bioinformatics

Molecular
PPI —» hub genes dockling

it NI

Bulk RNA < e
Immune
=L, hub genes |-|-9 4 ‘
o clamp
: model ?
R . [L-4/IL-10

seq

o

Immune —» Functional
Infiltration enrichment

| S— L iNOS
s Ngr | BBB score s l
. B n c iy TGF-a/ IL-1B

scRNA seq Quality Control UMAP aCnlngtgi; EMG : CD206 ’ af





OPS/images/fimmu.2023.1068359/fimmu-14-1068359-g002.jpg
Group
® sham
© 7dpi
o| ® 3api

Geo

GSE47681
GSE5296
5

PC2 (10%)

-100 -50 0 50 100

-log10(ad P.Val)
100
75
50

25

-log10(adj. P.Val)
.25

® 50
s
e o

R N“@%‘ e‘?’f"e‘%" EELEEEESS

sef‘?@ S5
;3{@@%*; x&@g&xxé@e\» .»w“






OPS/images/fimmu.2023.1068359/fimmu-14-1068359-g003.jpg
Scale independence Mean connectivity

A B
Sample clustering to detect outliers - ‘se70 s |
o ° I s
£ o
8 g,g B g
z z
© £ £ g
Q ~Yo5wehR32 R 1=
°Ja 2E2BE25588 g
- o |8 2562656 =-222 F] 38 84,
£ R-7¢gQ 5 TTTStZ3SSSo s S e
8 oY = S55255 2 e 2
7} 2 ] 7] g & g
T \—,“_’SﬁmSQRmmw‘”wm@ggng%g 8 o g4 .
SCoRIIVLO00000 If0w g gd-
hSIJLwSS LAt R K] - 4
OBRL=CRR =c=e<v 8 g4
OTcTsSScct SsSctc o S7a
S=S0p== Dpz= O A 12 14 15 15 o
ggwogg ERCH A T T T T = T T T ™
5 10 15 20 5 10 15 20
Soft Threshold (power) Soft Threshold (power)
‘Module~trait relationships
C Gene dendrogram and module colors(GEO) D
'
e MEturquoise
@
3
o
s Megreen
~
z o
€ e
z e MEbrown|
3
-
S
«
3
Merged

MEyeliow

F
Module membership vs. gene significance
cor=0.97, p<1e-200
o
%]
s
8
c
]
=
[=
2
"
o
(=
L3
o
0.0 0.2 0.4 0.6 0.8 1.0

Module Membership in yellow module





OPS/images/fimmu.2022.1060290/fimmu-13-1060290-g003.jpg
© Up © Notsig © Down

3.0

»
1900, Imem <.

MeanRPK.S.
a0

25

20

o:

6LZ50VNIID

GreRNAOS210
| creRNADs 68

[
|
|
!
|
RS

1.5

log2FC

®
104° %
.

-Log 19 (P value)

0.5

0.0

-20 -10 0 10 20
Log, (Fold Change)

D

circRNA03290- ©
circRNA02064-
circRNA00093- °
circRNA05390- O
circRNA01429- o
circRNA05166- O
circRNA01700- ©
circRNA01698- ©
circRNA02845- o
circRNA05193- O
circRNA02714- o
circRNA00537- o
circRNA01598- o
circRNA05219- O
circRNA00105-
circRNA02138-
circRNA02778-
circRNA02039-
circRNA02686 -
circRNA01819-
circRNA02860-
circRNA01564 -
circRNA02370-
circRNA02812-

%24,

circRNA02370

0 0 O of

Q:-oaoaooooou.oooooonoooooo
3-00Qocooo0QeQec00cocQo0o oo

ey LI L EL L





OPS/images/fimmu.2022.1060290/fimmu-13-1060290-g004.jpg
IS
=)

A B TPM distribution violn c © Up © Notsig © Down
| 9
| |
| |
| sl
| |
| d
A
| |
I
|

e .
I z o
g i c
8 ) I ;
- obszPM) ?
-20 -10 0 10 20

loga(TPM)

n °

-Log 4¢ (Padj)

Log, (Fold Change)

& & =
&mp\ec
D E Csd- >« = O .8 F
Lgals3- = o o O O
Tgm1- ¢ ¢ o 0O O O
g Adam8- ¢ o o 0o O O vails
— a2 Apoc2- o o o o O O
e Saa3- o o o o 0 o ()20
:lﬂ:‘ Mtmri- ¢ o o O O O O 100
- Mdm2- o o o o o o 20
At P4ha3- o o o O O o &
o mat o Clec7a- o e o o o O §'.
T MBS Huwel- ¢ O O o o o Vale £
T Tro- O 0 O o o o
:::: i" Eps8- © O O o o 200
— Golgat Pam- O o O o ° °
et Golgal- © 0o 0O o o o 100
s Prgl- © 0 0 o o o
—snxts
—Pigt Rbm3- ¢ O O o ° ° 0
—Rom3 Snx14- o o O o o o
e Nyapl- © o o o o o
Tns1- O o o o o o
NI N Y.

Q)
[T~ i~ A~





OPS/images/fimmu.2022.1063928/table2.jpg
Authors Immunocyte

Roth et al.

Davalos
et al.

Liu et al.

Liu et al.

Damani
et al.

Doering
et al.

Loane
et al.

Griffin
et al.

Jassam
et al.

Edwards
et al.

Microglia,
astrocytes

Microglia

Microglia,
astrocytes

Neutrophils

Microglia

Zinc-rich (ZEN)
neurons

Microglia

Microglia-
directed neurons

Microglia,
astrocytes

Steroids

TBI, Traumatic brain injury.

Role

The skull is permeable to small molecular weight compounds and uses this delivery route to
modulate inflammation and therapeutically ameliorate brain injury through transcranial
administration of the ROS scavor glutathione

ATP is an important signaling molecule that mediates interactions between various cell types in
the brain, and glial and endothelial cells may contribute to microglial responses by releasing large
amounts of ATP upon injury

The innate immune system engages in a series of PRRS to detect “danger” signals, such as
PAMPs or DAMPs, to defend against infection or injury. NLR recognizes many PAMPs as well
as various DAMPs to activate the assembly of inflammasomes that trigger the maturation of
proinflammatory cytokines, such as IL-1f and IL-18

Neutrophils are an important component of the innate immune system, and their inappropriate
or excessive activation may lead to tissue damage.
Most microglia are long-lived cells that have a long residence time in the CNS and are therefore

susceptible to the in situ aging effects that occur during the normal lifespan of the animal

Zn ions are protective against TBI effects

In injured brains, microglia produce neuroprotective factors that remove cellular debris and
coordinate the process of nerve repair

Traumatic brain injury, mild and severe, open and closed, leads to immune suppression and
infection

TBI induces an immune response composed of locally and peripherally derived participants that
begins within minutes of the onset of TBI if the injury does not resolve or causes chronic
diseases such as chronic traumatic encephalopathy

Refutes any substantial reduction in corticosteroid mortality or severe disability within 6 months
after traumatic brain injury

The research
methods

Traumatic Head
Injury Neuroimaging
Classification
(THINC)

Microglia were
imaged in vivo using
a two-photon
microscope

Western blot analysis

Drug blockade, etc.

In vitro imaging of
the explant retina
Diseased mice were
treated with DEDTC
or selenite

Drug therapy, gene
blocking, etc

Autologous reinfusion
of WBCs (adoptive
immune therapy)

Inhibitors block
immune cell
activation

MRC CRASH: A
randomized
controlled trial of the
effects of
corticosteroids
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Authors

Alliot et al.

Lawson et al.

Devanney
et al.

Gensel et al.

Tang et al.

Mills et al.

Wright-Jin
et al.

Takahashi
et al.

Nimmerjahn
et al.
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Boudreau
et al.

Bluestone
et al.

Engelhardt
et al.

Constant
et al.

Finkelman
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Immunocyte

Microglia

Microglia

Microglia and
macrophage

Macrophage

Microglia

Macrophage
Microglia
NK

Microglia

M2 Microglia

NK

T cells
T cells

B cells

B cells

B cells

T cells

CNS, Central Nervous System.

Role

Microglia arise from the yolk sac and emerge during embryonic
development, increasing in number during gestation and steadily
increasing in number during the first two weeks postpartum,
when about 95% of microglia are born

Microglia are abundant in the brain, but their distribution is not
uniform. They are more distributed in hippocampus, olfactory
skull, basal ganglia and substantia nigra, and less distributed in
fiber tracts, cerebellum and most brain stem

The M2 phenotype of macrophages is age-dependent and can play
an anti-inflammatory role, and the M1 phenotype is enhanced
phagocytosis, but the MIM2 classification has limitations

M1, M2a, M2b, and M2c macrophages were sequentially activated
during the healing phase, but the duration of this phase was
prolonged after the onset of injury inflammation

MI microglia dominate the injury site at the end stage of the
disease. At this time, the immunolysis and repair process of M2
microglia are inhibited, and endogenous stimulation may continue
to activate M1 proinflammatory response, eventually leading to
irreversible neuronal loss

Lymphocyte Activation
Macrophage Activation

Microglia differentiate and remove brain inflammation to
maintain CNS homeostasis

NK cells may actively inhibit potentially pathogenic autoimmune
T cells that may mediate CNS inflammation

Microglia are highly active in their putative resting state,
continuously investigate their microenvironment, and have
extremely strong motility processes and protrusions

The dominant response of microglia and peripheral macrophages
changed from M1- to M2. M2 cell density is increased in lesions
in aged mice

NK cells achieve structural diversity through mutation, making
them specific and adaptive to different immune environments

Cytokines are important factors driving the differentiation of CD4
effector T cells

Leukocytes cross the CNS barrier in response to chemokines and
activators

In the experiments designed to determine the ability of splenic
dendritic cells (DCs) and B lymphocytes to take up peptide or
protein Ags in vivo, Ags were taken up preferentially by DCs,
whereas proteins were taken up by Ag-specific B cells in vivo

By activating B cells and presenting B cell antigens, anti-IGD
antibodies induce T cell activation and tolerance

B cells can not only produce antibodies, but also present antigens
to T cells

Autoimmune T cells can produce neurotrophic factors when
activated by relevant antigens, and T cells can also activate non-
immune cell colonization and participate in homeostasis
restoration regulation

Content

‘The origin and proliferation of microglia

Morphology and distribution of microglia

The role of immune metabolism in neurotrauma

Role of macrophages in spinal cord injury

Microglia can be classified into two phenotypes,
M1/M2, and this classification has important roles
in neurological diseases

The division of two phenotypes and paradigms of
macrophages and their association

Role of microglia in CNS homeostasis

Role of NK in multiple sclerosis

Highly dynamic monitoring of brain parenchyma
by microglia in vivo

M2 cell polarization is essential for effective
myelin regeneration and contributes to the
treatment of multiple cell sclerosis

Diversity in NK cell reactive capacities driven by
NK education protect some individuals against a
variety of infections and diseases

CD4 T cells are divided into functional subsets

with different immune functions

During inflammation, T cells migrate across the
CNS barrier and transport signals

By presenting antigens to T cells, B cells cause T
cells to perform protein antigens

The antigen presentation of B cells is required to
produce T-cell dependent antibody responses in
vivo, and the antigen presentation of repetitive B
cells to T cells is a necessary condition for the
expansion of B cells.

B cell function and its relevance to disease

T cells and the immune system in schizophrenia
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Factors Functions References
Brain Derived Neurotrophic Factor (BDNF) 26.7 kDa Involved in the promotion of Schwann cell migration (69)
Ciliary Neurotrophic Factor (CNTF) 22.9 kDa Support neurogenesis (67)
Fibronectin 440 kDa Promote neural progenitor cell migration (73)
Laminin 400 kDa Involved in neural progenitor cell differentiation (74)
Matrix Metalloproteinase 2 (MMP2) 67 kDa Important for neural cell migration (75)
Nerve Growth Factor (NGF) 26.7 kDa Involved in the promotion of Schwann cell migration (69)
Neurturin (NTN) 23.6 kDa Support neurogenesis (67)
Sonic Hedgehog protein (Shh) 67 kDa Induce NSC differentiation into neurons (72)

Secreted Protein Acidic and Cysteine Rich (SPARC) 43 kDa Implicated in neural differentiation and in neurite extension (70)
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