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Neural stem cell (NSC) therapy is a promising therapeutic strategy for stroke. Researchers have frequently carried out genetic modification or gene editing of stem cells to improve survival or therapeutic function. However, NSC transplantation carries the risk of immune rejection, and genetic modification or gene-editing might further increase this risk. For instance, recent studies have reported on manipulating the stem cell genome and transplantation via the insertion of an exogenous gene derived from magnetotactic bacteria. However, whether transgene-modified stem cells are capable of inducing immunological reactions has not been explored. Although NSCs rarely express the major histocompatibility complex (MHC), they can still cause some immunological issues. To investigate whether transgene-modified NSCs aggravate immunological responses, we detected the changes in peripheral immune organs and intracerebral astrocytes, glial cells, and MHC-I and MHC-II molecules after the injection of GFP-labeled or mms6-GFP-labeled NSCs in a rat model. Xenogeneic human embryonic kidney (HEK-293T) cells were grafted as a positive control group. Our results indicated that xenogeneic cell transplantation resulted in a strong peripheral splenic response, increased astrocytes, enhanced microglial responses, and upregulation of MHC-I and MHC-II expression on the third day of transplantation. But they decreased obviously except Iba-1 positive cells and MHC-II expression. When injection of both mms6-GFP-labeled NSCs and GFP-labeled NSCs also induced similar responses as HEK-293T cells on the third days, but MHC-I and MHC-II expression decreased 3 weeks after transplantation. In addition, mms6 transgene-modified NSCs did not produce peripheral splenic response responses as well as astrocytes, microglial cells, MHC-I and MHC-II positive cells responses when compared with non-modified NSCs. The present study provides preliminary evidence that transgenic modification does not aggravate immunological responses in NSC transplantation.




Keywords: neural stem cells, major histocompatibility complex, magnetotactic bacteria, immunological response, transgenic modification, mms6



Introduction

Neural stem cell (NSC) therapy has emerged as a promising treatment strategy for disorders such as degenerative diseases, traumatic brain injury, and ischemic stroke (1, 2). Stem cell therapy has been booming in recent decades (2), but unfortunately, stem cells can no longer satisfy the demands of research or treatment since they cannot be controlled as needed when grafted into hosts (3–5). However, researchers can modify stem cells to meet the research needs in vivo by inserting a special gene, protein, or particle (3, 6). Recently, a few studies have reported the manipulation of mesenchymal stem cells (MSCs) through the insertion of material derived exogenously from magnetotactic bacteria (3, 6, 7). Transgene-modified stem cells can produce endogenous magnetic nanoparticles, which MRI can be tracked in vivo (3, 6). These reports are exciting and promising; however, transgene-modified stem cells also pose uncertain risks to immunological security. As we are only in the early stages of allogeneic stem cell modification, few studies to date have focused on the possible immunological responses following the transplantation of these modified stem cells.

Class I and class II major histocompatibility complex (MHC) molecules cooperate and co-regulate the immunological response process (8–11). They play a key role in the induction of xenograft rejection, although only a small proportion express and possess exogenous immunogenicity (8, 12–15). In a previous study, NSCs were transplanted from transgenic pigs into the striatum of rats; these xenogeneic NSCs survived for a long time and stably expressed exogenous genes (15). NSCs express a low level of MHC antigen and reduce the sensitivity of cytotoxic T lymphocytes to dissolution following NSC transplantation (16–18). Using in vitro models, several studies have demonstrated that neither allogeneic NSCs (19–21) nor progenitor cells (12, 17) induce a severe immunological response. Previous studies have also reported that allogeneic MSCs activate striking immunological responses (22, 23); however, the responses prompted by transgene-modified NSCs have yet to be studied. Therefore, it is necessary to investigate the immunological responses of transgene-modified NSCs ahead of clinical studies.

NSCs were transplanted after modification with the magnetosome membrane-specific gene (mms6) derived from magnetotactic bacteria (24). The mms6 gene does not exist in mammalian genomes; instead, it is native to magnetotactic bacteria and is responsible for the bioassimilated synthesis of endogenous intracytoplasmic magnetic nanoparticles that can be detected by MRI (3, 6). This property has seen the mms6 gene employed for stem cell modification, as it allows the fate of stem cells to be tracked; thus, its use may be a promising stem cell modification strategy for in vivo tracking. Furthermore, the mms6 gene may also have different operation mechanisms in mammalian cells, and it has demonstrated no deleterious effect on stem cell proliferation, migration, or differentiation. However, no related immunological studies have been conducted to date.

In the present study, the immunological responses induced by transgene-modified NSCs analyzed astrocytes, microglia, and MHC-I and MHC-II molecules at 3 days and 3 weeks after transplantation, respectively. At the same time, the responses of the spleen and kidney were also detected.



Materials and Methods


Materials

Dulbecco’s Modified Eagle Medium (DMEM)/Nutrient Mixture F-12 (F12) and fetal bovine serum (FBS) were bought from Gibco. B27 supplement (17504044), N2 supplement (17502048), and trypsin were obtained from Thermo Fisher. Anti-GFP (ab290), anti-GFAP (ab7260, Abcam), anti-IBA-1 (ab178847, Abcam), anti-MHC-I (ab134189, Abcam), anti-MHC-II (ab23990, Abcam), and anti-nestin (ab11306, Abcam) were procured from Abcam. Neonatal Wistar rats and 12-week-old Wistar rats supplied by the Shanghai Laboratory Animal Center (Shanghai, China) were used in our experiments.

The study protocol was approved by the Institutional Animal Care and Use Committee of Shantou University. All procedures were conducted in adherence with the Guidelines for Animal Experimentation of Shantou University and the Chinese Guidelines for the Care and Use of Laboratory Animals.



Isolation and Culture of NSCs

NSCs were isolated and cultured as described previously (15). In brief, the forebrains of the neonatal Wistar rats were dissected within 24 hours of birth to isolate the NSCs. Subsequently, the NSCs were grown as free-floating neurospheres and cultured in DMEM/F12 (1:1) medium containing 2% B27 and b-FGF (20 μg. L-1), 5% N2, and 10% double antibodies (penicillin and streptomycin). The culture medium was replaced every 7 days.



The Expression of mms6 in NSCs

After codon optimization for mammalian expression, the AMB-1 mms6 deoxyribonucelic acid (DNA) bacterial sequence of Magnetospirillum magneticum was cloned and synthesized into a lentivirus vector (pHBLV-CMV-MCS-3FLAG-EF1-ZsGreen-T2A-PURO). Additionally, a control vector without mms6 expression was also synthesized. Successful expression was verified by polymerase chain reaction (PCR) and gene sequencing. The mms6 primers used for PCR amplification were: mms6-F, GGATCTATTTCCGGTGAATTCGCCACCATGGGATCCGCCACCATGCC; and mms6-R, TAAGC-TTGGT ACCGAGGATCC AGCCAGAGCGTCCCTAAGTT.

Before lentiviral transfection, NSCs were cultured into single cells on 6-well plates pre-coated with Matrigel. Lentiviral transfection was carried out after the NSCs had spread in the single cells and 70% confluence had been reached. Then, 45 μl lentivirus (109/ml) was added to each well (multiplicity of infection [MOI] approx. 10:1). After overnight incubation, the medium was replaced. After 3 days, untransfected cells (2.5 μg/ml) were screened through the addition of puromycin antibiotics, and the medium was replaced 3 days later. Photographs were taken with a fluorescence microscope, and the transfection efficiency was determined.

Human embryonic kidney cells (293T), which were cultured in DMEM supplemented with 10% FBS, were used as the positive control for immunological experiments. The lentiviral vector was added to each well to label the 293T cells with GFP (MOI approx. 1:1).



Transplantation Procedures

According to the grouping method, 32 rats were randomly divided into the control group (n=8), 293T group (n=8), GFP-NSC group (n=8), and mms6-GFP-NSC group (n=8). Subsequently, GFP-labeled 293T cells, GFP-labeled NSCs, and mms6-GFP-labeled NSCs were injected into the right striatum of the rats in the corresponding groups. NSCs and 293T cells were processed into single cells, and the cell concentration was adjusted to 1 × 108/ml. The cells (5 × 105 cells, 5 μl) were transplanted into the right striatum of the rats (AP, 0.0 mm; ML, 2.0 mm; and DV, 3.5 mm). The control rats were injected with an equivalent amount of phosphate-buffered saline (PBS). To prevent postoperative infection, intraperitoneal penicillin injections were given at intervals of 3 days.



Bodyweight Changes and Immune Organ Responses

Each rat’s body weight (BW) was measured before transplantation and on days 3, 7, 14, and 21 following transplantation. On day 3 after transplantation, 3 rats from each group were sacrificed; on day 21 post-transplantation, the other 5 rats were sacrificed. Subsequently, the weights of the brain, spleen and right kidney were measured. All rats were sacrificed through intracardiac perfusion with 4% paraformaldehyde under anesthesia.



Histological Process

Frozen brain, spleen, and kidney tissue samples were sliced using a freezing microtome (Leica). The brain sections (25 μm in thickness) were subjected to immunohistochemical (IHC), immunofluorescence (IF), and Prussian blue staining, while the spleen and kidney sections (25 μm in thickness) were subjected to hematoxylin and eosin (HE) staining.

IHC staining was performed in line with previously published protocols (25). Briefly, primary antibodies against MHC-I (ab134189, Abcam, 1:100) and MHC-II (ab23990, Abcam, 1:100), and the secondary antibodies anti-rabbit IgG (ab205718, Abcam, 1:2000) and anti-mouse IgG (ab205719, Abcam, 1:2000) were used to detect the immunological responses to cell transplantation. After 24-hour incubation at 4°C followed by washing, the Histostain TM-SP kit was used to detect and visualize signals, in line with the manufacturer’s protocol.

IF staining was performed according to previously published protocols (26). Briefly, paraffin brain sections were deparaffinized and rehydrated before immunostaining, which was followed by overnight incubation in blocking solution containing primary antibodies (anti-GFAP, Abcam, ab7260 1:100; anti-IBA-1, Abcam, ab178847, Abcam, 1:100; anti-Nestin, Abcam, ab221660) at room temperature. After washing with PBS, the sections were further incubated with the corresponding secondary antibodies (goat polyclonal secondary antibody to Rabbit, 150079 1:500) for 2 hours at room temperature. Then, the sections were washed and loaded onto a coverslip after adding mounting medium to each section. A confocal laser scanning microscope (Nikon, Japan) was used to scan the samples. Slices from the injection site of cell transplantation were used for staining. Positive markers in 4 slices from 3 rats in each group were counted for analysis. A Nikon Element reviewer (Nikon, Japan) was used for image analysis.



Cell Proliferation Experiment

Two types of NSCs (mms6-GFP-NSCs and GFP-NSCs) were cultured under the same conditions: 5% CO2 and 20% O2. To determine the effects of different conditions on cell proliferation, the Cell Counting Kit-8 (CCK-8) assay was used to detect the OD450 value of each well using an enzyme labeling instrument. Two groups of cells were plated in a 96-well plate pre-coated with Matrigel (2 × 103 cells/hole, 200 μl serum-free NSC culture medium/hole). At 12 hours and 1, 2, 4, and 8 days, photographs of the cells in each group were taken.



Statistical Analysis

Data were expressed as mean ± standard error of the mean. SPSS 12.0 was employed for statistical analysis of all experimental data; a p-value <0.05 was taken to indicate statistical significance. The nonparametric rank-sum test and two-sample independent t-test were used to compare the differences between the different groups.




Results


Immune Organ Responses at the Early and Late Stages of NSC Transplantation

Primary NSCs were transfected with lentivirus (Supplemental Figure S1A), and both mms6-GFP-NSCs and GFP-NSCs were screened with puromycin and expressed GFP fluorescence (Supplemental Figures S1C, D). The results of PCR showed that mms6-GFP NSCs had a positive band of around 100 kb, whereas GFP NSCs did not have such band (Supplemental Figure S1B), indicating that mms6 had been expressed in the former successfully. After cell transplantation, nestin + GFP-labeled cells were considered to be exogenous NSCs (Supplemental Figures S1E, F). To better understand immune rejection by the central nervous system after allogeneic cell transplantation, we used the HEK-293t cell transplantation and normal saline transplantation groups as positive and negative control groups, respectively. To investigate whether transplantation of transgenic mms6-modified NSCs elicits immune organ responses, the structures and cell morphology of the brain, spleen, and kidney tissues of rats were assessed on days 3 and 21 after cell transplantation. The changes in BW were also recorded.

After cell transplantation, rats in all the groups showed decreased BW compared to the pretransplantation level. Three days later, their BW had gradually recovered; however, the rats given a 293T cell injection had a lower BW than the controls (Figure 1A). No significant difference in BW change was detected between the mms6-GFP-NSC and GFP-NSC groups after transplantation. On day 3, after cell transplantation, the morphology and weights of the brain, spleen and kidney showed no obvious changes (Figure 1B). However, in the 293T group, the spleen weight increased compared to that in the control group (0.90 ± 0.071 g vs. 0.78 ± 0.084 g, p=0.04) (Figure 1C), but no significant difference was seen in the brain or kidney weight at the later stage of cell transplantation. A blood inflammatory reaction was observed in the transplantation area on the brain surface of rats in the 293T group (Figure 2).




Figure 1 | Periphery immune organ responses. (A) Body weight changes in rats of control group, 293T group, GFP-NSCs group, and mms6-GFP-NSCs after cell transplantation from pre-operation to 21 days post-operation. (B) Comparisons of weights among four groups at the early stage of transplantation. (C) Comparisons of weights among four groups at the later stage of transplantation. (D) Diameters of spleen corpuscle in rats of four groups at the early and later stages of transplantation. At the early and later stages, the diameters of spleen corpuscle gradually decreased compared with those of control group. However, mms6-GFP-NSCs transplantation did not induce any splenic changes in the corpuscle. (*control group vs. 293T p< 0.05; **control group vs. 293T p< 0.01).






Figure 2 | Morphological changes in the brain, spleen, and kidney of rats among the four groups on the 21st day following transplantation. No obvious difference in the morphology of these organs could be seen among groups. The red arrows indicate the needle path in the NSCs transplantation area.



As the largest peripheral immune organ, the spleen plays an important role in the human body’s immune response. During immunological rejection of allogeneic grafts, the spleen may become progressively enlarged. According to our results, the intracerebral injection of xenogeneic cells elicited immune organ responses; however, the transgenic mms6-modified NSCs did not elicit peripheral immune organ responses.

The organizational structures and cell morphologies of the brain, spleen, and kidneys of the rats were also examined by HE staining. Specifically, the diameters of the splenic and renal corpuscles were the focus of HE staining. Our results demonstrated that only the spleens of the 293T group exhibited progressive immunological responses from the early stage to the late stage of cell transplantation. In comparison, the kidneys did not exhibit an obvious response to cell transplantation at either stage in any of the groups. On day 3 after cell transplantation, the spleen capsule in the 293T group became edematous, and a normal boundary could not be identified in the parenchyma. Also, the structure of the splenic corpuscleogenesis center was destroyed by local exudation (Figure 3A).




Figure 3 | Hematoxylin and eosin staining of the spleen tissues. (A) Morphology of spleen tissues in rats among four groups on the third day of transplantation. ‘Overall’ displays the organizational structure and morphology of the spleen including capsule and parenchyma. ‘Parenchyma’ shows the splenic corpuscleogenesis centers of rats among the four groups. Structural destruction was seen in the splenic corpuscles of 293T group. (B) Morphology of spleen tissues in rats among the four groups on the 21st day of transplantation. Most splenic corpuscleogenesis centers of parenchyma in 293T group disappeared. The dotted circle indicates splenic corpuscleogenesis centers.



Additionally, the diameter of the splenic corpuscle in the 293T group was smaller than that in the control group (Figure 1D). On day 21 after transplantation, the normal structure of the splenic corpuscleogenesis disappeared (Figure 3B). Moreover, the mean diameter of the splenic corpuscle of the rats that received 293T transplantation was significantly decreased compared to that of the control group (186.24 ± 14.95 μm vs. 276.62 ± 14.38 μm, p=0.005). However, the transplantation of mms6-modified NSCs did not elicit splenic responses compared to the control group (308.38 ± 30.95 μm vs. 276.62 ± 14.38 μm, p=0.552) or GFP-NSC group (308.38 ± 30.95 μm vs. 293.63 ± 22.82 μm, p=0.716).

As observed in the representative HE staining images in Figure 4, no significant differences in kidney structure or cell morphology were observed between the four groups at the early or late stage of cell transplantation.




Figure 4 | Hematoxylin and eosin staining of kidney tissues. No obvious morphological changes were seen in the capsule, parenchyma, and glomerulus of rats among four groups. (A) Morphology of kidney tissues in rats among four groups on the third day of transplantation. (B) Morphology of kidney tissues in rats among four groups on the third week of transplantation. The orange rectangle indicates renal corpuscle.





Cell Transplantation Elicits Astrocyte and Microglial Cell Activation

To investigate the intracerebral immunological responses to the transplantation of transgenic mms6-modified NSCs, astrocytes and microglial cells in the transplantation area were detected by IF staining using GFAP and Iba-1. NSCs and 293T cells were labeled with GFP. As a biomarker of brain injury, GFAP represents the degree of inflammatory injury at the transplantation site (25, 27). As shown in Figures 5 and 9A, GFAP-positive cells were accumulated around and immersed at the transplantation site in all groups of rats on day 3 after transplantation; however, they had decreased significantly on day 21 after transplantation. Compared with the other groups, the group with allogeneic 293T cell transplantation exhibited more intensive astrocyte cell responses even at a later stage. NSC transplantation did not induce GFAP-positive cell responses compared to the control group at either stage (early stage: mms6-GFP-NSCs vs. Control, F=0.475, p=0.341; GFP-NSCs vs. Control, F=0.044, p=0.502; later stage mms6-GFP-NSCs vs. control, F=0.044, p=0.502; GFP-NSCs vs. Control, F=1.559, p=0.480). These data indicate that the inflammatory status in 293T cell-treated rats was not induced by brain injury induced by transplantation. Furthermore, these data also show that the group with transgene-modified NSCs did not show aggravated inflammation compared to the GFP-NSC group.




Figure 5 | The glial cells (staining marker GFAP: red) were accumulated around and immersed at the site of transplantation in all the groups at the early stage of transplantation (upper panel); however, they decreased significantly at the later stage (lower panel).



Microglial cells in the brain are recognized as resident macrophages, which play a critical role in regulating inflammatory responses and immunological reactions (23, 25). In the present study, Iba-1 was utilized as a marker for microglial cells since it is also regarded as analogous to proteins characterized by xenograft inflammation factor 1 (AIF-1). As exhibited in Figures 6 and 9B, both mms6-modified NSCs and GFP-NSCs elicited Iba-1 cell responses compared to the control group at an early stage (mms6-GFP-NSCs vs. Control, F=2.025, p < 0.000; GFP-NSCs vs. Control, F=0.12, p < 0.000) but not at later stages (mms6-GFP-NSCs vs. Control, F=4.587, p=0.118; GFP-NSCs vs. Control, F=3.556, p=0.073). However, the reactions differed from those in the 293T group. On day 3 after transplantation, Iba-1 positive cells of rats in the control group, GFP-NSC, and mms6-GFP-NSC groups were immersed in the transplantation site; however, they had decreased significantly on day 21 after transplantation.




Figure 6 | Xenogenic cells transplantation elicited obvious microglial cells (staining marker: Iba-1, red) responses, especially at later stage following transplantation (lower panel). NSCs transplantation elicited fewer microglial cells at early stage (upper panel). However, transgene mms6-modification did not aggravate microglial cell responses.



In contrast, Iba-1 positive cells in the transplantation area in the 293T rats were significantly increased at the later stages, and the GFP-positive cells had even disappeared. These results indicate that 293T cell transplantation promoted the elimination of xenograft cells by microglial cells. The state of microglial cells also represents an immunological rejection process.



MHC Regulates Immunological Responses in Xenogeneic Cells but Not in Transgene-Modified NSCs

Immunological rejection has been widely accepted as being dominated by MHC molecules, including MHC I and MHC-II (8, 9). MHC-II is scarcely expressed in the brain, whereas MHC I is mainly expressed in reactive microglial cells (15, 16, 28). As illustrated in Figures 7 and 9C, MHC I-positive cells appeared to be activated by brain injury in each group. Like the changes in astrocytes, in all groups, MHC I-positive cells also accumulated around the transplantation sites on day 3 after transplantation but had decreased significantly by day 21 after transplantation. At the later stage, MHC I-positive cells were activated more intensively in the 293T group than in the other three groups. Furthermore, transgenic mms6-modified NSCs did not elicit greater MHC I responses than did GFP-NSCs (mms6-GFP-NSCs vs. GFP-NSCs, F=0.108, p=0.075), although they appeared to elicit MHC I responses when compared to the control group at the early (mms6-GFP-NSCs vs. control, F=2.998, p=0.046) and later stages (mms6-GFP-NSCs vs. Control, F=3.515, p=0.004) after transplantation.




Figure 7 | Immunohistochemistry of major histocompatibility complex (MHC)-I molecule expression in the transplantation areas of brains among the four groups on the third day (upper panel) and 21st day (lower panel) post-operation. The red arrows indicate typical example of positive cells in each group.



MHC-II-positive cells were not detected in tissue samples from the control group. However, they were found in the transplantation area of the 293T, mms6-NSC, and GFP-NSC groups (Figure 8). As demonstrated by previous studies (15, 16, 28), NSC transplantation can elicit a few MHC-II positive cell responses. However, mms6-modification did not aggravate the response (mms6-GFP-NSCs vs. GFP-NSCs, F=0.008, p=0.465). The MHC-II-positive cell responses were found to be similar to the changes observed in Iba-1-positive cells (Figures 8 and 9D). In the 293T group, the number of MHC-II-positive cells progressively increased during the cell transplantation process. In contrast, MHC-II-positive cells were rarely present in the transplantation area of rats in the GFP-NSC and mms6-GFP-NSC groups; however, their numbers were still higher than those in the control group. There was no significant difference in MHC-II-positive cells between the two groups on days 3 and 21 after transplantation.




Figure 8 | Immunohistochemistry of major histocompatibility complex (MHC)-II molecule expression in the transplantation areas of the brain among the four groups on the third day (upper panel) and 21st day (lower panel) post-operation. The red arrows indicate typical example of positive cells in each group.






Figure 9 | Quantitative analysis of GFAP (A), Iba-1 (B), major histocompatibility complex (MHC)-I molecule (C), and MHC-II (D) molecule expression in transplantation areas of brains among four groups on the third day and 21st day post-operation. (A) Transplantation operation recruited 293T GFAP+ cells in the operation areas among all groups at the early stage, but the cell number decreased at the later stage. Obviously, the GFAP response was still seen in 293T group compared with control group. (B) At the early stage of transplantation, xenogeneic 293T cell transplantation induced obvious Iba-1+ expression compared with that in control group, and the stronger status was observed at the later stage. In contrast, the exogenous gene mms6-modified NSCs transplantation did not induce obvious Iba-1 expression at either the early or the late stage compared with that in GFP-NSCs group. (C) Transplantation operation induced MHC-I expression at the early stage among all groups. Xenogeneic 293T cell transplantation induced more obvious MHC-I expression compared with that in control group, and the stronger status was observed at the later stage. In comparison, the exogenous gene mms6-modified NSCs transplantation did not induce obvious MHC-I expression at either the early or later stage relative to that in GFP-NSCs group. (D) Almost no expression of MHC-II molecule was detected in the transplantation areas of rats among all groups except for 293T group. (*control group vs. 293T, p< 0.05; **control group vs. 293T, p< 0.01; ***control group vs. 293T, p< 0.001).





The Expression of mms6 Does Not Affect NSC Proliferation

Previous studies have confirmed that the expression of magnetotactic bacterial genes does not cause changes in cell proliferation or differentiation (3). Our study used the lentiviral method to stably express both the mms6 and GFP genes in NSCs, while the control cells only expressed the GFP gene. After 8 days of culture, there was no significant difference in the proliferation rate of NSCs between the two groups, as evidenced by the CCK-8 experimental results (Supplemental Figure S2). This finding is consistent with the results of a previous study (3).




Discussion

The present study aimed to investigate peripheral and intracerebral immune responses following the transplantation of transgenic mms6-modified NSCs. Our preliminary observations of peripheral immune organ responses demonstrate that exogenous gene-modified NSCs did not elicit splenic responses similar to those in xenograft cells. The intracerebral inflammatory and immunological responses were also studied. We found that the transplantation of transgene-modified NSCs increased astrocyte and microglial cell responses and enhanced the MHC-I and MHC-II-positive cell responses. However, there was no evidence to support the idea that exogenous gene-modified NSCs aggravated immune responses compared with GFP-NSCs.

Astrocytes and microglial cells are critical executors in inflammatory and immunological responses (25–27, 29, 30). Astrocytes are responsible for repair following injury or damage and induce the elevated production of inflammatory factors, further activating these cells to migrate toward the injured sites (26, 27, 30). Our results indicated that the responses of astrocytes to NSC transplantation were derived from the transplantation procedure since similar changes were also observed at the transplantation site of rats in the control group given PBS injection alone. GFAP, a biomarker for astrocytes, also serves as a biomarker of brain damage, with more severe brain damage being linked with a higher level of GFAP accumulation in focal lesions. At the later stage after transplantation, the number of GFAP-positive cells at the transplantation site was decreased in the mms6-GFP-NSC and GFP-NSC groups, which was similar to what was observed in the control group.

In contrast, Iba-1-positive microglial cells are responsible for the elimination of severely damaged or dead cells and for phagocytizing cell debris and xenogenic cells (23, 31–33). When exogenous cells are injected into the brain, many quiescent microglial cells can be reactivated (23, 34, 35), but they only phagocytize the identified heterogeneous cells. Our results also support this hypothesis. After the elimination of 293T cells, the number of microglial cells was observed to increase gradually. Other causes might also lead to decreases in GFP-NSCs and mms6-GFP-NSCs at a later stage.

In the present study, MHC molecules were also detected. When exogenous cells are injected into the brain, they are identified as xenogenic cells due to their MHC expression, and they are phagocytized (36, 37). Our results indicated that the number of MHC-I-positive cells increased on day 3 but decreased on day 21 after transplantation, which was similar to the changes observed in astrocytes. Meanwhile, the changes in MHC-II-positive cells were similar to those in Iba-1-positive cells. However, these two molecules are thought to be expressed in microglial cells rather than astrocytes in the brain (34). It is speculated that both MHC-I-positive cells and MHC-II molecules are activated by exogenous cell transplantation; however, they play different roles in the immunological response to NSC transplantation. The former is regulated by leukemia inhibitory factor (LIF), while the latter is activated by IFN-γ and TNF-β (10, 38). LIF is a critical signal of brain injury and activates microglial cells to repair and induce neurogenesis (39, 40). Both interferon-gamma (IFN-γ) and tumor necrosis factor (TNF)-β are important cytotoxic factors that can promote brain microglial cells and macrophages to eliminate xenogenic cells (11, 41, 42). MHC-I has been reported to assist in immune recognition in reconstructing synapse connections (43, 44), whereas MHC-II helps to clear mismatched xenogenic cells (38, 45). Therefore, the responses of MHC-II-positive microglial cells at later stages better reflect the occurrence of heterologous cell rejection. Considering this, our data support the notion that mms6-modified NSCs did not result in immunological rejection.

We have studied the immune rejection of allogeneic gene-modified stem cell transplantation, but we have not systematically evaluated the immune response at the levels of cytokines and inflammatory factors. Several studies have proved that microglia activation can result in antigen presentation and the secretion of cytokines such as interleukin-1 beta (IL-1β), IFN-γ, and TNF-α (46–50). However, one study found that IFN-γ treatment induced a degree of activation of MHC-II but not MHC-II (46), while another reported that TNF-α did not impact the numbers of MHC-II immunoreactive cells (51). In contrast, the cytokine IL-1β has been shown to inhibit MHC-II expression (52). Therefore, IL-1β, IFN-γ, and TNF-α participate in the regulation of MHC-I activation, but only IL-1β is involved in the activation of MHC-II (53, 54). In our study, grafting of HEK-293T cells induced a strong immunological reaction. Iba-1 positive cells and MHC-II positive cells exhibited similar changes both on day 3 and day 21 after transplantation. MHC-I-positive cells exhibit changes in the brain similar to those seen with brain injury (50). Considering the above evidence, we speculated that the levels of cytokines and inflammatory factors increased sharply in the early stage of transplantation but decreased as the brain injury recovered. At the later stage of transplantation, some cytokines involved in class II MHC activation, such as IL-1β, still play an important role in regulating immunological reactions. We will investigate the changes in cytokines and inflammatory factors in future studies to fully evaluate the immunological responses to allogeneic and transgenic modification.

The gene mms6 originates from magnetosome membrane-specific gene clusters of the Magnetospirillum magneticum strain AMB-1 (24). It encodes a critical small molecular protein, MMS6, consisting of 60 amino acids, and promotes the formation of uniform magnetic nanocrystals in vitro (24). Recently, it has been reported that mms6 can be inserted into a human or mammalian genome for manipulation (3, 6). MSCs expressing mms6 can produce intracellular magnetic particles (3). This technology can overcome the problems of stem-cell tracking in vivo, which also marks the beginning of the manipulation of exogenous genes from other species. Although no evidence of immunological rejection was found in the present study, further experiments are required. MMS6 is a membrane protein that, theoretically, cannot be transported out of NSCs, and it is recognized as a foreign particle without the help of a special transmembrane transporter. However, whether or not it can be identified as a foreign particle by lysosomes has not been explored, so further studies are warranted. Comparatively speaking, 293T cells express exogenous molecules on the membrane and can be easily identified as xenogenic cells. Other exogenous gene-modified NSCs may produce immunological responses when they encode membrane proteins. However, the present study did not examine the differences in the levels of inflammatory cytokines among the groups. We believe that supplementary research is necessary. In any case, our study provides preliminary evidence that the expression of mms6 does not aggravate the immune response of the central nervous system.



Conclusion

In conclusion, the present study’s findings demonstrate that xenogeneic cell transplantation induces strong immunological and peripheral immune organ responses; however, exogenous mms6-modified NSC transplantation does not aggravate immunological responses. As gene coding and gene modification technology become increasingly developed, more attention should be paid to safety evaluation, especially the risk of immunological rejection. Our results provide preliminary evidence for the safety evaluation of the preclinical application of a magnetotactic bacteria gene, mms6, but it does not mean that its clinical application can be implemented. The clinical application of heterologous genes calls for a more comprehensive safety assessment.
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Supplementary Figure 2 | Expression of mms6 did not affect NSCs proliferation.



References

1. Trounson, A, and McDonald, C. Stem Cell Therapies in Clinical Trials: Progress and Challenges. Cell Stem Cell (2015) 17:11–22. doi: 10.1016/j.stem.2015.06.007

2. Koh, SH, and Park, HH. Neurogenesis in Stroke Recovery. Transl Stroke Res (2017) 8:3–13. doi: 10.1007/s12975-016-0460-z

3. Zaal Kokaia, VD. Neural Stem Cell-Based Therapy for Ischemic Stroke. Transl Stroke Res (2011) 2(3):272–8. doi: 10.1007/s12975-011-0100-6

4. Smith, DK, He, M, Zhang, C-L, and Zheng, JC. The Therapeutic Potential of Cell Identity Reprogramming for the Treatment of Aging-Related Neurodegenerative Disorders. Prog Neurobiol (2017) 157:212–29. doi: 10.1016/j.pneurobio.2016.01.006

5. Elfick, A, Rischitor, G, Mouras, R, Azfer, A, Lungaro, L, Uhlarz, M, et al. Biosynthesis of Magnetic Nanoparticles by Human Mesenchymal Stem Cells Following Transfection With the Magnetotactic Bacterial Gene Mms6. Sci Rep (2017) 7:39755. doi: 10.1038/srep39755

6. Radoul, M, Lewin, L, Cohen, B, Oren, R, Popov, S, Davidov, G, et al. Genetic Manipulation of Iron Biomineralization Enhances MR Relaxivity in a Ferritin-M6A Chimeric Complex. Sci Rep (2016) 6:26550. doi: 10.1038/srep26550

7. Yu, SP, Wei, Z, and Wei, L. Preconditioning Strategy in Stem Cell Transplantation Therapy. Transl Stroke Res (2013) 4:76–88. doi: 10.1007/s12975-012-0251-0

8. Zurkiya, O, Chan, AW, and Hu, X. MagA Is Sufficient for Producing Magnetic Nanoparticles in Mammalian Cells, Making it an MRI Reporter. Magn Reson Med (2008) 59:1225–31. doi: 10.1002/mrm.21606

9. Zhang XY, RB, Harris, SS, and Hu, XP. A Bacterial Gene, mms6, as a New Reporter Gene for Magnetic Resonance Imaging of Mammalian Cells. Mol Imaging (2014) 13. doi: 10.2310/7290.2014.00046

10. Kazansky, DB. MHC Restriction and Allogeneic Immune Responses. J Immunotoxicol (2008) 5:369–84. doi: 10.1080/15476910802476708

11. Vagaska, B, New, SE, Alvarez-Gonzalez, C, D'Acquisto, F, Gomez, SG, Bulstrode, NW, et al. Mhc-class-II are Expressed in a Subpopulation of Human Neural Stem Cells In Vitro in an IFNgamma-Independent Fashion and During Development. Sci Rep (2016) 6:24251. doi: 10.1038/srep24251

12. Bakay RA, BK, Freed, CR, and Ansari, AA. Immunological Responses to Injury and Grafting in the Central Nervous System of Nonhuman Primates. Cell Transplant (1998) 7(2):109–20. doi: 10.1177/096368979800700206

13. Perkey E, MI. New Insights Into Graft-Versus-Host Disease and Graft Rejection. Annu Rev Pathol (2018) 13:219–45. doi: 10.1146/annurev-pathol-020117-043720

14. Kalladka, D, Sinden, J, Pollock, K, Haig, C, McLean, J, Smith, W, et al. Human Neural Stem Cells in Patients With Chronic Ischaemic Stroke (PISCES): A Phase 1, First-in-Man Study. Lancet (2016) 388:787–96. doi: 10.1016/S0140-6736(16)30513-X

15. Fainstein, N, Einstein, O, Cohen, ME, Brill, L, Lavon, I, Ben–Hur, T, et al. Time Limited Immunomodulatory Functions of Transplanted Neural Precursor Cells. Glia (2013) 61:140–9. doi: 10.1002/glia.22420

16. Sun, C, Zhang, H, Li, J, Huang, H, Cheng, H, Wang, Y, et al. Modulation of the Major Histocompatibility Complex by Neural Stem Cell-Derived Neurotrophic Factors Used for Regenerative Therapy in a Rat Model of Stroke. J Transl Med (2010) 20:8:77. doi: 10.1186/1479-5876-8-77

17. Zheng, X-S, Yang, X-F, Liu, W-G, Pan, D-S, Hu, W-W, Li, G, et al. Transplantation of Neural Stem Cells Into the Traumatized Brain Induces Lymphocyte Infiltration. Brain Inj (2007) 21:275–8. doi: 10.1080/02699050701225754

18. White, LA, Keane, RW, and Whittemore, SR. Differentiation of an Immortalized CNS Neuronal Cell Line Decreases Their Susceptibility to Cytotoxic T Cell Lysis In Vitro. J Neuroimmunol (1994) 49(1-2):135–43. doi: 10.1016/0165-5728(94)90189-9

19. Al Nimer, F, Wennersten, A, Holmin, S, Meijer, X, Wahlberg, L, Mathiesen, T, et al. MHC Expression After Human Neural Stem Cell Transplantation to Brain Contused Rats. Neuroreport (2004) 15(12):1871–5. doi: 10.1097/00001756-200408260-00007

20. Liu, M, Xiao, L, Liu, S, Hu, Y, Tian, J, Gao, G, et al. Immunoregulation of Myelin-Specific CD4+ T Cell Response by Neural Stem/Progenitor Cells: Role of Prostaglandin E2. J Neuroimmunol (2013) 255:32–8. doi: 10.1016/j.jneuroim.2012.10.013

21. Gao, J, Prough, DS, McAdoo, DJ, Grady, JJ, Parsley, MO, Ma, L, et al. Transplantation of Primed Human Fetal Neural Stem Cells Improves Cognitive Function in Rats After Traumatic Brain Injury. Exp Neurol (2006) 201:281–92. doi: 10.1016/j.expneurol.2006.04.039

22. Wennersten, A, Holmin, S, Al Nimer, F, Meijer, X, Wahlberg, L, Mathiesen, T, et al. Sustained Survival of Xenografted Human Neural Stem/Progenitor Cells in Experimental Brain Trauma Despite Discontinuation of Immunosuppression. Exp Neurol (2006) 199:339–47. doi: 10.1016/j.expneurol.2005.12.035

23. Hicks, AU, Lappalainen, RS, Narkilahti, S, Suuronen, R, Corbett, C, Sivenius, J, et al. Transplantation of Human Embryonic Stem Cell-Derived Neural Precursor Cells and Enriched Environment After Cortical Stroke in Rats: Cell Survival and Functional Recovery. Eur J Neurosci (2009) 29:562–74. doi: 10.1111/j.1460-9568.2008.06599.x

24. Acosta, SA, Tajiri, N, Hoover, J, Kaneko, Y, Borlongan, CV, et al. Intravenous Bone Marrow Stem Cell Grafts Preferentially Migrate to Spleen and Abrogate Chronic Inflammation in Stroke. Stroke (2015) 46:2616–27. doi: 10.1161/STROKEAHA.115.009854

25. Arakaki, A, Webb, J, and Matsunaga, T. A Novel Protein Tightly Bound to Bacterial Magnetic Particles in Magnetospirillum Magneticum Strain AMB-1. J Biol Chem (2003) 278:8745–50. doi: 10.1074/jbc.M211729200

26. Le Blon, D, Hoornaert, C, Daans, J, Santermans, E, Niel, N, Herman, H, et al. Distinct Spatial Distribution of Microglia and Macrophages Following Mesenchymal Stem Cell Implantation in Mouse Brain. Immunol Cell Biol (2014) 92:650–8. doi: 10.1038/icb.2014.49

27. Quan, FS, Chen, J, Zhong, Y, Zhong, Y, Ren, W-Z, et al. Comparative Effect of Immature Neuronal or Glial Cell Transplantation on Motor Functional Recovery Following Experimental Traumatic Brain Injury in Rats. Exp Ther Med (2016) 12:1671–80. doi: 10.3892/etm.2016.3527

28. Vos, PE, Jacobs, B, Andriessen, TMJC, Lamers, KJB, Borm, GF, Beems, T, et al. GFAP and S100B Are Biomarkers of Traumatic Brain Injury: An Observational Cohort Study. Neurology (2010) 75(20):1786–93. doi: 10.1212/WNL.0b013e3181fd62d2

29. Pelinka, LE, Kroepfl, A, Leixnering, M, Buchinger, W, Raabe, A, Redl, H, et al. GFAP Versus S100B in Serum After Traumatic Brain Injury: Relationship to Brain Damage and Outcome. J Neurotrauma (2004) 21(11):1553–61. doi: 10.1089/neu.2004.21.1553

30. McLaren FH, SC, van der Meide, P, and Joly, E. Analysis of Neural Stem Cells by Flow Cytometry: Cellular Differentiation Modifies Patterns of MHC Expression. J Neuroimmunol (2001) 112(1-2):35–46. doi: 10.1016/S0165-5728(00)00410-0

31. Xu, AL, Zheng, GY, Ye, HY, Chen, XD, and Jiang, Q. Characterization of Astrocytes and Microglial Cells in the Hippocampal CA1 Region After Transient Focal Cerebral Ischemia in Rats Treated With Ilexonin a. Neural Regener Res (2020) 15:78–85. doi: 10.4103/1673-5374.264465

32. Lyu, J, Jiang, X, Leak, RK, Shi, Y, Hu, X, and Chen, J. Microglial Responses to Brain Injury and Disease: Functional Diversity and New Opportunities. Transl Stroke Res (2021) 12(3):474–95. doi: 10.1007/s12975-020-00857-2

33. Goldmann, T, Wieghofer, P, Jordão, MJC, Prutek, F, Hagemeyer, N, Frenze, K, et al. Origin, Fate and Dynamics of Macrophages at Central Nervous System Interfaces. Nat Immunol (2016) 17:797–805. doi: 10.1038/ni.3423

34. Hsieh, CL, Kim, CC, Ryba, BE, Niemi, EC, Bando, JK, Locksley, RM, et al. Traumatic Brain Injury Induces Macrophage Subsets in the Brain. Eur J Immunol (2013) 43:2010–22. doi: 10.1002/eji.201243084

35. Streit, WJ. Microglial Response to Brain Injury: A Brief Synopsis. Toxicologic Pathol (2000) 28(1):28–30. doi: 10.1177/019262330002800104

36. Akiyama H, IS, and Mcgeer, PL. Major Histocompatibility Complex Antigen Expression on Rat Microglia Following Epidural Kainic Acid Lesions. J Neurosci Res (1988) 20(2):147–57. doi: 10.1002/jnr.490200202

37. Gehrmann J, BR, Wiessner, C, Hossmann, KA, and Kreutzberg, GW. Reactive Microglia in Cerebral Ischaemia: An Early Mediator of Tissue Damage? Neuropntholugy Appl Neurobiologg (1995) 21(4):277–89. doi: 10.1111/j.1365-2990.1995.tb01062.x

38. Mirenda, V, Berton, I, Read, J, Cook, T, Smith, J, Dorling, A, et al. Modified Dendritic Cells Coexpressing Self and Allogeneic Major Histocompatability Complex Molecules: An Efficient Way to Induce Indirect Pathway Regulation. J Am Soc Nephrol (2004) 15:987–97. doi: 10.1097/01.ASN.0000119575.98696.1D

39. Colf, LA, Bankovich, AJ, Hanick, NA, Bowerman, NA, Jones, LL, Kranz, DM, et al. How a Single T Cell Receptor Recognizes Both Self and Foreign MHC. Cell (2007) 129:135–46. doi: 10.1016/j.cell.2007.01.048

40. Schartner, JM, Hagar, AR, Van Handel, M, Zhang, L, Nadkarni, N, Badie, B, et al. Impaired Capacity for Upregulation of MHC Class II in Tumor-Associated Microglia. Glia (2005) 51:279–85. doi: 10.1002/glia.20201

41. Leduc, K, Bourassa, V, Asselin, E, Leclerc, P, Lafond, J, and Reyes–Moreno, C. Leukemia Inhibitory Factor Regulates Differentiation of Trophoblastlike BeWo Cells Through the Activation of JAK/STAT and MAPK3/1 MAP Kinase-Signaling Pathways. Biol Reprod (2012) 86:54. doi: 10.1095/biolreprod.111.094334

42. Bauer, S, Rasika, S, Han, J, Mauduit, C, Raccurt, M, Morel, G, et al. Leukemia Inhibitory Factor is a Key Signal for Injury-Induced Neurogenesis in the Adult Mouse Olfactory Epithelium. J Neurosci (2003) 23(5):1792–803. doi: 10.1523/JNEUROSCI.23-05-01792.2003

43. Vila-del Sol, V, Punzon, C, and Fresno, M. IFN-Gamma-Induced TNF-Alpha Expression Is Regulated by Interferon Regulatory Factors 1 and 8 in Mouse Macrophages. J Immunol (2008) 181:4461–70. doi: 10.4049/jimmunol.181.7.4461

44. Barcia, C, Ros, CM, Annese, V, Gómez, A, Ros–Bernal, F, Aguado–Llera, D, et al. IFN-Gamma Signaling, With the Synergistic Contribution of TNF-Alpha, Mediates Cell Specific Microglial and Astroglial Activation in Experimental Models of Parkinson's Disease. Cell Death Dis (2011) 2:e142. doi: 10.1038/cddis.2011.17

45. Hirata, Y, Li, HW, Takahashi, K, Ishii, H, Sykes, M, and Fujisaki, J. Mhc Class I Expression by Donor Hematopoietic Stem Cells Is Required to Prevent Nk Cell Attack in Allogeneic, But Not Syngeneic Recipient Mice. PloS One (2015) 10:e0141785. doi: 10.1371/journal.pone.0141785

46. Yu, AC, Neil, SE, and Quandt, JA. High Yield Primary Microglial Cultures Using Granulocyte Macrophage-Colony Stimulating Factor From Embryonic Murine Cerebral Cortical Tissue. J Neuroimmunol (2017) 307:53–62. doi: 10.1016/j.jneuroim.2017.03.018

47. Sabir, N, Hussain, T, Shah, SZA, Zhao, D, Zhou, X, et al. IFN-Beta: A Contentious Player in Host-Pathogen Interaction in Tuberculosis. Int J Mol Sci (2017) 18(12):2725. doi: 10.3390/ijms18122725

48. Victório, SCS, Cartarozzi, LP, Hell, RCR, and Oliveira, ALR. Decreased MHC I Expression in IFN Gamma Mutant Mice Alters Synaptic Elimination in the Spinal Cord After Peripheral Injury. J Neuroinflamm (2012) 9:88. doi: 10.1186/1742-2094-9-88

49. Van Den Eeckhout, B, Tavernier, J, and Gerlo, S. Interleukin-1 as Innate Mediator of T Cell Immunity. Front Immunol (2021) 11:621931. doi: 10.3389/fimmu.2020.621931

50. Alam, A, Thelin, EP, Tajsic, T, Khan, DZ, Khellaf, A, and Patani, R. Cellular Infiltration in Traumatic Brain Injury. J Neuroinflamm (2020) 17(1):328. doi: 10.1186/s12974-020-02005-x

51. Belarbi, K, Jopson, T, Tweedie, D, Arellano, C, Luo, W, and Greig, NH. TNF-a Protein Synthesis Inhibitor Restores Neuronal Function and Reverses Cognitive Deficits Induced by Chronic Neuroinflammation. J Neuroinflamm (2012) 9:23. doi: 10.1186/1742-2094-9-23

52. Rohn, W, Tang, LP, Dong, Y, and Benveniste, EN. Il-1β Inhibits Ifn-γ-Induced Class Ii MHC Expression by Suppressing Transcription of the Class II Transactivator Gene. J Immunol (1999) 162(2):886–96.

53. Chen, Z, Phillips, LK, Gould, E, Campisi, J, Lee, SW, Ormerod, BK, et al. MHC Mismatch Inhibits Neurogenesis and Neuron Maturation in Stem Cell Xenografts. PloS One (2011) 6:e14787. doi: 10.1371/journal.pone.0014787

54. Lee, JY, Castelli, C, Bonsack, B, Coats, AB, Navarro–Torres, L, Garcia–Sanchez, J, et al. A Novel Partial MHC Class II Construct, DRmQ, Inhibits Central and Peripheral Inflammatory Responses to Promote Neuroprotection in Experimental Stroke. Transl Stroke Res (2020) 2020:831–6. doi: 10.1007/s12975-019-00756-1



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

Copyright © 2021 Wei, Sun, Yu, Jia, Zheng, Tang and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-697203-g009.jpg
T ¢TI o





OEBPS/Images/fimmu-12-697203-g006.jpg
“Fsom





OEBPS/Images/fimmu-12-697203-g004.jpg
mms6-GFP-NSC.

GFPNSC _ mmssGFP-NSC






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Immunological Responses to Transgene-Modified Neural Stem Cells After Transplantation

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Materials

          



          		

            Isolation and Culture of NSCs

          



          		

            The Expression of mms6 in NSCs

          



          		

            Transplantation Procedures

          



          		

            Bodyweight Changes and Immune Organ Responses

          



          		

            Histological Process

          



          		

            Cell Proliferation Experiment

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Immune Organ Responses at the Early and Late Stages of NSC Transplantation

          



          		

            Cell Transplantation Elicits Astrocyte and Microglial Cell Activation

          



          		

            MHC Regulates Immunological Responses in Xenogeneic Cells but Not in Transgene-Modified NSCs

          



          		

            The Expression of mms6 Does Not Affect NSC Proliferation

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-12-697203-g001.jpg
-coril
. =

? - GFPNSC

i =i

3

H ;

i

I

vl spn ey

H

Diameto of spioen corpuscle um)
[k}

g

TS S S T





OEBPS/Images/fimmu-12-697203-g008.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-697203-g003.jpg
30ays

mms-GFP-NSC






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-697203-g005.jpg





OEBPS/Images/fimmu-12-697203-g002.jpg
control 2331 GFP-NSC - mmsb-GFP-NSC

s B

kindeny

11
000D

5mm






OEBPS/Images/fimmu-12-697203-g007.jpg
hadiiead MMeO-GFP-NSL

BN
e

250pm

y
b}






OEBPS/Images/fimmu.2021.697203_cover.jpg
, frontiers
in Immunology

Immunological Responses to
Transgene-Modified Neural Stem
Cells After Transplantation





