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Objective

Tumor-associated macrophages (TAMs) constitute a significant proportion of the immune cell population within brain tumors. The polarization of macrophages exerts an important influence on the tumor microenvironment (TME). Nevertheless, the specific role of TAMs in sonic hedgehog (SHH) medulloblastoma remains unclear. To investigate the polarization characteristics and effects of TAMs in SHH medulloblastoma, we evaluated the infiltration of M1 and M2 macrophages in SHH medulloblastoma tissues and analyzed the correlation between TAMs recruitment and the clinical outcome of SHH medulloblastoma patients.





Methods

We enrolled a total of 42 patients diagnosed with SHH medulloblastoma. Using multiple immunofluorescence staining on paraffin-embedded sections, we detected the activated phenotype (M1/M2) by monoclonal antibodies for CD68, HLA-DR and CD163. Subsequently, we analyzed the correlation between TAMs and clinical characteristics as well as prognostic factors.





Results

The median age of 42 patients (31 boys, 11 girls) was 5.3 years (range: 0.8-15.1 years). All patients had confirmed pathological types, including 4 cases of classic medulloblastoma (CMB), 33 cases of desmoplastic/nodular medulloblastoma (DNMB), 3 cases of medulloblastoma with extensive nodularity (MBEN), and 2 cases of large-cell/anaplastic medulloblastoma (LCA). Thirteen cases presented with metastasis at diagnosis, while twenty-nine cases were without metastasis. Four cases had high-risk genetic abnormalities. Different proportions of macrophages were found in the collected medulloblastoma tissues, and large amounts of CD68+HLA-DR+CD163+ cells were found. The study revealed that Mtotal (total macrophages) and Mmix (CD68+HLA-DR+CD163+ cells) were significantly higher in group of patients <5 years old (P < 0.05), and Mtotal in non-metastatic group were significantly higher than that in metastatic group (P = 0.043). M2 macrophages in CMB group were significantly higher than that in DNMB/MBEN group (P = 0.036), M1 macrophages were significantly higher in children without high-risk genetic abnormalities (P = 0.007). Five-year PFS was significantly poorer in patients ≥5 years old and metastatic group (P < 0.05). High Mtotal group had a better 5-year PFS (P = 0.000), whereas high M2 group had both better 5-year PFS and OS (P = 0.001, P = 0.001). Multivariate analysis showed that Mtotal and M2 macrophages were independent prognostic factors for 5-year PFS, and M2 macrophages were an independent prognostic factor for 5-year OS.





Conclusion

The increase in total macrophages and M2 macrophages predicts a better outcome of SHH medulloblastoma. TAMs especially M2 macrophages might be a therapeutic target for SHH medulloblastoma.
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Introduction

Medulloblastoma is the most common malignancy of the central nervous system in childhood, which presents with a series of molecular diversity. The SHH subgroup of medulloblastoma accounts for about 30% of all molecular subtypes and is the most deeply studied type at present (1). Tumor-associated macrophages (TAMs) are the main immune cells in brain tumor tissues and macrophage polarization plays an important role in the progression of brain tumors (2, 3). It is generally recognized that M1 and M2 indicate macrophages lie at opposite ends of the polarization process, and M1 macrophages exert proinflammatory anti-tumor functions by direct killing of tumor cells, tumor antigen presentation, and the promotion of adaptive immuneresponses, while M2 macrophages exert pro-tumoral effects by promoting tumor growth, angiogenesis and metastasis (4, 5). In brain tumors, M1 macrophages can directly phagocytose or kill tumor cells through antibody-dependent cytotoxicity and cause vascular damage and tumor necrosis by generating a variety of cytokines, such as IL-1, IL-6, IL-12, IL-23, TNF-α, NO and ROS (6, 7). Also, M1 macrophages can recruit Th1 cells to the tumor site through the secretion of the chemokines CXCL9/10. M2 macrophages can cause immune suppression and tumor progression by secreting a wide array of cytokines and growth factors such as IL-4, IL-5, IL-10, IL-13, TGF-β and VEGF (6, 7). Additionally, M2 can help recruit Th2 cells that release IL-4, IL-5 and IL-10.

Several studies have shown that SHH medulloblastoma has a significantly higher infiltration of TAMs (8–10). However, the role of TAMs in SHH medulloblastoma remains controversial. Lee C et al. (11) showed that the recruitment of M1 macrophages correlated with worse outcome in SHH medulloblastoma. Bockmayr M et al. (9) found no significant association between survival and macrophages in any subgroups. Therefore, the role of TAMs in SHH medulloblastoma is still unclear and needs further study.

Our previous research demonstrated that an increase of the total macrophages and M1 macrophages was associated with better outcomes in all medulloblastoma patients (10). Notably, the SHH subgroup exhibited a specific elevation in both total macrophages and M2 macrophages. To further elucidate these findings, we conducted an analysis of the correlation between TAMs and the clinical characteristics and outcomes of pediatric patients with SHH medulloblastoma.





Materials and methods




Patients and samples

This study was conducted as a retrospective analysis, and the testing of patient samples was performed on a voluntary basis. All participants were newly diagnosed and underwent routine treatment and were followed up regularly. Based on the formula below for sample size calculation in Cox regression model, the calculated sample size is 39.

	

A total of 42 children with SHH medulloblastoma were included who underwent surgical resection between 2015 and 2020. Treatment was performed according to the German Society of Pediatric Oncology and Hematology (GPOH) Protocol HIT-2000 (12, 13). Thirty-seven patients received chemotherapy and radiotherapy after surgery. Five patients aged < 3 years at diagnosis only received chemotherapy. Patient information such as gender, age of onset, pathological subtype, molecular subtype, tumor stage and treatment outcome were collected through medical record review by researchers not involved in conducting the experiments. This study was approved by the Ethics Committee of Beijing Shijitan Hospital, and informed consent was obtained from all of the patients and/or their parents.





Immunofluorescence staining

Paraffin sections with a thickness of 5 µm were prepared and subsequently stained for CD68, HLA-DR, and CD163 using a multiplex immunofluorescence technique. Multiplex immunofluorescence staining was performed using PANO 4-plex IHC kit (catalog number: 0001100020, Panovue, Beijing, China). The kit included monochromatic fluorescent dyes (Opal 520, Opal 570, Opal 650 and DAPI), a signal amplification reaction buffer, and a secondary antibody (polymer-conjugated horseradish peroxidase (HRP) anti-mouse/rabbit IgG). The primary antibodies used were rabbit anti-human CD68 (catalog number: 0030300020), rabbit anti-human HLA-DR (catalog number: 0036500020) and rabbit anti-human CD163 (catalog number: 0026200025), all sourced from Panovue, Beijing, China. All operations were conducted in full compliance with the specified instructions. The detailed experimental procedures were as follows. First, the slides were placed in a thermostatic oven at 56 °C for 2 h. Subsequently, the slides underwent deparaffinization in xylene and dehydration through a graded ethanol series. Antigen retrieval was performed using microwave heating in an alkaline antigen retrieval solution (catalog number: 0019020500). The slides were then blocked with an antibody blocking solution (catalog number: 0018001030), followed by incubation with primary antibodies at room temperature for 1 h. Following this, the slides were incubated with the secondary antibody for 10 minutes. Subsequently, each antigen was labeled with distinct fluorophores, and the immunofluorescence signal was amplified using tyramide signal amplification (TSA). Microwave antigen retrieval was repeated after each staining cycle. The labeling sequence and antibody-fluorophore combinations were as follows: CD68 (1:300) with Opal 520 (1:100), CD163 (1:200) with Opal 570 (1:100), and HLA-DR (1:300) with Opal 650 (1:100). Finally, the nuclei were stained with DAPI (1:100) and the slides were sealed with anti-fluorescence quencher.





Digital image analysis

The stained slides were scanned using the Vectra-Polaris Automated Quantitative Pathology Imaging System (Akoya Biosciences, USA). Firstly, full-scan images were obtained, and then five regions (image size: 930µm×700µm) were randomly selected from the whole areas for detailed analysis. The quantity and proportion of cells exhibiting fluorescent signal were calculated using the inForm image analysis software (version 2.4.0). Finally, the average proportions of positive cells in the five regions were calculated. Same as our previous study (7), CD68+ cells were designated as the total macrophages (Mtotal), CD68+HLA-DR+CD163− cells were defined as M1 macrophages, CD68+CD163+HLA-DR− cells were defined as M2 macrophages, and CD68+HLA-DR+CD163+ cells were defined as mixed phenotype macrophages Mmix.





Statistical analysis

SPSS 24.0 statistical software was used for analysis, and a P value < 0.05 was considered statistically significant. The variables disobeying normal distribution were presented by the median (range), and the Mann-Whitney test was used for comparison between different groups. Kaplan-Meier method was used to analyze the survival rate and univariate survival analyses, Log-rank test was used to compare the difference in survival rate between different groups. Multivariate survival analyses were performed using the Cox regression model, and the hazard ratio (HR) and 95% confidence interval (CI) were calculated. Progression-free survival (PFS) was defined as the time from the date of surgery to date of progression. Overall survival (OS) was defined as the time from the date of surgery to date of death or the last follow-up. The last follow-up time was October 31st, 2024. Two members of the research team operated the SPSS software independently and verified the consistency of the results to ensure the accuracy and reliability of the statistical analysis.






Results




Patient characteristics

A total of 42 children (31 boys, 11 girls) with SHH medulloblastoma were enrolled in this study, and the clinical characteristics of all patients were shown in Table 1. The median age at diagnosis was 5.3 years (0.8-15.1 years). These patients included 4 cases of CMB, 33 cases of DNMB, 3 cases of MBEN and 2 cases of LCA. In the patients aged <5 years, 2 cases were diagnosed with LCA, while the remaining cases were diagnosed with DNMB/MBEN. There were 13 and 29 cases with or without metastasis at diagnosis respectively. Four cases presented with high-risk genetic abnormalities, including 3 with TP53 mutation and 1 with MYC amplification. The median follow-up time was 52 months (14-82 months). The 5-year PFS and OS were 58.7% ± 7.9% and 78.9% ± 6.2%, respectively.


Table 1 | Relationship of clinical characteristics and TAMs in SHH subgroup.







Association between TAMs and patient characteristics

Different degrees of macrophage infiltration were observed in the tissue samples of all patients. The results showed that the median proportion of Mtotal was 7.35% (3.07%-17.39%), M1 was 1.50% (0.26%-3.15%), M2 was 0.60% (0.02%-1.88%) and Mmix was 2.54% (0.51%-7.53%). The representative immunofluorescence images are shown in Figures 1A–C, 2. A distinct hotspot area for macrophages was observed in a single case of MYC-amplified medulloblastoma (Figure 1C).




Figure 1 | Multiplex immunofluorescence staining image for CD68, CD163 and HLA-DR markers. Green staining is indicative of CD68-positive cells. Yellow staining is indicative of CD163-positive cells. Red staining is indicative of HLA-DR-positive cells. Blue staining is indicative of all cells. The regions indicated by the arrows are enlarged by the software. Scale bar, 800μm. (A) Image of a patient without high-risk factors. (B) Image of a patient with TP53 mutation. (C) Image of a patient with MYC amplification.






Figure 2 | Fluorescence signal splitting and merging images. Green staining is indicative of CD68-positive cells. Yellow staining is indicative of CD163-positive cells. Red staining is indicative of HLA-DR-positive cells. Blue staining is indicative of all cells. The white arrow indicates M1. The purple arrow indicates M2. The red arrow indicates Mmix. Scale bar, 100μm.



We compared the proportion of different types of TAMs in patients with different clinical characteristics, as shown in Table 1. It was found that Mtotal (P = 0.001) and Mmix (P = 0.011) were significantly higher in children < 5 years old than those in children ≥ 5 years old. Mtotal was significantly higher in non-metastatic patients than that in metastatic group (P = 0.043). M1 was significantly higher in patients without high-risk gene mutations than that in high-risk gene mutation group (P = 0.007). M2 in CMB group was significantly higher than that in DNMB/MBEN group (P = 0.036). There was no significant relationship between other clinical characteristics and infiltrating macrophages (P > 0.05).





Association between TAMs and survival in SHH medulloblastoma

The correlation between different types of macrophages, clinical characteristics and patient prognosis was further analyzed. According to the median percentage of macrophages (Mtotal: 7.35%, M1: 1.50%, M2: 0.60%, Mmix: 2.54%), the children were divided into two groups: the high percentage group and the low percentage group. As shown in Table 2, the results showed that 5-year PFS was significantly higher in the high Mtotal (P = 0.000) and M2 (P = 0.001) groups, and < 5 years old group (P = 0.008) and non-metastatic group (P = 0.017). Five-year OS was significantly higher in the high M2 group (P = 0.001). Furthermore, age and metastasis were prognostic factors affecting the 5-year PFS. There was no relationship of other macrophages and clinical features with 5-year PFS or OS (P > 0.05).


Table 2 | Univariate analyses of clinical variables associated with PFS and OS.



Statistically significant factors for 5-year PFS were incorporated into the Cox regression model, as shown in Table 3. Multivariate analysis showed that Mtotal (P = 0.045, HR = 0.289, 95% CI = 0.086-0.971) and M2 (P = 0.032, HR = 0.313, 95% CI = 0.108-0.907) were independent prognostic factors affecting the 5-year PFS and they were protective factors for the prognosis of children. In the Cox regression model for 5-year OS, as shown in Table 4, M2 (P = 0.025, HR = 0.153, 95% CI = 0.030-0.786) was an independent prognostic factor and a protective factor for the prognosis of children.


Table 3 | Multivariate analysis of clinical variables associated with PFS.




Table 4 | Multivariate analysis of clinical variables associated with OS.








Discussion

At present, the role of TAMs in SHH medulloblastoma remains unclear. Our previous research revealed that the total macrophages and M2 macrophages are specifically increased in SHH subgroup (10), so we analyzed the TAMs characteristics in SHH medulloblastoma for further investigation. In this study, we observed that the total macrophages and M2 macrophages were independent factors affecting the prognosis of children with SHH medulloblastoma, and the increase of the total macrophages predicted a better 5-year PFS, while the increase of M2 macrophages predicted a better 5-year PFS and OS.

TAMs infiltration is most abundant in SHH medulloblastoma (14). Given the plasticity of macrophages, the selection of effective TAMs markers is crucial. According to literature reports, CD68, HLA-DR and CD163 are currently mature phenotypic markers for TAMs (15). In our study, we used CD68, CD163 and HLA-DR to co-label macrophages and stained all three antigens on a single section, which avoided the omission of traditional immunohistochemistry in co-localization, making the results more accurate and also saving the amount of specimens.

TAMs are the main component of the tumor microenvironment (TME), usually accounting for 30% of the tumor volume (16). In glioblastoma, TAMs represent up to one half of the tumor mass cells (6). In our study, the proportion of the total macrophages was 3.07%-17.39%, which is similar to Lee C’s (11) study (approximately 3%-12%). However, TAMs in medulloblastoma appeared to be less abundant compared to those in glioma. It is reported that TAMs are mainly composed of different proportions of both resident brain microglia and infiltrating macrophages (17, 18). Maximov V et al. (19) showed monocyte recruitment as the main source of TAMs (75%) in SHH medulloblastoma, and resident brain microglia constituted a relatively small proportion (20%). A limitation of our study is that it did not distinguish between microglia and monocyte derived macrophages. We intend to supplement this aspect in subsequent research.

In this study, we showed that the increase in total macrophages predicted a better outcome, and which was consistent with our previous conclusions. It also demonstrated that the total macrophages were higher in patients under 5 years old and patients without metastasis in this study. Maximov V et al. (19) also demonstrated that TAMs in SHH medulloblastoma exhibited cytotoxic activities against tumor cells and the presence of macrophages may positively contribute to patient survival outcomes. A potential mechanism involved the recruitment of monocytes from the bloodstream to tumor tissue via a gradient of CCL2 cytokine secreted by TME, followed by their differentiation into macrophages. However, their study did not distinguish between M1 and M2, and the precise anti-tumor mechanism remains to be elucidated. M1 macrophages were higher in patients without high-risk gene mutations, which was consistent with the antitumor effect of M1 macrophages (20). In addition, a distinct hotspot area for macrophage aggregation was observed in a single case of MYC-amplified medulloblastoma. Nevertheless, given the limited sample size, the specific findings require further validation. A recent study demonstrated that both M1 and M2 markers, secreted by exosomes, were increased in SHH TP53-mutated and MYC-amplified medulloblastomas (21). However, in this study, we did not observe a significant association between M1 macrophages and the prognosis of SHH medulloblastoma patients. In contrast, Lee C et al. (11) reported that an increase in M1 macrophages correlated with poorer outcomes in SHH medulloblastoma. It was noteworthy that the increase of M2 macrophages indicated a better prognosis in SHH subgroup, which seemed to contradict with the tumor-promoting effect of M2 macrophages, but it also demonstrated the heterogeneity and complexity of macrophages. Wu KS et al. (22) reached the same conclusion, observing that M2 macrophages were related to the good outcome of SHH medulloblastoma, and a high expression of CCL2 was observed concurrently with increased M2 macrophage infiltration. In Lee C’s study, no significant association between M2 macrophages and the survival of SHH medulloblastoma was observed (11). The variability could potentially arise from the heterogeneity in different pathological and granular molecular subtypes. The majority of SHH medulloblastoma cases present with DNMB subtype. In this study, M2 macrophages increased in the CMB group. However, further investigation is warranted due to the limited number of CMB cases which may constrain the generalizability of our findings. Furthermore, we are particularly interested in LCA cases which have the worst prognosis of all medulloblastomas, but the sample size is also insufficient. Additional substructure has been described dividing SHH medulloblastoma into four more granular molecular groups (SHH-α, β, γ, δ), which are enriched for specific genomic abnormalities and have distinct clinical associations (23). It suggests that we need to make a more detailed division of SHH medulloblastoma.

Currently, the underlying anti-tumor mechanism of M2 macrophages remains an enigma. Ray A et al. (24) reported that early ‘M2-like’ TAMs depletion led to an indirect loss of a key anti-tumor network of NK cells, conventional type I dendritic cells and CD8 T cells, and they were the primary producers of CXCL9, which differentially attracted activated CD8 T cells, affecting the tumor control by CD8 T cells. Additionally, de Santis JO et al. (21) showed that the proportion of M2 macrophages was decreased in patients presented with tumor dissemination. Dang MT et al. (17) described that the signature of M2 macrophages is higher in WNT tumors. These findings might indicate the positive effects of M2 macrophages from an indirect perspective. However, research on the specific mechanisms remains insufficient and warrants further investigation.

However, M1 and M2 cannot fully represent the phenotypic diversity and comprehensive function of TAMs. The polarization of macrophages to M2 appears to be an oversimplification, and some researchers have further categorized M2 macrophages into subtypes including M2a, M2b, M2c, and M2d (25). TAMs are in a constant transition state between M1 and M2 forms. In this study, a large number of mixed phenotype cells were observed, indicating that most macrophages are in a mixed state of M1/M2. Although our study did not identify a relationship between Mmix with patient prognosis, these cells are considered to be of critical importance. One study showed that the mixed M1/M2 macrophage phenotype was associated with tumor aggressiveness (26). Moreover, tumor reduction was correlated with the proportion of the mixed M1/M2 phenotype (27). Macrophages exhibit strong plasticity, and the therapeutic strategy targeting TAMs is to explore approaches to reprogram these cells towards a more beneficial phenotype.

Age and metastasis are known prognostic factors for SHH medulloblastoma (28). Our study showed that age ≥ 5 years old and metastasis indicated worse 5-year PFS of children, and disease progression and death mostly occurred in children 5 years of age or older, suggesting that more attention and research should be paid to these patients. Meanwhile, in children ≤ 5 years old, two distinct subtypes of infant SHH (iSHH), called iSHH-I and iSHH-II, have been identified (1), and the prognosis of the two is significantly different. It is reported that patients with iSHH-II exhibited a 5-year PFS of 75.4%, whereas those with iSHH-I had a 5-year PFS of 27.8% (29). In our study, the proportion of patients with metastasis was 13/42 (31%), which represents a notably high rate. Patients with metastasis exhibited a greater propensity to participate in this study. This may introduce potential bias into our findings. Wu KS et al. reported that tumor metastasis occurred in both SHHα (16.7%) and SHHβ (33.3%), but not in SHHγ (22). However, we lack data on the granular molecular groups of these patients, which could include a higher proportion of SHHβ cases. These findings suggest that more accurate and individualized treatment measures should be taken according to the age and molecular characteristics of children.

Studies using animal models have shown that TAMs present dynamic changes accompanied by treatment and disease progression (17, 30). The limitation of this study is that the results can only reflect the state of TAMs before treatment. Our team is currently endeavoring to conduct dynamic monitoring of cerebrospinal fluid cytokines to address this limitation. In addition, the sample size needs to be further increased to make more detailed division of SHH medulloblastoma to discover more features.





Conclusion

The increase in total macrophages and M2 macrophages predicted a better outcome of children in SHH medulloblastoma, and M2 macrophages might be taken as a therapeutic target for SHH medulloblastoma.
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