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Simple Summary 

Predicting growth rates in WHO grade II meningiomas is difficult. Previous molecular studies 
defined "immunogenic" and "proliferative" subtypes. However, these molecular frameworks did not 
identify specific growth drivers. We analyzed 15 tumors using the relative growth rate (RGR). This 
dynamic metric quantifies intrinsic tumor expansion. Our findings show a clear polarization of the 
immune environment. "High TAM" tumors grow slowly. Conversely, "High B7-H3-positive tumor 
cells" grow rapidly in "immune-cold" conditions. Critically, this study extends established 
classifications. B7-H3 expression is not just an indicator. It is a proactive contributor to fast tumor 
kinetics. We found an inverse correlation between macrophages and B7-H3-positive tumor cells. B7-
H3 expression represents a critical therapeutic target for aggressive tumors. 

Abstract 

Background/Objectives: WHO grade II meningiomas exhibit heterogeneous clinical behavior that 
cannot be predicted by conventional histology. This study examined the relationship between the 
tumor immune microenvironment (TIME) and tumor growth kinetics in order to establish a 
biological basis for more precise risk stratification. Methods: A retrospective cohort of 15 patients 
was evaluated. Serial preoperative magnetic resonance imaging (MRI) scans were used to calculate 
the relative growth rate (RGR) and minimize the baseline tumor size. The densities of Iba1-positive 
macrophages (TAMs) and B7-H3-positive tumor cells were quantified using a deep learning-based 
image analysis system. Results: Linear correlation analysis showed no significant associations 
between individual immune components and RGR. However, median-based stratification revealed 
distinct associations. Tumors with low TAM density or high B7-H3-positive tumor cell density 
exhibited significantly higher RGR (P = 0.0401). Additionally, a significant inverse relationship was 
identified between TAM and that of B7-H3-positive tumor cell densities (Spearman’s R = -0.911, P < 
0.001). Conclusions: We identified a proliferative "immune-cold" phenotype in WHO grade II 
meningiomas, which is characterized by low TAM density and high B7-H3-positive tumor cell 
density. This study extends established molecular frameworks by suggesting that high B7-H3-
positive tumor cells proactively contribute to rapid tumor growth. These findings highlight the 
importance of targeting B7-H3-positive tumor cells when treating malignant meningiomas. 
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1. Introduction 

The World Health Organization (WHO) classifies grade II meningiomas as intermediate 
malignancy based on histology. However, these tumors exhibit heterogeneous clinical behavior that 
is not fully explained by conventional histological grading [1,2]. Some tumors progress or recur 
rapidly, while others remain dormant for years [3]. This clinical unpredictability suggests that factors 
beyond standard morphological features significantly contribute to disease progression [4,5]. 
Consistent with these findings, recent studies have identified prognostic groups (MG1-MG4) that 
extend beyond histological grading [6]. These studies have confirmed that the grade II meningioma 
patient population is not monolithic but rather comprises distinct biological archetypes. These 
archetypes include "immunogenic" (MG1) and "proliferative" (MG4) subtypes with different immune 
profiles and clinical outcomes. These data indicate that, at least in part, the variable disease 
progression observed in grade II meningioma patients may be related to underlying biological and 
immunological differences within the tumor microenvironment. 

Within this framework, the balance between immune surveillance and immune evasion in the 
tumor immune microenvironment (TIME) is a plausible determinant of clinical heterogeneity [7,8]. 
This immunological balance is likely influenced by the origin of meningiomas in the immunologically 
active meninges [9,10]. Key TIME components, such as tumor-associated macrophages (TAMs) and 
the B7-H3 immune checkpoint molecule, are recognized as regulators of tumor progression [11,12]. 
TAMs are the main immune infiltrate in meningiomas [7], while B7-H3 is associated with tumor 
immune evasion and protumor functions [13]. Accordingly, the concurrent evaluation of TAM 
density and B7-H3 expression may approximate the functional equilibrium between host immune 
defense and tumor escape mechanisms. Therefore, the two immune components may serve as 
surrogate indicators for immune-related variability in the clinical behavior of meningiomas. 

A precise assessment of the impact of TIME on disease progression requires characterization of 
tumor growth kinetics beyond conventional volumetric analysis. Standard risk assessment based on 
absolute volume changes has important limitations because large tumors naturally exhibit greater 
absolute volume expansion than smaller ones, even when their growth rates are similar [14,15]. In 
contrast, the relative growth rate (RGR), derived from serial imaging, can address this limitation by 
quantifying tumor growth as a percentage increase per unit of time [16,17]. By normalizing growth 
to the baseline volume, RGR reduces confounding by initial physical dimensions. Thus, RGR 
provides a more appropriate metric for describing the intrinsic growth dynamics of the tumor and 
for exploring their relationship with the immune microenvironment. 

To clarify the biological drivers, this study aimed to investigate the association between the 
density of Iba1-positive macrophages (defined as TAMs) and B7-H3-positive tumor cells, and tumor 
growth kinetics measured by RGR. We hypothesized that, reflecting the known biological 
heterogeneity, these immune components would segregate into distinct immunophenotypic clusters 
(e.g., "immune-hot" vs. "immune-cold") associated with differences in RGR, rather than showing a 
simple linear correlation. Such a combined assessment may provide a dynamic biological basis for 
more refined risk stratification in this patient population. 

2. Materials and Methods 

2.1. Study Design and Ethical Approval 

This single-center retrospective cohort study was conducted in accordance with the principles 
of the Declaration of Helsinki. Ethical approval was obtained from the Institutional Review Board of 
Aichi Medical University (approval number: 24-895). Given that all data were collected as part of 
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routine clinical care, individual informed consent was waived; an opt-out notice detailing the study 
was made available on the hospital website. All personal identifiers were removed before analysis. 

2.2. Patient Selection   

We reviewed the clinical and radiological records of 18 consecutive patients who underwent 
surgical resection for WHO grade II intracranial meningiomas between January 2014 and December 
2023 [18]. We included patients with histopathologically confirmed WHO grade II meningiomas and 
suitable contrast-enhanced T1-weighted magnetic resonance imaging (MRI) data from at least two 
time points prior to treatment for volumetric analysis. Patients with neurofibromatosis type 2, other 
tumor-predisposition syndromes, spinal or extracranial tumors, or multifocal disease were excluded. 
Consequently, three patients were excluded due to incomplete imaging data. The remaining 15 
patients were included in the final analysis. 

2.3. Volumetric Analysis and Calculation of Growth Metrics 

Contrast-enhanced T1-weighted MRI DICOM datasets from two time points were imported into 
an image-processing workstation (Zaio; Ziosoft, Tokyo, Japan). All examinations used thin-slice 
protocols with a slice thickness of ≤1.5 mm. The median interscan interval was 63.0 days (range, 33-
1,815 days). An experienced neurosurgeon, blinded to the clinical outcomes, manually outlined 
tumor borders on every axial slice using a freehand tool for each scan pair. Volumes were computed 
by slice summation: 

V [cm3] = ∑Ai × (t + g) (1)

where 𝐴௜  is the lesion area on slice 𝑖 , 𝑡  is slice thickness, and 𝑔  is the inter-slice gap. Two 
prespecified growth metrics were derived using the interval in months: △tmonths = △tdays/30.44 (2)

Relative growth rate (RGR, %/month) was calculated as 

RGR = [(V2/V1)1/△tmonths - 1] × 100 (3)

Monthly volume change (MVC, cm3/month) was calculated as 

MVC = (V2 - V1)/△tmonths (4)

The mean value was used to analyze each volume, which was measured twice. 

2.4. Histological Processing and Immunohistochemistry 

This procedure was conducted according to the previous studies [18–20]. Briefly, formalin-fixed, 
paraffin-embedded meningioma tissue was sectioned at 4 µm and mounted on silane-coated slides. 
One section was stained with hematoxylin and eosin for morphological assessment. Adjacent sections 
underwent multicolor immunohistochemistry using the following primary monoclonal antibodies 
(mAbs): anti-Iba1 (clone EPR16589; Abcam), anti-CD4 (clone EPR6855; Abcam), and anti-B7-
H3/CD276 (clone EPR20115; Abcam). The Histofine Simple Stain system (Nichirei, Tokyo, Japan) was 
used for detection, with distinct chromogenic substrates applied to each target according to the 
manufacturer’s instructions. The substrates were diaminobenzidine (DAB; Nichirei) for CD4 
(brown), HistoGreen (Cosmo Bio, Tokyo, Japan) for B7-H3 (light green), and First Red II (Nichirei) 
for Iba1 (red). Areas of overlap between the Iba1 and B7-H3 signals appeared dark brown in the 
composite staining. All sections were counterstained with hematoxylin. 

2.5. Image Analysis 

This procedure was conducted according to the previous studies [18–20]. Briefly, whole-slide 
images were obtained at 20× magnification using a NanoZoomer-SQ system (Hamamatsu Photonics, 
Hamamatsu, Japan). The digital images were then imported into QuPath software (version 0.6.0) for 
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analysis [21]. Tumor regions were outlined using automated pixel classification. Cell detection 
algorithms were then used to categorize cells into the following groups: tumor cells, CD4-positive T 
cells, TAMs, B7-H3-positive tumor cells, and others. Then, cell classification algorithms were applied 
to all digital slides to ensure consistent classification across cases. A quantitative analysis was 
conducted encompassing the measurement of the tumor area and characterization of the classified 
cells, including their spatial distribution and morphometric parameters. Cell densities were 
quantified as the number of positive cells per square millimeter of the tumor area. 

2.6. Statistical Analysis 

This procedure was conducted according to the previous studies [18–20]. Statistical analyses 
were performed using EZR (version 1.68; Saitama Medical Center, Jichi Medical University, Saitama, 
Japan). The primary outcome examined the association between TAM density and RGR. The 
secondary outcomes examined the relationships between B7-H3-positive tumor cell density, total 
tumor cell density, and CD4-positive T cell density in relation to RGR and MVC. Continuous 
variables are reported as medians with ranges. Group comparisons were performed using the Mann–
Whitney U test, and associations were assessed using Spearman’s rank correlation coefficients. 
Statistical significance was defined as a two-sided P < 0.05. 

3. Results 

3.1. Clinical Characteristics of the Patient Cohort 

We summarized the clinical characteristics of the 15 patients who underwent resection for WHO 
grade II meningiomas (Table 1). The median RGR, used as a proxy for proliferative activity, was 4.5% 
per month from serial preoperative MRI. The median MVC, reflecting absolute volume increase, was 
1.51 cm3 per month. The median postoperative follow-up duration was 36 months (range, 11–136 
months). No cases of recurrence were identified within this cohort during this period. 

Table 1. Patient Demographics and Clinical Characteristics. 

Variable Value or n (%) 
Total patients 15 

Age (years), median (range) 74.0 (33 to 91) 
Sex, n (%)  
 Female 7 (46.7%) 
 Male 8 (53.3%) 

Tumor location, n (%)  
 Non-skull base 11 (73.3%) 

 Skull base 4 (26.7%) 
Preoperative MRI findings  

 Peritumoral edema 13 (86.7%) 
 DWI high signal 9 (60.0%) 

Interval between initial and follow-up MRIs (days), median (range) 63.0 (33 to 1815) 
RGR (%), median (range) 4.5 (-5.1 to 45.1) 

MVC (cm3/month), median (range) 1.51 (-3.36 to 16.68) 
Postoperative follow-up duration (months), median (range) 36 (11 to 136) 

Recurrence 0 (0%) 
DWI, diffusion-weighted imaging; MRI, magnetic resonance imaging; MVC, monthly volume change; RGR, 
relative growth rate. 

3.2. Immunohistochemical Characterization of the Tumor Immune Microenvironment 

We subsequently characterized the TIME of WHO grade II meningiomas using multicolor 
immunohistochemistry and digital image analysis. This analysis confirmed the presence of both Iba1-
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positive TAMs and CD4-positive helper T cells distributed throughout the tumor parenchyma 
(Figure 1a). B7-H3 immunoreactivity was specifically localized to the cell membranes of tumor cells. 
Notably, the expression of B7-H3-positive tumor cells was heterogeneous within the tumors, with 
some neoplastic cells exhibiting distinct membrane staining and others being negative (Figure 1b). 
The density of immune cell infiltration varied significantly among the cases, with some tumors 
displaying dense macrophage accumulation (Figure 1c). 

   
(a) (b) (c) 

Figure 1. Representative image of triple immunostaining in WHO grade II meningiomas. Iba1-positive 
macrophages are stained red, B7-H3 expression on tumor cell membranes is light green, and CD4-positive helper 
T cells are brown. (a) Macrophages appearing dark brown due to signal overlap are indicated by a black arrow, 
and CD4-positive T cells are indicated by a white arrow. (b) High-magnification view showing heterogeneous 
B7-H3 expression. A B7-H3-positive tumor cell with distinct light green membrane staining (black arrowhead) 
was adjacent to B7-H3-negative tumor cells (white arrowhead). (c) Example of a tumor with dense macrophage 
infiltration (case 9, 3,267.911/mm2). Numerous Iba1-positive macrophages (dark brown) were distributed 
throughout the tumor parenchyma. This finding demonstrates a high degree of innate immune cell infiltration 
in the tumor microenvironment. Scale bars: 50 µm (a and b) and 100 µm (c). 

3.3. Association of Immune Marker Densities with Tumor Growth Rate 

We then examined the quantitative relationship between these immunodistinct cell populations 
and tumor growth kinetics (Table 2). First, we assessed the simple linear correlations between 
immune cell density and growth metrics. This analysis revealed a weak, non-significant inverse 
correlation between TAM density and RGR (Spearman’s R = -0.36, P = 0.187) and a weak, non-
significant positive correlation between B7-H3-positive tumor cell density and RGR (Spearman’s R = 
0.352, P = 0.199). No significant correlations were identified between any of the immune markers and 
the absolute growth metric, MVC.  

Table 2. Association Between Tumor Immune Microenvironment Indicators and Growth Kinetics (RGR/MVC) 
in WHO Grade II Meningiomas. 

Case 
No. 

Age Sex RGR (%) 
MVC 

(cm3/month) 
Tumor cell 

density (/mm2) 

CD4-positive T 
cell density 

(/mm2) 

TAM density 
(/mm2) 

B7-H3-positive 
tumor cell 

density (/mm2) 
1 47 M 2.9 1.00 3,521.327 1.896 667.962 3,475.581 
2 79 F 45.1 16.68 3,412.426 0.543 986.211 3,141.020 
3 71 M -2.9 -0.42 1,277.836 0.373 2,820.585 1,198.145 
4 74 M 0.9 0.63 1,745.805 0.563 2,071.023 1,552.060 
5 58 M 4.4 3.98 1,871.724 1.298 2,635.204 1,828.401 
6 79 F 7.6 1.51 2,028.721 3.104 1,421.038 1,988.756 
7 91 F 10.4 3.43 4,856.738 0.087 167.291 4,761.318 
8 76 M 4.5 0.96 4,633.769 0.050 704.694 4,387.715 
9 51 F 0.6 0.17 1,634.831 0.004 3,267.911 1,539.134 

10 74 M -5.1 -3.36 1,939.904 0.381 2,053.308 1,810.619 
11 49 F 24.6 4.47 3,511.764 0.176 890.771 3,432.311 
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12 33 F 12.6 2.01 1,766.002 0.574 2,512.692 1,697.196 
13 34 F 3.1 0.27 1,609.494 0.283 2,403.925 1,553.730 
14 84 M 17.2 6.86 3,494.157 0.343 1,601.837 3,329.979 
15 84 M 14.8 5.23 1,349.496 1.835 3,107.742 1,251.115 

F, female; M, male; MVC, monthly volume change; No., patient number; RGR, relative growth rate. 

Due to the absence of a robust linear relationship, we stratified the patients into "low" and "high" 
density groups based on the median value for each cell density (TAM density: 2,053.3 cells/mm2; B7-
H3-positive tumor cell density: 1,828.4 cells/mm2) to explore potential nonlinear associations. 
Comparative analyses between these groups revealed significant differences in the results. Tumors 
with low TAM density exhibited a significantly higher RGR than those with high TAM density (P = 
0.0401; Figure 2a). Conversely, patients with a high density of B7-H3-positive tumor cells showed a 
significantly higher RGR than those with a low density of B7-H3-positive tumor cells (P = 0.0401; 
Figure 2b). 

  
(a) (b) 

Figure 2. This is a figure. Schemes follow another format. If there are multiple panels, they should be listed as: 
(a) Description of what is contained in the first panel; (b) Description of what is contained in the second panel. 
Figures should be placed in the main text near to the first time they are cited. 

3.4. Inverse Relationship Between TAM Infiltration and B7-H3 Expression 

We investigated the relationship between these key cellular components within the TIME. We 
found a significant inverse correlation between the density of Iba1-positive TAMs and that of B7-H3-
positive tumor cells (Figure 3, R = -0.911, P < 0.001). In summary, the inverse correlation between 
TAM infiltration and B7-H3-positive tumor cells suggested a polarized immune balance within the 
microenvironment. This mutual exclusivity suggests a polarization of the meningioma TIME, 
defining two distinct immunophenotypes with contrasting tumor growth kinetics. 

 
Figure 3. Segregation of WHO grade II meningiomas into distinct immunophenotypic clusters. Scatter plot 
analysis demonstrated a clear separation between TAM density and B7-H3-positive tumor cell density 
(Spearman’s R = -0.911, P < 0.001). 
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4. Discussion 

The central finding of this study is that distinct immunophenotypes, defined by the density of 
TAMs and B7-H3-positive tumor cells, appear to be associated with the intrinsic growth kinetics of 
WHO grade II meningiomas. Despite the limited cohort size, we observed that tumors exhibiting an 
“immune-cold” phenotype, characterized by low TAM density and high B7-H3-positive tumor cell 
density, demonstrated significantly higher RGR compared with their “immune-hot” counterparts 
(Figure 2). Furthermore, the significant inverse relationship identified between TAMs and B7-H3-
positive tumor cells (Figure 3) suggests that these tumors may segregate into two biologically distinct 
archetypes. These observations imply that the “Low TAM/High B7-H3-positive tumor cell” profile 
may serve as a potential indicator of aggressive tumor behavior, warranting further validation. 

Our findings regarding the relationship between immune patterns and tumor growth rates 
aligns with the recently reported molecular classification of WHO grade II meningiomas [6]. These 
genomic studies have identified four groups (MG1-MG4), which include an “immunogenic” subtype 
(MG1) and an aggressive “proliferative” subtype (MG4). Our "high TAM" group exhibited slower 
growth (Figure 2a) and clinical behavior similar to the "immunogenic" MG1 subtype, which is 
characterized by dense immune infiltration and a favorable outcome. In contrast, our "high B7-H3-
positive tumor cell" group exhibited rapid growth (Figure 2b) similar to the "proliferative" MG4 
subtype, which has been described as an "immune-cold" type. While these molecular studies defined 
the broad immune landscape, they did not specifically evaluate B7-H3 expression as a specific driver 
of rapid growth. Our findings extend this classification by identifying B7-H3 expression on tumor 
cells as a key feature of the "immune-cold" phenotype that directly correlates with accelerated RGR. 
This suggests that B7-H3 expression may have tumor-intrinsic functions beyond its immunological 
role and contribute to tumor progression by enhancing migration and invasion as observed in other 
malignancies [22–24]. Therefore, our data suggest that the density of B7-H3-positive tumor cells may 
increase in rapidly growing tumors within this "immune-cold" environment. 

The significant inverse correlation observed in this study (R = -0.911; Figure 3) suggests that 
WHO grade II meningiomas may segregate into distinct biological archetypes rather than forming a 
continuous spectrum. This finding stands in contrast to reports in other solid malignancies, where 
B7-H3 expression often correlates positively with TAM density due to its role in promoting M2 
macrophage polarization via STAT3-dependent CCL2-CCR2 signaling [25,26]. The divergence 
observed in our cohort, specifically the "Low TAM/High B7-H3-positive tumor cell” phenotype, 
implies that the biological function of B7-H3 in these meningiomas may differ from the classical 
immunosuppressive paradigm. In the absence of TAM infiltration, the high RGR observed in this 
group raises the possibility that non-immunological, tumor-intrinsic proliferative effects drive tumor 
growth [27,28]. Therefore, these tumors appear to rely less on macrophage-mediated immune evasion 
and potentially more on intrinsic oncogenic signaling driven by molecules such as B7-H3. 

The key methodological finding of our study is the superiority of RGR over MVC as a 
biologically relevant endpoint (Table 2). Our results demonstrate that the immunophenotype 
correlates significantly with RGR, but not with MVC. This strongly suggests that RGR, which 
normalizes for baseline tumor size, is a more sensitive metric for assessing the TIME's impact on 
tumor growth dynamics [29]. This implies a deeper biological significance: the TIME likely modulates 
the tumor's intrinsic proliferative potential (a rate), which is captured by RGR, rather than the 
absolute volume increase (an amount), which is captured by MVC and confounded by initial tumor 
size [16,17,29]. Therefore, RGR represents the biologically appropriate metric for capturing the true 
growth dynamics driven by the immune microenvironment. 

This study has several limitations that necessitate a cautious interpretation. First, the very small 
sample size (n=15) severely limits statistical power and the generalizability of our findings; the 
associations identified, while significant, require validation in larger cohorts. Second, our 
interpretation linking these immunophenotypes to the Nassiri et al. subtypes is entirely hypothesis-
generating [6], as our cohort was not molecularly subtyped. Third, the wide heterogeneity in imaging 
intervals (range, 33-1,815 days) may introduce variability in RGR calculations. While RGR is designed 
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to adjust for observation duration under the assumption of exponential growth [16,17], it may not 
perfectly capture the dynamics of tumors exhibiting linear or Gompertzian growth patterns. Shorter 
intervals are more susceptible to measurement error, while very long intervals may not adequately 
capture steady-state proliferation dynamics. Finally, the use of a pan-macrophage marker (Iba1) 
precluded functional differentiation between potentially anti-tumoral (M1) and pro-tumoral (M2) 
macrophage populations, limiting a deeper functional characterization of the immune 
microenvironment [30]. Despite these limitations, our findings provide a compelling rationale for 
further investigation into the immunokinetic properties of meningiomas. 

5. Conclusions 

This study identifies an immunophenotype in WHO grade II meningiomas characterized by a 
paucity of TAMs and an elevation of B7-H3-positive tumor cell density, which is associated with 
rapid tumor proliferation. Our data indicate that B7-H3-positive tumor cells may play a role in the 
aggressive behavior of these tumors, independent of macrophage-mediated immunosuppression. 
Concurrent evaluation of these components offers a potent strategy for risk stratification and 
highlights high B7-H3-positive tumor cells as a potential therapeutic target. 
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