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Editorial on the Research Topic 


The Role of the Immune Response in Brain Metastasis


Conventionally, metastases are treated using combinations of surgery, radiotherapy and systemic therapy. Nevertheless, survival amongst patients suffering metastatic spread to the brain remains extremely poor. Treatment failure frequently reflects the impact of complex and variable factors within the unique brain microenvironment, resulting in resistance to therapy and the onset of an immunosuppressive tumour microenvironment (TME). Thus, the development of new therapeutic strategies targeting brain-specific TME components has become one of the biggest challenges in the field.

It is becoming clear that the immune response to brain metastasis evolves over the time-course of tumour progression, and can have both tumour suppressive and tumour promoting effects. Nevertheless, as demonstrated by both Hu et al. and Xiao et al., despite issues of access across the blood-brain barrier, immunotherapy can confer a survival benefit in cancer patients with brain metastases. The overarching goal of this Research Topic, therefore, was to discuss the current state of knowledge with regards to the immune response to brain metastasis, and its potential role as a target for both diagnosis and treatment. From the available volumes on the Research Topic, we collected both original papers and review articles that addressed individual components of the brain immune response and TME, novel immunotherapeutic approaches and targeting of immune biomarkers for improved diagnosis or treatment planning.

It is undoubtedly the case that the complexity of the brain microenvironment contributes to the challenges encountered in treating brain metastases. Moreover, in the presence of a tumour, interactions between both the systemic and central immune responses and the normal brain environment only serve to compound these challenges. Understanding changes in the brain/tumour microenvironment at the cellular and molecular level is key to the development of new therapeutic strategies. In their primary research article, Economopoulos et al. evaluate the contribution of both blood-derived and brain resident macrophages (microglia) to brain metastasis development, with particular reference to their pro-/anti-inflammatory state. The results of this study indicate that modulating both blood-derived macrophages and microglia towards a pro-inflammatory phenotype may provide a powerful therapeutic approach. Both Schulz and Sevenich, and Alvaro-Espinosa et al. expand this theme further at the molecular level, in mini-reviews. Schulz and Sevenich focus specifically on tumour associated macrophages, highlighting the similarities and differences between blood-derived and brain resident populations at the molecular level. This review focuses on RNA sequencing and mass cytometry data, and the authors discuss how increasing our understanding of transcriptional and translational programs that define disease-associated macrophage functions can help us to develop macrophage-targeted therapeutics. Alvaro-Espinosa et al. review the heterogeneity that can be seen within different cellular components in the healthy and injured brain, primarily at the single cell level, and discuss how understanding the diversity of the brain microenvironment could be exploited for translational purposes. Interestingly, as described by Randrian et al., the addition of artificial intelligence tools to histological analysis of immune cell infiltration could further enhance our understanding of the TME and aid stratification of brain metastasis patients.

Brain metastasis is an increasing clinical burden, and treatments for brain metastasis are frequently ineffective. New targeted therapies, tailored to the tumour and the specialised microenvironment of the brain are needed. Corroyer-Dulmont et al. and colleagues’ mini-review evaluates the potential of radioimmunotherapy as a new approach to brain metastasis treatment. The review focuses on targeting inflammatory markers of brain metastasis for delivery of radionuclides to tumour sites. This paper also compares radioimmunotherapy with conventional whole brain radiotherapy, in terms of the balance between tumour control and healthy tissue complications. Of particular note, is the focus on treatment in the early micrometastatic stages of tumour development. Typically, brain metastases are only treated in the later stages of development, largely owing to limitations of current diagnostic imaging methods, and this is considered to be one of the main causes of ineffective treatment; treatment in the micrometastatic stages is likely to yield a much greater therapeutic response.

Imaging is frequently employed in the clinical diagnosis and management of brain metastasis. As the role of the brain’s immune response comes under greater scrutiny, it is not surprising that attention has also turned to evaluating imaging readouts of this response. Zakaria et al. provide a comprehensive review of current imaging methods and their potential for predicting and measuring the response of brain metastases to immunotherapy; these methods include structural and physiological magnetic resonance imaging (MRI) methods, as well as molecular imaging approaches. Although it is relatively early days, and study numbers can be low, several of the methods discussed have potential and, of these, molecular imaging is perhaps the most promising. For example, in a primary research study, An et al. showed a significant correlation between increased uptake of the PET tracer 18F-fluorodeoxyglucose (FDG) and CD68+ macrophages in brain metastases from primary breast cancer. Interestingly, however, increased 18F-FDG did not correlate with the anti-inflammatory CD163+ subpopulation of macrophages. Given the work by Economopoulos et al. mentioned above, the ability to selectively image pro- and anti-inflammatory macrophages in brain metastases, may be an important goal, although other PET tracers, such as 18F-DPA-713 (1), may provide more sensitive approaches than 18F-FDG. Further, as noted by Zakaria et al., amino acid PET tracers or even specifically engineered PET tracers for monitoring cell trafficking (e.g. cytotoxic T cells), likely hold greater promise for the future of brain metastasis diagnosis and monitoring, as these do not suffer from the same sensitivity limitations as 18F-FDG PET, owing to the high natural glucose consumption of the brain.

In recent years, one of the greatest advances in cancer therapy has been the development of therapies targeting the patient’s immune defence against cancer cells, and it is becoming clear that this may also be a promising route to effective treatment of brain metastasis. Nevertheless, these immunotherapies must be developed with the specialised microenvironment of the brain in mind. Moreover, it seems logical that the development of sensitive and specific imaging tools must go hand-in-hand with the development of novel immune-targeted therapies for the most effective treatment of brain metastasis.
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Background

The purpose of this study was to investigate the correlation between 18F-fluorodeoxyglucose (FDG) uptake and infiltrating immune cells in metastatic brain lesions.



Methods

This retrospective study included 34 patients with metastatic brain lesions who underwent brain 18F-FDG positron emission tomography (PET)/computed tomography (CT) followed by surgery. 18F-FDG uptake ratio was calculated by dividing the standardized uptake value (SUV) of the metastatic brain lesion by the contralateral normal white matter uptake value. We investigated the clinicopathological characteristics of the patients and analyzed the correlation between 18F-FDG uptake and infiltration of various immune cells. In addition, we evaluated immune-expression levels of glucose transporter 1 (GLUT1), hexokinase 2 (HK2), and Ki-67 in metastatic brain lesions.



Results

The degree of 18F-FDG uptake of metastatic brain lesions was not significantly correlated with clinical parameters. There was no significant relationship between the 18F-FDG uptake and degree of immune cell infiltration in brain metastasis. Furthermore, other markers, such as GLUT1, HK2, and Ki-67, were not correlated with degree of 18F-FDG uptake. In metastatic brain lesions that originated from breast cancer, a higher degree of 18F-FDG uptake was observed in those with high expression of CD68.



Conclusions

In metastatic brain lesions, the degree of 18F-FDG uptake was not significantly associated with infiltration of immune cells. The 18F-FDG uptake of metastatic brain lesions from breast cancer, however, might be associated with macrophage activity.
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Introduction

Brain metastasis is a serious clinical manifestation in cancer patients and develops in approximately 20–30% of patients with solid cancers (1–3). Although management of brain metastasis has improved with multimodal therapies, effective management remains a challenge and the outcome of brain metastases is uniformly poor, with less than 10% of patients with brain metastasis surviving more than 2 years (2, 4). Cancer immunotherapies, i.e. immune-checkpoint inhibitors (ICIs), have enhanced the overall survival of cancer patients and dramatically changed therapeutic strategies for metastatic and other advanced stage of certain types of cancers (5–7). Furthermore, clinical trials have provided evidence that ICIs or ICI combined with radiation therapy could have sustained treatment efficacy for brain metastases (1, 2). However, these treatments can increase the risk of adverse effects, i.e. neurologic toxicity or radiation necrosis, in patients with brain metastases (1, 8). Moreover, no definitive biomarkers have been identified that can differentiate patients with brain metastases who may benefit from ICIs from those at risk for adverse effects (8).

18F-Fluorodeoxyglucose (FDG) positron emission tomography (PET) is one of the fundamental imaging modalities for pre-therapeutic and therapeutic evaluation as well as end-of-treatment evaluations in clinical practice of many cancers (9–11). 18F-FDG uptake is associated with elevated glycolysis in cancer cells. However, 18F-FDG uptake can also be related to inflammation or immune reactions due to the consumption of glucose by immune cells (9, 11–13). Thus, 18F-FDG uptake in cancer can reflect the tumor microenvironment, including not only the metabolic activity of cancer cells but also local immune reactions (11, 14–16). Since the response to immunotherapy can be associated with tumor infiltrating immune cells (17–20) and immune cell response can be visualized by 18F-FDG PET (11, 14, 16), research has been conducted on the relationship between 18F-FDG uptake and immunological features of the tumor microenvironment. In certain types of primary cancers, 18F-FDG uptake is an additional biomarker that is predictive of immunological features and responses to ICIs (15, 21–24).

Since the microenvironment in brain metastases is different from the primary tumor (2, 25), to improve the efficiency of immunotherapy in brain metastases, a better understanding of the microenvironment in brain metastases, especially immune cell infiltration, is mandatory. However, few studies have used 18F-FDG uptake for evaluation of immune cell infiltrate in brain metastases (26). Therefore, here we investigated the correlation between 18F-FDG uptake and infiltration of various immune cells in brain metastases.



Materials and Methods


Subjects

This study included 34 patients who underwent brain 18F-FDG PET/computed tomography (CT) and were diagnosed with brain metastases at our institution between July 2005 and June 2019 with available brain tissue from surgery. We obtained clinical information (age, sex, primary cancer site, number of metastatic lesions in the brain, presence of metastatic lesions in regions other than brain and histologic type of metastatic brain lesion) from review of patient charts. This study was conducted retrospectively and was approved by the Institutional Review Board of Ajou University (AJIRB-MED-MDB-19-244). The need for informed consent was waived.



Brain 18F-FDG PET/CT acquisition

After fasting for at least 6 h, patients were intravenously administered 300 MBq 18F-FDG. The blood glucose level at the time of the 18F-FDG injection was < 150 mg/dl in all patients. All subjects were instructed to rest comfortably for 30 min with their eyes closed before image acquisition. Brain PET/CT images were obtained with a Discovery ST 8 slice CT scanner or Discovery STE 16-slice CT scanner (GE Healthcare, Milwaukee, WI, USA). We first performed the non-contrast CT scan (100 kV, 95 mA; section width = 3.75 mm) in the brain region. Next, 10 min per frame of emission brain PET data were acquired in the three-dimensional mode. PET images were obtained by iterative reconstruction (i.e. ordered subsets of expectation maximization, with 2 iterations and 21 subsets), using CT images to correct attenuation.



Quantitative Analysis of PET Data

After fusion of the gadolinium-enhanced T1-weighted magnetic resonance imaging (MRI) and brain 18F-FDG PET using the Fusion tool provided by PMOD software 3.0 (PMOD Technologies Ltd., Zurich, Switzerland), the volume of interest (VOI) was established by automatic delineation of the enhancing brain metastases lesions on MRI, which were removed by surgery. Edematous or necrotic areas of metastatic lesions, which could show considerably lower 18F-FDG accumulation, were excluded from VOI. The VOI set for MRI was projected on the PET image, and the maximum and mean standardized uptake values normalized for body weight (SUVmax and SUVmean, respectively) of VOI were recorded (Figures 1A–C). All images were visually assessed for correct co-registration and appropriate VOIs that did not include adjacent normal brain activity. To set the reference value, a circular region of interest (ROI) with a 10mm diameter was circularly drawn on the frontal white matter area of the contralateral brain without any abnormal findings on MRI based on previous studies (27–29), and the SUVmean values were obtained (Figure 1D). The 18F-FDG uptake ratio was calculated as the SUVs of the metastatic lesion divided by the SUVmean of the reference area. If multiple brain metastases were found in one patient, the lesion from which histological specimens were obtained was selected. We also measured the size of metastatic lesion, which had been excised and pathologically confirmed, on MRI images.




Figure 1 | Representative image of region of interest setting for quantification analysis of 18F-FDG PET data. The volume of interest (VOI) was automatically delineated to brain lesions on MRI (A); this edge of VOI was projected onto the PET image (B) and the VOI is seen in the image of the PET and MR fusion (C). To set the reference area, the ROI is confirmed by setting the circular shape on the frontal white matter on the opposite side of the metastatic brain lesion and projecting it on the PET and PET/MR fusion images (D).





Histopathologic Analysis and Interpretation

Immunohistochemistry was conducted on representative sections of formalin-fixed, paraffin-embedded tissues using a BenchMark XT automated immunohistochemistry stainer (Ventana Medical Systems, Inc., Tucson, AZ, USA) according to the manufacturer’s instructions. Briefly, after deparaffinization and rehydration, paraffin-embedded tissue sections (4-µm thick) were blocked with 3% hydrogen peroxide for 4 min at room temperature, treated with heat-induced antigen retrieval CC1 solution (Ventana Medical Systems) using the optimized antigen retrial condition, and incubated with primary antibodies. The primary antibodies are as follows: CD3, 1:100 (103R-95-RUO, Cell Marque, Rocklin, CA); CD8, pre-dilution (790-4460, Roche, Tucson, AZ); CD68, 1:50 (M0814, Dako, Denmark); CD163, 1:40 (163M-15-RUO, Cell Marque); myeloperoxidase (MPO), 1:100 (289A-75, Cell Marque); glucose transporter 1 (GLUT1), 1:200 (355A-14, Cell Marque); hexokinase 2 (HK2), 1:200 (E-AB-14706, Elabscience, Houston, TX) and Ki-67 (clone MIB-1) 1:60 (M7240, Dako). Detection was performed using the Ventana Optiview DAB Kit (Ventana Medical Systems). Counterstaining was performed with hematoxylin and bluing reagent for 4 min.

All histologic and immunohistochemical slides were reviewed by a single experienced pathologist (JH Kim) without prior knowledge of the clinical data and PET findings. Protein expression was evaluated based on intensity and proportion of positive cells. The intensity of expression was considered as positive if the intensity of membranous (GLUT1, CD3, and CD8), cytoplasmic (HK2, CD68, and CD163) or nuclear (Ki-67) staining was moderate or strong. Weak or nonspecific staining was considered as negative. For immune cell markers, we used CD3 for T cells, CD68 for macrophages, and MPO for neutrophils and eosinophils. Infiltration of immune cells was scored as follows: Grade 1, focal mild infiltration of positive cells; Grade 2, multifocal mild infiltration; Grade 3, multifocal moderate to marked infiltration; and Grade 4, diffuse moderate to marked infiltration (Figure 2). GLUT1 and HK2 expressions were scored based on the percentage of positive tumor cells as follows: Grade 1, positive tumor cells <10%; Grade 2, 10¬–40%; Grade 3, 40–70%; and Grade 4, >70% (Figure 3). The Ki-67 proliferation index was measured by counting the percentage of Ki-67-positive nuclei per 500–1000 tumor cells in the region of the tumor with the greatest density of staining, indicating areas with the highest mitotic activity.




Figure 2 | Representative images of CD68 (A), CD163 (B), myeloperoxidase (C), CD3 (D), and CD8 (E) immunohistochemistry according to grades (x 50). Bar indicates 500 μm.






Figure 3 | Representative images of GLUT1 (A) and hexokinase 2 (B) immunohistochemistry according to grades (x 50). Bar indicates 500 μm.





Statistical Analysis

The sample size required for this study using a significance (a) level of 5% and statistical power (1-b) of 80% was calculated using MedCalc software (version 18.11.3; MedCalc Software bvba, Ostend, Belgium). A sample size of 28 was required to obtain an appropriate confidence level; thus, the final sample size (n = 34) was sufficient.

Clinical characteristics are described as descriptive frequencies followed by percentages for categorical variables and means ± standard deviation (SD) for continuous variables. The difference in 18F-FDG uptake of brain metastatic lesions according to clinical characteristics was analyzed using Mann–Whitney test and one-way analysis of variance (ANOVA) test. Mann–Whitney or ANOVA test was used to determine whether 18F-FDG uptake varied according to the expression level of immune cell markers and biologic markers in metastatic brain lesions. Spearman’s correlation coefficient (r) was calculated to evaluate the correlations parameters. Correlations were classified as poor (│rho│< 0.29), fair (│rho│= 0.30–0.59), moderate (│rho│= 0.60–0.79), and very strong (│rho│≥ 0.80) (30). If there was a significant correlation between pathologic parameters, the analysis of covariance (ANCOVA) test was used to adjust the covariates. All other statistics were analyzed using MedCalc software. P-values <0.05 were considered significant.




Results


Patient Characteristics and 18F-FDG Uptake Ratio of Metastatic Brain Lesions

The average patient age was 63.7 years, and the patient group included 59% (20/34) males. Lung cancer (14/34, 41.2%) was the most common primary cancer site of metastatic brain lesions, followed by breast cancer (10/34, 29.4%). Twenty-one patients (21/34, 61.8%) had a single metastatic brain lesion. Approximately 44% of patients (15/34) also had metastases to other organs at the time of diagnosis of brain metastasis. Most of the histologic types of the metastatic lesions were adenocarcinoma (29/34, 85.4%). The mean diameter and VOI of brain metastases lesions were 3.10 cm and 13.08 cm3, respectively. The mean value of maximum 18F-FDG uptake ratio and of brain metastases was 3.02, and the average value of the mean 18F-FDG uptake ratio was 1.70. The degree of 18F-FDG uptake of brain metastasis lesions showed poor correlation with lesion size and VOI size (all p > 0.05) (Table 1). The mean and maximum 18F-FDG uptake ratios were slightly lower in the metastatic brain lesions from the lung than those in other sites. However, the difference was not statistically significant. The other clinicopathological parameters, i.e. histologic type of the metastatic lesions, showed no significant correlation (all p > 0.05). Table 1 lists the clinicopathological characteristics of patients and the difference in 18F-FDG uptake of brain metastasis according to clinical parameters. The individual characteristics of each patient are presented in Supplementary Table 1.


Table 1 | Clinicopathologic characteristics and 18F-FDG uptake ratio in patients with brain metastases.





Relationship Between 18F-FDG Uptake and Grades of Immune Cell Infiltration

We next identified immune cells using specific markers. Macrophages, which are immune-positive for CD68 and/or CD163, were most abundantly identified in the metastatic brain lesions, followed by neutrophils, which are immune-positive for MPO. Diffuse strong infiltration (grade 4) of CD163+ macrophages was observed in 5 (14.7%) of metastatic lesions. Two (5.9%) cases showed diffuse strong infiltration of neutrophils, and both cases were associated with tumor necrosis. However, T lymphocytes in metastatic brain lesions were less frequently identified and only one case revealed diffuse strong infiltration (Grade 4) of CD3+ T lymphocytes. Moreover, most cases (27/34, 79.4%) showed only focal mild infiltration or no diffuse strong infiltration of CD8+ T lymphocytes (Table 2). We performed analysis of 18F-FDG uptake ratio of brain metastases according to the grades of infiltration of each immune cell. To evaluate positive or negative effects between types of immune cells, we analyzed correlation between grades of immune markers. We observed a significantly positive correlation between markers for macrophages (CD68 and CD163) and T cells (CD3 and CD8). However, we could not find any significant differences between 18F-FDG uptake ratio and grades of immune cell infiltration with or without adjustment for covariates (all p > 0.05) (Table 2 and Supplementary Table 2).


Table 2 | 18F-FDG uptake ratio according to GLUT1, HK2 and immune cell markers in patients with brain metastasis.





Relationship Between 18F-FDG Uptake and Grades of Immune Cell Infiltration According to the Primary Cancer Sites

We further investigated immune cell infiltration according to the sites of the primary cancers. We divided metastatic brain lesions into 3 groups (lung [n=14], breast [n=10], and GI and others [n=10]) according to the primary sites and analyzed immune cell infiltration in each group. Immune cell infiltration was more frequent in the metastatic lesions from the lung than the other two groups (Table 3). In particular, diffuse strong infiltration of macrophages (CD68 or CD163) was most commonly identified in the metastatic lesion from the lung. In the majority of metastatic lesions from the breast, immune cell infiltrations except for neutrophils (MPO) were mild (Grade 1 or 2). We analyzed the correlation between 18F-FDG uptake ratio of brain metastases lesions and primary cancer sites. Interestingly, we found that the maximum 18F-FDG uptake ratio and mean 18F-FDG uptake ratio were significantly correlated with infiltration of macrophages (CD68) in the metastatic lesions with breast origin (p = 0.002 and p =0.036, respectively). There were no associations between 18F-FDG uptake ratios and infiltration of other types of immune cells (Table 3).


Table 3 | 18F-FDG uptake ratio and expression of immune cell markers according to the primary cancer.





Relationship Between 18F-FDG Uptake and Expression of Other Biologic Markers in the Metastatic Brain Lesions

We also examined immuno-expression of GLUT1, HK2 and Ki-67, which are known biologic markers associated with 18F-FDG uptake. We found that 10 cases (29.4%) showed diffuse strong immuno-expression (grade 4) of HK2 in metastatic tumor cells and 7 cases (20.6%) revealed diffuse strong immuno-expression (grade 4) of GLUT1. However, the maximum 18F-FDG uptake ratio and mean 18F-FDG uptake ratio in metastatic brain lesions did not differ significantly according to the grades of GLUT1 and HK2 after adjustment for covariates (all p > 0.05) (Table 4 and Supplementary Table 2). The absence of association between 18F-FDG uptake ratio and degrees of GLUT1 and HK2 expression also was found within subgroups divided by primary cancer site (Table 4). The Ki-67 proliferation index of the metastatic brain lesions ranged widely from 0.3% to 96.1% (average: 35.0%). However, the Ki-67 proliferation index of the metastatic lesions showed not only poor correlation but also inverse tendency with 18F-FDG uptake ratios (for maximum 18F-FDG uptake ratio, rho = -0.21; for mean 18F-FDG uptake ratio, rho = -0.25; Figure 4 and Table 5). The Ki-67 proliferation index and 18F-FDG uptake ratio did not show a significant correlation even within the subgroups by primary cancer site (all p > 0.05, Table 5).


Table 4 | 18F-FDG uptake ratio according to the expression of GLUT1 and HK2 in patients with brain metastasis.







Figure 4 | Scatter diagram of the correlation between Ki-67 proliferation index and 18F-FDG uptake ratio in metastatic brain lesion (total, n = 34). (A) The maximum 18F-FDG uptake ratio of brain metastatic lesions poorly correlated with Ki-67 proliferation index without statistical significance (rho = -0.21, p = 0.227). (B) There was no significant correlation between Ki-67 proliferation index and mean 18F-FDG uptake ratio (rho = -0.25, p = 0.143).




Table 5 | Correlation between 18F-FDG uptake ratio and Ki-67 proliferation index in patients with brain metastasis.






Discussion

The tumor microenvironment of brain metastases is unique and distinct from other sites of the body not only in terms of cellular components but also in metabolism (25, 31, 32). The cellular components of brain include astrocytes, microglia, oligodendrocytes, and neurons that are not present elsewhere in the body (2, 25, 32). In addition, parenchymal cells of the normal brain show high levels of glucose metabolism (33) and this metabolic characteristic of normal brain hampers the delineation of tumors from normal brain by 18F-FDG compared with amino acid tracers, such as 11C-methionine (MET) and 6-[18F]-L-fluoro-L-3, 4-dihydroxyphenylalanine (FDOPA) (34). Nevertheless, 18F-FDG is clinically preferred because commercially available 18F-FDG is the easiest to - perform in facilities without cyclotrons and costs are mostly covered by health insurance, though this can vary from country to country, but also shows cost benefits. In addition, previous studies reported that 18F-FDG PET provides valuable information on the metabolic status of the tumor microenvironment as well as local immune reactions (14, 15, 21–24, 35). To overcome the weakness of 18F-FDG in the brain and enhance the delineation of tumor from normal brain, we defined the reference value; the ROI was circularly drawn on the frontal white matter area of the contralateral brain without any abnormal findings on MRI based on previous studies (27–29). We found a wide range of 18F-FDG uptake in metastatic brain lesions.

18F-FDG can be taken up by many tumor-associated immune cells, such as tumor-infiltrating lymphocytes (TILs), tumor-associated macrophages (TAMs) and granulocytes such as neutrophils (11, 14, 16). 18F-FDG uptake is correlated with PDL-1 expression and TILs, especially CD8+ cytotoxic T cells in primary cancers (14, 22–24). Furthermore, abundant infiltration of TILs including CD8+ T cells in primary cancers is associated with better response to immunotherapy (18, 20, 36, 37). Here we investigated the correlation between 18F-FDG uptake and immune cell infiltration with various immune cell markers in brain metastases. In contrast to previous reports with primary cancers (14, 22–24), there were no significant correlations between 18F-FDG uptake and T cell infiltration grade in brain metastases.

18F-FDG uptake of immune cells in brain metastases can differ from uptake in other sites of the body. Immune cells including lymphocytes, neutrophils and the monocyte/macrophage family express high levels of glucose transporters and hexokinase activity with increased 18F-FDG uptake (12, 13). However, immune cells in metastatic brain lesions compete to utilize glucose not only with tumor cells but also brain parenchymal cells, because brain parenchymal cells have also high glucose metabolism (33, 38). This difference of the metabolic environment in brain makes the mechanism of 18F-FDG uptake in brain metastases highly complex. We suggest the possibility that such a unique tumor microenvironment may be one of possible explanations of our negative results.

In brain metastases, T cell infiltration tends to be less frequent than in peripherally located primary lesions whereas infiltration of microglia and monocytes can be abundant (39–41). We found that among immune cells, macrophages most frequently showed diffuse strong infiltration in brain metastases (14.7%, 5/34 cases) followed by neutrophils (5.9%, 2/34 cases). We observed a significantly positive correlation between grades of macrophages markers (CD68 and CD163) and T cell markers (CD3 and CD8). Interestingly, infiltration of macrophages (CD68+) was significantly associated with increased 18F-FDG uptake in metastatic lesions from the breast, although the number of patients was as small at 10. Contrary to our expectation, the majority of metastatic lesions from the breast revealed only focal mild or multifocal mild infiltration of immune cell infiltration except for neutrophils. In addition, different from other types of metastatic tumors, infiltration of macrophages (CD68) in metastatic breast tumor showed no significant correlation with T cell markers but revealed a negative correlation with Ki-67 proliferative index, suggesting that a less complex immune environment and a low proliferation rate of tumor cells could explain the result. The association of 18F-FDG uptake with immune cell infiltration in primary breast cancers is controversial. Kajary et al. (42) reported no correlation between TILs and kinetic parameters using whole-body 18F-FDG PET. However, other studies revealed a significant correlation between 18F-FDG uptake and TILs in breast cancers (21, 22, 43). Furthermore, all of these studies have focused only on TILs in primary tumors and did not investigate other immune cells such as macrophages. In brain metastases, similar to brain tumors, the majority of immune cells are macrophages that may hinder the cell mediated immune response in metastasis (39–41). Macrophages can polarize as either M1 macrophages or M2 macrophages. M1 macrophages can produce inflammatory mediators directed against pathogens and tumor cells, while M2 macrophages are involved in immunosuppression and repair. Tumor associated macrophages (TAMs) take on a pro-tumoral M2 phenotype involved in growth, extracellular matrix remodeling, angiogenesis and immunosuppression (32, 39, 40, 44). However, such an oversimplification of macrophage phenotype has been disputed because the status of macrophage activation reveals a much wider range in vivo (32, 39). In addition to CD68, we also analyzed macrophages using CD163, which is one of the markers suggesting M2 macrophages. Infiltration of CD163+ macrophages was slightly higher than that of CD68+ macrophages. However, we could not find a significant correlation between the infiltration of CD163+ macrophages and 18F-FDG uptake.

Pukrop T et al. (45) reported that microglia/macrophages can be identified in brain metastases from the breast, ranging from only few to up to 50% of all cells. TAMs within the brain tend to be pro-tumorigenic and TAM depletion strategies may provide a survival advantage in several types of cancer (32). Activated TAMs promoted cancer cell invasion and colonization of the brain tissue in vitro whereas blocking microglia function reduced cancer cell invasion. However, TAMs can be activated by cancer cells without polarization to M2 macrophages (45). We found that infiltration of CD68+ macrophages in brain metastases was only significantly correlated with maximum and mean 18F-FDG uptake ratios at the metastatic lesions (p < 0.001 and p = 0.005, respectively). Since TAM density is associated with poor prognosis in breast cancer patients and eliminating macrophages from the tumor site in mouse models of breast cancer induced a delay of tumor progression, targeting TAM in brain metastases from the breast may provide a new therapeutic strategy (25, 40, 41, 46).

In addition to immune cell infiltration in brain metastases, we also analyzed additional biologic makers related to 18F-FDG uptake. 18F-FDG uptake in cancer tissues from primary malignant lesions is commonly associated with high levels of HK and GLUT (47–50). In addition, the Ki-67 proliferation index, which indicates the growth rate of tumor cells, is also associated with tumor 18F-FDG uptake (51). However, we could not find associations of 18F-FDG uptake in brain metastases with GLUT1 or HK2 or the Ki-67 proliferation index. We cannot explain these negative results. However, we suggest that the mechanism involving 18F-FDG uptake in the brain metastases may be more complex than in the primary cancer due to a unique tumor microenvironment in which not only cancer cells but also immune cells and brain parenchymal cells compete to utilize glucose for survival (25, 52). The complex mechanisms that influence 18F-FDG uptake in brain metastasis remain to be determined. Therefore, our study may provide reference data for subsequent studies to address the mechanism of 18F-FDG uptake in brain metastases.

The small number of patients included in this study may be a limitation to our study. It was not easy to find cancer patients available for brain 18F-FDG PET and with pathological data of metastatic brain lesion. Although we confirmed that the number of patients in this study satisfied the statistically meaningful sample size, we also acknowledge that the sample number is small. In particular, the number of samples in subgroups according to primary cancer site was very small. Therefore, future studies including large samples are needed to validate our study results.

In conclusion, we investigated the degree of 18F-FDG uptake in brain metastases and its correlation with immune cell infiltration and several biologic markers. 18F-FDG uptake was not correlated with immune cells and other biologic markers. However, in certain types of metastatic cancer, 18F-FDG uptake may be a non-invasive tool for predicting immunological features of brain metastases.
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Background

Brain metastases (BMs) indicate poor outcomes and are commonly excluded in immunotherapy clinical trials in advanced lung cancer; moreover, the effect of BM status on immunotherapy efficacy is inconsistent and inconclusive. Therefore, we conducted a meta-analysis to assess the influence of BM status on immunotherapy efficacy in advanced lung cancer.



Methods

Electronic databases and all major conference proceedings were searched without language restrictions according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses guidelines. We extracted randomized clinical trials on lung cancer immunotherapy that had available overall survival (OS) and/or progression-free survival (PFS) data based on the BM status. All analyses were performed using random effects models.



Results

Fourteen randomized clinical trials with 9,089 patients were identified. Immunotherapy conferred a survival advantage to BM patients [OS-hazard ratio (HR), 0.72; 95% confidence interval (CI), 0.58–0.90; P = 0.004; and PFS-HR, 0.68; 95% CI, 0.52–0.87, P = 0.003]. Non-BM patients could also derive a survival benefit from immunotherapy (OS-HR, 0.76; 95% CI, 0.71–0.80; P <0.001; and PFS-HR, 0.68; 95% CI, 0.56–0.82, P <0.001). The pooled ratios of OS-HRs and PFS-HRs reported in BM patients versus non-BM patients were 0.96 (95% CI, 0.78–1.18; P = 0.72) and 0.97 (95% CI, 0.79–1.20; P = 0.78), respectively, indicating no statistically significant difference between them. Subsequent sensitivity analyses did not alter the results. Subgroup analyses according to tumor type, line of therapy, immunotherapy type, study design, and representation of BM patients reconfirmed these findings.



Conclusion

We demonstrated that BM status did not significantly influence the immunotherapy efficacy in lung cancer, suggesting that both BM and non-BM patients could obtain comparable benefits.



Systematic Review Registration

https://www.crd.york.ac.uk/prospero/, identifier (CRD42020207446).





Keywords: brain metastases, efficacy, immunotherapy, lung cancer, programmed cell death ligand 1



Introduction

Brain metastases (BMs) are common (approximately 20–40% of cases) and potentially devastating complications in advanced lung cancer, leading to a decreased quality of life and extremely poor prognosis (1, 2). Moreover, the survival benefit of conventional treatment options (e.g. radiotherapy, surgery, and systemic therapy) for BMs patients is limited (3). Thus, new effective therapies to improve the outcomes of BMs patients in lung cancer are warranted.

Recently, immunotherapy has revolutionized lung cancer treatment, resulting in global regulatory approvals and widespread use of such agents in the current clinical practice (4–8). Although many literatures focus on immunotherapy in lung cancer, whether the efficacy of lung cancer immunotherapy differs based on the BM status remains unclear, mainly because of limited data in this area, particularly on the BM patients. First, the low enrollment rate of BM patients makes it unfeasible to recruit sufficient participants to observe the differences. Second, BMs may negatively affect outcomes in patients treated with immunotherapy, and these patients are typically excluded in clinical trials, partly due to poor drug transport across the blood–brain barrier, the risk of brain pseudo-progression, and the use of high-dose corticosteroids (9–11). Third, few studies have conducted a subgroup analysis based on BM status even if the BM patients are included in the immunotherapy trials. Given the poor prognosis of BM patients and potential negative effect on outcomes, there is a clear need to evaluate whether immunotherapy has comparable efficacy between BM and non-BM patients.

Previous randomized controlled trials (RCTs) have presented conflicting findings in the BM patients with lung cancer (4–6). A prior meta-analysis (12) evaluated the clinical efficacy of lung cancer immunotherapy in the BM patients; however, whether the benefits of these agents vary between BM and non-BM patients has not been adequately assessed, largely because of the scarce trials published, as well as the small sample sizes analyzed. Moreover, an analysis of disproportionately fewer BM patients (6.2–17.5%) in trials may result in unreliable or even false results (13, 14). Nevertheless, the statistical power of meta-analyses of such trials may be enhanced by integrating these small subgroup analyses, hence drawing more accurate results.

Now that the results of several RCTs on immunotherapy according to BM status have become increasingly available, we therefore conducted a meta-analysis to examine the effect of BM status on immunotherapy efficacy in advanced lung cancer.



Methods


Search Strategy

We made a predetermined protocol (PROSPERO registration number: CRD42020207446) to perform a systematic literature search and meta-analysis according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines (15). The PubMed, Cochrane Library, and EMBASE databases were searched for phase 2 and 3 RCTs on lung cancer immunotherapy [i.e., anti-programmed cell death 1 or programmed cell death ligand 1 (PD-1/PD-L1) inhibitors] from the inception to June 1, 2020 without language restrictions. The abstracts and presentations from the American Society of Clinical Oncology, World Conference on Lung Cancer, European Society for Medical Oncology, and American Association for Cancer Research were also reviewed from January 1, 2015 to December 1, 2020. Moreover, the references of the identified articles were reviewed (further information is listed in Supplementary Table 1).



Study Selection

The inclusion criteria were: 1) phase 2 and 3 RCTs investigating new immunotherapy agents against a control regimen (conventional standard therapy) in patients with advanced lung cancer; and 2) available data on hazard ratios (HRs) for overall survival (OS) and/or progression-free survival (PFS) based on BM status (with or without BMs). Conversely, the exclusion criteria were: 1) studies that explored only BM or non-BM patients; 2) single-arm and non-randomized studies (i.e., retrospective or prospective observational cohort); 3) studies without OS and PFS outcomes data according to BM status; and 4) an immunotherapy agent in both arms. We included the most recent and/or most complete trial if duplicate clinical trials were identified.



Data Extraction and Risk of Bias Assessment

For each study, the study name, phase, stage, blinding, histological type, number of patients, BM distribution, treatment characteristics (line of therapy, study drugs, median follow-up time), and survival outcomes data (OS and PFS) according to the BM status were extracted. We adopted the Cochrane Collaboration tool to estimate the risk of bias (16), and applied the 5-point Jadad score to evaluate the methodological quality of the studies (an overall score of 0 indicated the worst methodological quality, and 5 indicated optimal methodological quality) (17). Funnel plots, Egger’s test, and Begg’s test were conducted to test the risk of publication bias.



Statistical Analyses

We used the same method of determining the difference in immunotherapy efficacy between BM and non-BM patients to avoid the risk of ecological bias, as previously reported (18, 19). First, we calculated an interaction trial-specific HR for each study (the ratio of HR in BM patients to HR in non-BM patients). Then, we used a random effects model to combine the trial-specific HR ratios across trials. Study heterogeneity was investigated with the Q test, which was quantified using the I2 test (20). All analyses were performed using random effects models and Stata version 14.0 (StataCorp, College Station, TX). Statistically significant was set at P values <0.05 in the two-tailed tests.



Subgroup and Sensitivity Analyses

The pre-specified subgroup analyses included tumor type [non-small cell lung cancer (NSCLC) vs. small cell lung cancer (SCLC)], study design [immunotherapy vs. standard of care (SOC) alone, immunotherapy + SOC vs. SOC alone], line of therapy (first-line vs. second- or later-line), immunotherapy type (anti-PD-1 vs. anti-PD-L1), and the proportion of BM patients in each study (<10% vs. ≥10 of the study cohort). We tested the subgroups using the χ² test and excluded subgroups that included less than two studies to avoid possible selection bias. Sensitivity analysis was conducted by excluding the trials that recruited patients with particular conditions, trials with a unique study design, and trials that used a fixed-effects model.




Results


Search Results

Database and manual searches yielded a total of 6,205 references, and 1,454 studies were excluded because of duplications. We then checked the titles and abstracts, and 4,715 studies were excluded because they were not in line with the inclusion criteria. After screening the full-text of the remaining 36 potentially eligible studies, we identified 14 relevant clinical trials for the final analysis (4, 6–8, 21–30). Of these, one trial (26) reported two treatment arms with different regimens (durvalumab plus platinum–etoposide with or without tremelimumab). Finally, a total of 15 independent cohorts from the 14 included trials were recorded (Table 1). Figure 1 presents the study selection flowchart.


Table 1 | Main Characteristics of the Included 14 Trials.






Figure 1 | Preferred Reporting Items for Systematic Reviews and Meta-analyses diagram.





Main Characteristics of the Identified Trials

All included trials were randomized multi-center international phase 3 trials; four were double-blind trials (7, 8, 28, 30), and only one trial performed randomization stratified by BM status (8). There were 11 trials (78.6%) with patients with NSCLC (4, 6, 7, 21–25, 27, 29, 30), and three (27.3%) with those with SCLC (8, 26, 28). Most studies (71.4%) evaluated immunotherapy in the first-line setting (7, 8, 22, 23, 25–30), whereas four trials (28.6%) assessed the efficacy in the second- or later-line setting (4, 6, 21, 24). Seven trials (50%) included the immunotherapy-chemotherapy combination vs. SOC alone (7, 8, 25–28, 30), both of which recruited patients with advanced or metastatic disease.

The study size ranged from 305 to 1,225 patients. Among all the 9,089 patients included, 1,051 (11.6%) were BM patients, and 8,038 (88.4%) were non-BM patients; notably, the proportion of BM patients differ widely between studies (4.1% to 17.5% of all cancers). The median follow-up duration varied between 8.8 months and 29.3 months, and most trials (78.6%) had a more than 12-months median follow-up (4, 6–8, 21–23, 26–29). Seven studies (50%) evaluated OS as the primary endpoint (4, 6, 21, 22, 24, 26, 27), three (23, 25, 30) assessed OS as the secondary endpoint (the primary endpoint was PFS), and four (7, 8, 28, 29) chose OS and PFS as dual primary endpoints. Moreover, 50% of the included studies allowed patients who presented disease progression in the control group to crossover to the immunotherapy group. The main characteristics of the 14 included trials are listed in Table 1 and Supplementary Table 2.



Bias Assessment

As summarized in Supplementary Table 3, all trials received moderate-to-high quality (Jadad scores of 3–5). Minimal or no publication bias for OS and PFS were detected via the funnel plots, respectively (Supplementary Figure 1). Moreover, additional tests failed to find any publication bias for the outcome OS (Egger’s test P = 0.34; Begg’s test P = 0.43) or PFS (Egger’s test P = 0.65; Begg’s test P = 1).



The Relationship Between BM Status and OS Outcomes

All trials except two (25, 30) had available OS data according to the BM status and were included in the pooled estimates for such an endpoint. As shown in Figure 2, immunotherapy could reduce the risk of death for BM patients, as compared with SOC systemic therapies (HR, 0.72; 95% CI, 0.58–0.90; P = 0.004). A similar result was uncovered for non-BM patients (HR, 0.76; 95% CI, 0.71–0.80; P <0.001). However, a statistically significant heterogeneity was found in the BM patients (χ2 = 22.79; P = 0.03; I2 = 47.3%), but not in the non-BM patients (χ2 = 11.74; P = 0.467; I2 = 0%). The pooled HR for OS in all patients, including both BM and non-BM patients, was 0.74 (95% CI, 0.69–0.79; P <0.001). However, we failed to discover any statistically significant differences in OS between BM and non-BM patients (P = 0.72 for interaction) (Table 2). The pooled ratio of OS-HRs in BM versus non-BM patients reported in each trial was 0.96 (95% CI, 0.78–1.18) (Supplementary Figure 2). Moreover, the sensitivity analysis using a fixed-effects model showed that the results did not change. KEYNOTE-024 (23) recruited only patients with PD-L1 ≥50%, whereas CheckMate 227 (22), CASPIAN (26), and Checkmate 9LA (27) have unique study designs, which included an anti-cytotoxic T-lymphocyte antigen 4 agents (tremelimumab or ipilimumab). The sensitivity analysis was performed to separately exclude KEYNOTE-024 (23), CheckMate 227 (22), CASPIAN (26), and Checkmate 9LA (27); nevertheless, the results remained unchanged (Supplementary Table 4). The results of the subgroup analyses for OS outcomes are summarized in Table 2. No statistically significant differences in the OS outcome were demonstrated between BM and non-BM patients based on tumor type, line of therapy, immunotherapy type, and study design. Finally, we further evaluated the effect of the prevalence of BMs in the study cohort and found no statistically significant differences between these subgroups.




Figure 2 | Hazard ratios for overall survival when comparing immunotherapy to control treatment.




Table 2 | Analyses of Pooled Hazard Ratios for OS Outcomes by Subgroup.





The Relationship Between BM Status and PFS Outcomes

Ten of the 14 RCTs were included in the pooled estimation because they had available PFS data according to the BM status (4, 7, 8, 21, 23–25, 28–30). As shown in Figure 3, BM patients treated with immunotherapy experienced a significantly lower risk of progression as compared with those treated with SOC systemic therapies (HR, 0.68; 95% CI, 0.52–0.87; P = 0.003). In non-BM patients, the PFS benefit obtained with immunotherapy compared to that with SOC systemic therapies was similar (HR, 0.68; 95% CI, 0.56–0.82; P <0.001). However, a substantial heterogeneity was detected in non-BM patients (χ2 = 76.17; P <0.001; I2 = 85.4%), but not in BM patients (χ2 = 13.98; P = 0.12; I2 = 35.6%). Overall, the pooled HR for PFS in all patients, including both BM and non-BM patients, was 0.68 (95% CI, 0.56–0.82; P <0.001). However, no PFS benefit difference between BM and non-BM patients was found (P = 0.78 for interaction) (Table 2). The pooled ratio of PFS-HRs in BM versus non-BM patients reported in each trial was 0.97 (95% CI, 0.79–1.20) (Supplementary Figure 3). As shown in Supplementary Table 4, sensitivity analysis with a fixed-effects model demonstrated that the results were not altered. The results of the sensitivity analysis were also consistent after omitting the trial by KEYNOTE-024 (23). Table 3 shows the results of the subgroup analyses for the association between BM status and PFS outcomes. For subgroups including tumor type, line of therapy, immunotherapy type, and study design, the PFS benefit obtained from immunotherapy vs. SOC did not differ between BM- and non-BM patients. In addition, the prevalence of BM in the study cohort did not show significant differences within the subgroups (Table 3).




Figure 3 | Hazard ratios for progression-free survival when comparing immunotherapy to control treatment.




Table 3 | Analyses of Pooled Hazard Ratios for PFS Outcomes by Subgroup.






Discussion

To the best of our knowledge, the present study is the first meta-analysis to compare the long-term outcomes of immunotherapy between BM and non-BM patients with advanced lung cancer. The results demonstrated no difference in OS and PFS between BM and non-BM patients. Moreover, subsequent sensitivity analyses did not alter the results. Furthermore, subgroup analyses according to tumor type, line of therapy, immunotherapy type, and study design also demonstrated no significant BM-associated differences in the efficacy. Hence, our study suggests that immunotherapy is preferable to conventional SOC therapy for treating both BM and non-BM patients with advanced lung cancer. Moreover, the BM status did not significantly affect the efficacy of PD-L1-based immunotherapy, indicating that both BM and non-BM patients could obtain comparable survival benefits from lung cancer immunotherapy. Therefore, the BM status should not be the only decisive factor for the use of PD-L1-based immunotherapy treatment during routine clinical practice and in future research.

Despite lung cancer immunotherapy has received extensive attention, the efficacy of these agents in BM patients was still uncertain, mainly because of limited information available in published trials. A previously published meta-analysis (12) included only three trials with 259 BM patients with NSCLC, and concluded that BM patients could obtain OS benefit from immunotherapy in combination with chemotherapy rather than immunotherapy alone. Nevertheless, their study may have been biased by the small sample sizes, with limited trials analyzed. Our study, which included 13 cohorts with 976 BM patients, is the largest study to test the immunotherapy efficacy of lung cancer among BM patients. We found that the risk of death in BM patients was significantly reduced by 26% when treated with immunotherapy monotherapy (Table 2); however, the OS benefit of immunotherapy in combination with chemotherapy was marginal (HR, 0.71; 95% CI, 0.46–1.09), partially due to the relatively small sample size, and the lack of statistical power to discover a significant difference. However, there are also few studies inconsistent with our results. A recent multicenter retrospective study enrolled patients with several types of metastatic cancer, including NSCLC who received immunotherapy (31). The study demonstrated that patients with BM had worse PFS and OS than did those without BMs. Similarly, a prior systematic review and meta-analysis inferred that BM were independent predictors of the poor survival outcomes in advanced NSCLC patients treated with PD-1-based immunotherapy (32). However, their conclusions might be limited by the heterogeneity of treatment characteristics between different studies and the inherent biases owing to the retrospective nature of most of the included studies in these reviews. BM patients are known to have an unfavorable prognosis in lung cancer, with a 1-year survival rate of <10% (33). They tend to have a range of symptoms (e.g., altered mental status, visual impairments with headaches, and fatigue), which can lead to psychological, social, and physical debilitation, as well as greater social and economic burdens (34). Therefore, this challenge emphasizes the further clinical implication and importance of the current research. BMs are commonly considered to be a predictor of poor outcomes in patients with advanced lung cancer treated with PD-L1-based immunotherapy (32). In this study, we demonstrated that BMs did not negatively influence the efficacy of lung cancer immunotherapy. Our findings may be explained in several ways. First, the normal brain has been long recognized as an ‘‘immune privileged’’ organ in the body because the blood–brain barrier could prevent it from immune cell entry (35). However, the blood–brain barrier is damaged or influenced in BM patients and can allow substantial immune cells (e.g., peripherally activated T cells) to enter and/or infiltrate (36). In addition, the change in the blood–brain barrier makes it possible for immunotherapy agents to function in the brain. In support of this, specimens of BMs exhibit dense infiltrates of tumor-infiltrating lymphocytes and is correlated with favorable survival outcomes, further providing the basis for treating BM patients with these agents (37, 38). Second, resected BMs have a higher tumor mutation burden (TMB) than paired primary lung tumors (39, 40). Prior studies (41, 42) have suggested that TMB is a promising predictive biomarker for immunotherapy in diverse cancers, including lung cancer. Hence, high tumor mutation load in BMs and increased frequency of neoantigens may contribute to an improved response to lung cancer immunotherapy (39). Third, higher PD-L1 expression in tumor cells has been noted in lung cancer BM than in matched primary tumors (43). As previously demonstrated (19), the survival benefit from immunotherapy is PD-L1-dependent, and patients with high-level PD-L1 expression had a greater survival advantage. Accordingly, our results may be partly attributable to the overexpression of PD-L1 in BM patients. Fourth, patients with active or untreated BMs and patients who require systemic steroids (poorer prognostic factors) are usually excluded from immunotherapy trials (10, 44). The observed survival benefits in BM patients cannot be ruled out because of the more favorable prognostic profile in these patients. Consistently, several previous retrospective studies demonstrated that BMs did not significantly correlate with survival outcomes in advanced NSCLC patients treated with nivolumab, an anti-PD1 agent (45–47).

Previous studies (48, 49) have also demonstrated that anti-PD-1 agents show better anti-cancer effect than anti-PD-L1 agents in the treatment of advanced cancer, including lung cancer, partly owing to the inherent discrepancy among them. In the present study, we found a consistently better efficacy in BM patients treated with anti-PD-1 agents: anti-PD-1 agents significantly improved OS and PFS outcomes compared with conventional SOC therapy in BM patients, whereas anti-PD-L1 agents did not (Tables 2 and 3). Our results suggest a possible superior anti-tumor effect of anti-PD-1 agents in the treatment of BM patients, although this finding remains unclear from the sample size in this analysis. Therefore, large RCTs are essential for investigating the relative survival advantage of different immunotherapy agents in BM patients to identify best treatment. Notably, in SCLC, immunotherapy was not effective in improving OS and PFS in BM patients. Nevertheless, the available data were only from a small number of BM patients, and the observed wide CIs for the calculated HRs in these patients prevented us from drawing definitive conclusions.

This study has some limitations. Of note, our findings are based on published trials, rather than individual patient data. Furthermore, patients included in our study had treatable, stable, and asymptomatic BMs, rather than having untreatable, active, or symptomatic BMs. However, a recent phase II trial (50) has revealed that pembrolizumab, an anti-PD-1 inhibitor, showed consistent brain and extra-cerebral responses in patients with NSCLC, indicating that immunotherapy can be active in patients with active BMs. Other trials (51–53) have also found that immunotherapy agents are active in patients with active melanoma BMs. Additionally, we cannot rule out that some factors other than BMs are distributed differently between BM and non-BM patients, and that these factors might affect our results. Finally, previous reports have investigated the prognosis of BM patients in several types of metastatic cancer, and the prognostic factors varied between different tumor types. For instance, a study established a nomogram based on 3,522 patients from the Surveillance, Epidemiology, and End Results database, and demonstrated that age, marital status, T stage, N stage, race, and gender were independent predictors of survival in SCLC patients with BM (54). Meanwhile, a cohort of 227 patients with BM from colorectal cancer proposed that age, performance status, BM site, and BM number were independent prognostic factors for survival (55). However, evidences from NSCLC patients with BM suggested that BM number did not influence the survival outcome (56, 57). In our study unfortunately, the included trials were not conducted specifically to evaluate the intracranial efficacy of lung cancer immunotherapy, and thus several detail data related to BM had not been reported in published clinical trials. Therefore, we could not assess the effect of immunotherapy on the reduced size and severity of BM. Future studies on BM patients are needed to evaluate the intracranial efficacy of immunotherapy in advanced lung cancer.

In the current meta-analysis of all available randomized trials of lung cancer immunotherapy, we demonstrated that BM and non-BM patients could derive similar survival advantages. We recommend that BM status may not be the only consideration when deciding whether to offer immunotherapy to patients with advanced lung cancer in routine clinical practice and future clinical trial designs.
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Brain metastases (BM) are frequently detected during the follow-up of patients with malignant tumors, particularly in those with advanced disease. Despite a major progress in systemic anti-cancer treatments, the average overall survival of these patients remains limited (6 months from diagnosis). Also, cognitive decline is regularly reported especially in patients treated with whole brain external beam radiotherapy (WBRT), due to the absorbed radiation dose in healthy brain tissue. New targeted therapies, for an earlier and/or more specific treatment of the tumor and its microenvironment, are needed. Radioimmunotherapy (RIT), a combination of a radionuclide to a specific antibody, appears to be a promising tool. Inflammation, which is involved in multiple steps, including the early phase, of BM development is attractive as a relevant target for RIT. This review will focus on the (1) early biomarkers of inflammation in BM pertinent for RIT, (2) state of the art studies on RIT for BM, and (3) the importance of dosimetry to RIT in BM. These two last points will be addressed in comparison to the conventional EBRT treatment, particularly with respect to the balance between tumor control and healthy tissue complications. Finally, because new diagnostic imaging techniques show a potential for the detection of BM at an early stage of the disease, we focus particularly on this therapeutic window.
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Introduction


Current Management of Brain Metastases

Owing to advances in primary cancer control, the incidence of brain metastases (BM) is increasing (1). Lung cancer, the main cause of death from cancer, and breast cancer, the most common cancer in women in developed countries, carry 40% and 20% risk of BM, respectively (2). Depending on the Karnofsky performance status (KPS) factor, molecular features, and number of BM of the patient, conventional treatment comprises surgical resection when possible and image-guided stereotactic radiosurgery (SRS), with or without whole-brain radiotherapy (WBRT) (1).



Therapeutic Challenges

Despite these treatments, and even in cases where control of the primary cancer has a favorable impact on the overall survival (OS), a significant proportion of patients die as a result of BM⁠ (3), with an average OS of 6 months. For WBRT, 30 Gy in 10 fractions is conventionally given which can lead to cognitive decline owing to the radiation absorbed dose in healthy brain tissue. Indeed, cognitive changes were observed in children after a WBRT dose of greater or equal to 18 Gy. However the effect of WBRT in the adult brain is less well defined, with the incidence and severity of cognitive decline dependent on the dose per fraction, fractionation frequency, and volume irradiated (4). Therefore, increasing the dose of external radiotherapy (RT) in an effort to improve tumour control is currently not possible.

The balance between Tumour Control Probability (TCP) and Normal Tissue Complication Probability (NTCP) are, therefore, sub-optimal with the current treatments. One explanation may be the fact that BM are often diagnosed when locally advanced, as conventional MRI only detects the late disruption of the blood-brain-barrier (BBB) (5)⁠, when tumours are large and frequently beyond effective treatment. In contrast, treatment in the earlier stages of BM development is likely to yield a better tumour control, as fewer tumour cells have invaded the brain parenchyma and those that have remain within easier reach of systemic therapies if access across the BBB can be negotiated. Thus, the pressing unmet therapeutic challenges are to treat (i) at an early stage when relatively few metastatic tumour cells have invaded the brain parenchyma, and (ii) in a targeted manner to avoid healthy brain toxicity.

Radioimmunotherapy (RIT) enables targeted dose delivery by systemically administered radiopharmaceuticals to disseminated cancer cells. RIT uses the combination of a radionuclide emitting ionizing particulate radiation coupled to an antibody that targets a specific antigen expressed on tumour cells or their local microenvironment. For this reason, unlike conventional RT, RIT specifically affects cells that express the relevant molecular target (6)⁠, limiting dose deposition in healthy tissues, even those close to the tumour mass. The potential of RIT has been shown, for example, in non-Hoddgkin’s lymphoma where 131I was combined with an anti-CD20 antibody (7).

However, to the best of our knowledge, only one clinical study with four patients has evaluated the therapeutic relevance of RIT in BM. Poli and colleagues used a fully humanized antibody L19, which targets an epitope contained in the extra-domain B (EDB) of fibronectin (8)⁠. EDB-containing fibronectin molecules are highly expressed in the extracellular matrix surrounding newly formed blood vessels. Since most solid tumours and hematologic malignancies rely on neoangiogenesis for their growth and metastatic spread, it makes EDB-containing fibronectin an ideal target for RIT. 131I-L19SIP (Radretumab) administration resulted in a decrease in tumour glucose metabolism with a significant BM/background uptake ratio > 4. From these studies, the attributes of RIT make it a promising approach to early BM management and could lead to a better TCP/NTCP ratio. Given the high linear energy transfer (LET), especially for alpha particles, and local dose deposition of radiation emitting particles, the specificity of the target is crucial. To this end, exploring the biomarkers of early BM or the microenvironment of early BM development could be a first step in providing an alternative target for RIT.




Early Biomarkers of BM


Biomarkers of Tumour Cells

For about 30% of the patients, BM resulting from some lung and breast cancers, as well as the primary cancer cells themselves, exhibit an overexpression of the epidermal growth factor receptor (EGFR) and HER2. For this reason, tyrosine kinase inhibitors (TKI), such as ALK inhibitor, are used as systemic treatments in both the early and late disease stages and improve the progression-free survival of patients compared to chemotherapy. Thus, the combination of a TKI and RIT, in a way to transport the RIT, may have a potential as a new therapeutic strategy. However, the expression of EGFR and HER2 is highly heterogeneous, and TKI cannot be proposed for all patients (2). Another useful target for RIT could be the overexpression of certain genes that are implicated in early BM. Duchnowska and colleagues have shown, in 84 patients with breast cancer, that the expression of RAD51, HDGF, and TPR could predict early BM development and could be used as intracellular targets (9). Intracellular targets for RIT are relevant as their close proximity to DNA means that even radionuclides with very short-range emissions, such as the Auger-emitting 125I, become candidates for therapy. Nevertheless, these targets require the radiopharmaceutical to traverse the BBB and cancer cell plasma membrane, yielding a significant delivery challenge. Alternatively, αv-integrins which play a role in tumour cell adhesion, invasion, and growth, have also been proposed as early biomarkers of BM. In a preclinical study, administration of intetumab, an anti-αv-integrin-targeted monoclonal antibody, was shown to decrease BM formation and increase the overall survival in a breast cancer BM rat model (10). Importantly, αv-integrins are expressed on the cell membrane surface and are therefore more accessible for RIT targeting than intracellular targets.

All of these cancer cell biomarkers are promising as therapeutic targets, but to date, most systemically administrated agents have failed to provide effective treatment for BM owing to the presence of the BBB, which remains effective when addressing the early phase of BM. Puttemans and colleagues have shown that even the early phases of BM growth are characterized by a functional BBB (11). RIT agents directed against cancer cell biomarkers must be delivered efficiently so that sufficient radioactivity accumulates intratumourally to cause radiotoxicity. An alternative approach, however, is to use more accessible molecular targets, even if these are not on or immediately adjacent to cancer cells. This option is feasible because of the penetration of particulate radiation in tissue, resulting in radial radiation dose deposition from the decay site itself. Thus, RIT can be targeted to compartments relatively close to the tumour and still remain effective in treating tumour cells.



Biomarkers of the Tumour Microenvironment


Vascularisation

Kienast and colleagues have demonstrated, in preclinical models, the importance of vascular remodelling at the very early stages of BM invasion into the brain parenchyma. Using a multiphoton laser scanning microscopy, these investigators demonstrated the onset of BM formation through real-time tracking of individual human melanoma and lung cancer cells that had been injected via the mouse heart into the circulation (12). Early BM development appears to be strongly correlated with the ability to stimulate angiogenesis. Interestingly, it was shown that anti-angiogenic treatments (e.g., anti-VEGF, bevacizumab) could decrease the establishment of BM from lung carcinoma. These findings are consistent with the ability of bevacizumab to prevent BM development from nsNSCLC (AVAiL trial), but not BM from breast cancer (AVADO and AVEREL trials) (13). Whereas angiogenesis occurs after tumour cell invasion into the brain parenchyma, endothelial cells may express markers such as connexion as a direct result of tumour cell extravasation, providing targets indicative of an even earlier stage of BM (14).

The vascular compartment appears to be a rational target for RIT of early BM and the combination with anti-angiogenic treatments, such as bevacizumab, merits investigation. However, depending on the choice of the radionuclide, radio-toxicity in healthy tissue could be an issue. Angiogenesis is not only observed within the tumour microenvironment, VEGF is also expressed in healthy endothelial cells, macrophages, and platelets, whilst VEGF also plays a role in normal physiological functions such as bone formation, haematopoiesis, and development. In the tumour microenvironment, on the other hand, radio-toxicity on the vasculature could increase vessel permeability and provide a means to improve systemic drug delivery to BM. As an example, 225Ac coupled to a monoclonal antibody directed against monomeric vascular endothelial cadherin, which is expressed on the tumour neovasculature (E4G10), induces vascular remodelling in a preclinical model of glioblastoma (15). This remodelling impacted the biodistribution of a systemic treatment, with an increase of dasatinib (TKI) concentration observed within the tumour when given in combination with the RIT agent. Vascular remodelling using RIT increased tumour permeability by 58% and was concomitant with an increase in the overall survival in mice from 9 to 21 days in comparison to the control. Finally, targeting fibronectin may be promising, as the molecule is present in the extracellular matrix surrounding newly formed blood vessels in BM and is undetectable in almost all healthy adult tissues (with the exception of female reproductive organs), which has a potential for healthy tissue preservation in the case of targeting RIT (8, 16).



Inflammation

Inflammatory processes are known to play a key role in the early invasion of the brain parenchyma by metastatic cancer cells. Leukocyte recruitment after tumour cell invasion is well characterized, and therapeutic trials using immunomodulation have yielded promising results, despite the notable heterogeneity between patients (17, 18). The endothelial cellular adhesion molecules (CAMs), which are implicated in the adhesion and transendothelial migration of macrophages and T cells, are also co-opted for tumour cell traversal through the endothelium. ALCAM, E-selectin, ICAM/LFA-1, and VCAM-1/VLA-4 have all been shown to play a part in the tumour cell invasion into the brain parenchyma (19). For this reason, these proteins have a considerable potential as biomarkers of early BM. In preclinical studies, blocking VLA-4 or ALCAM on tumour cells (via incubation with neutralizing antibodies) resulted in a significant decrease in the number and volume of BM in comparison to the unblocked cells (19). Importantly, endothelial CAM overexpression has been observed in early BM in both preclinical studies and human tissue (20, 21). VCAM-1, in particular, has been presented as a major biomarker of tumorigenesis in many types of cancers, further reinforcing its early biomarker status (22). On this basis, a novel MRI contrast agent, comprised of microparticles of iron oxide (MPIO) conjugated to anti-VCAM-1 antibodies (VCAM-MPIO), has been proposed as a diagnostic tool for the detection of early BM (23), and has been shown to enable detection of BM from breast, lung, and melanoma human cancers in preclinical models (24).

For these reasons, RIT targeted to BM via VCAM-1 may be promising, as it allows the targeting of the very early phase of BM. However, it is important to keep in mind that CAMs are also expressed in normal tissue, such as the kidney and bone marrow, and so toxicity profiles should be evaluated with care.





Radioimmunotherapy of Early BM

RIT is the combination of a specific targeting moiety with a specific payload. In terms of payload, a range of radionuclides with different physicochemical properties can be used in RIT, each with different advantages and limitations (Table 1). This diversity of available radionuclides provides a means of matching treatment to the tumour characteristics. As previously discussed, early BM exhibits a functional BBB, which prevents an easy direct contact between the systemically administered RIT and tumour cells. Radionuclides can damage the tumour DNA from a distance. This distance depends on the energy and, therefore, track length in tissue, of the particulate emissions. Ranges are of the order of a few nm–µm for Auger e-, µm for α particles, or mm for β particles. Energy deposition also depends on the type of particles: dozen of keV for Auger e-, hundreds of keV for β particles, and MeV for α particles (25). Given these properties, RIT targeting of VCAM-1 expression on endothelial cells could result in the irradiation of adjacent early BM. However, which radionuclide is most suitable for this application has yet to be investigated.


Table 1 | Early biomarkers of BM and potential radionuclides to combined.



Based on the two-photon and immunohistochemistry images from a preclinical model of breast cancer BM (MDA-231-Br cell line), an in silico model was constructed to evaluate several radionuclides to identify which would provide the best radiation dose distribution in the context of early BM formation. In this study, Monte Carlo simulations were performed with 149Tb, 211At, 212Pb, 213Bi, and 225Ac (α-emitting radionuclides); 90Y, 161Tb, and 177Lu (β-emitting radionuclides); and 67Ga, 89Zr, 111In, and 124I (auger e–emitting radionuclides) enabling evaluation of dose deposition in the DNA specifically. This study showed that α particle emitters, with a short range and a high dose deposition, are the most appropriate for RIT targeting via VCAM-1 expression in early BM. Among these α particles emitters, 212Pb has the attributes of a theranostic radionuclide since it can be used for SPECT imaging and showed a favourable dose profile and RBE (26).

On the basis of the above study, the therapeutic value of RIT for early BM was assessed in a preclinical study, in which the added-value of RIT using 212Pb combined with an anti-VCAM-1 antibody (212Pb-αVCAM-1) was assessed in comparison to conventional WBRT (27). In this preclinical study, BM were induced by intracardiac injection of human breast cancer cells (MDA-231-Br). 212Pb-αVCAM-1 showed a favourable biodistribution in the whole body with a high uptake in BM compared to healthy tissues. In addition, low toxicity was observed, highlighting the added value of 212Pb-αVCAM-1 in comparison to WBRT with respect to the avoidance of dose deposition in healthy brain. In terms of tumour control, tumour volume and the number of BM were both decreased in comparison to the WBRT group, and the OS was significantly increased (Figure 1). To understand the different therapeutic effects of 212Pb-αVCAM-1 and WBRT, clonogenic assays were performed and showed higher radiosensitivity parameters, such as the survival fraction at 2 Gy or the dose that decreased the survival fraction by 50% (28), for 212Pb-αVCAM-1 compared to WBRT. However, such an evaluation of radiosensitivity requires complex experiments with clonogenic assays that are not possible in clinical practice. Thus, evaluation of the added value of targeted RIT, in comparison to conventional WBRT for the treatment of BM, requires a detailed dosimetry as performed for external beam RT.




Figure 1 | RIT in early brain metastases. (A) MRI of a brain mouse with early brain metastases (BM). (B) VCAM-1 immunostaining showing the small distance between VCAM-1 activated endothelial cells and BM (pink staining and with arrow). (C) Representation of radioimmunotherapy targeting VCAM-1 for the early treatment of BM. (D) 3D representation of BM (red) in the brain (grey) in the control and 212Pb-anti-VCAM-1 treated group.




Dosimetry of Radioimmunotherapy

Administered activity is either based on a fixed amount or adjusted taking the body weight or body surface area of the patient into consideration and not planned to maximise the tumour dose, whilst sparing the organs at risk. Nevertheless, a substantial effort is being made to individualise patient treatments and to improve the accuracy of dosimetry procedures in the clinic. Important initiatives to standardise dosimetry include the internal dosimetry task force linked to EANM (29, 30), the Medical Internal Radiation Dose committee (31), or the EU consortium MEDIRAD (32, 33). Dosimetry should play an important role when a new agent for RIT undergoes clinical testing, alongside the assessment of the maximum tolerated dose and side effects, similar to clinical trials of nonradioactive oncological drugs (34).

In the case of BM, only one study has reported dosimetry for the purpose of RIT. Poli and colleagues evaluated the biodistribution of 124I-L19SIP in patients with BM to compute the 131I-L19SIP dosimetry (8) With 124I, PET imaging can be performed, providing a more precise spatial information than SPECT, and its half-life of 4.18 days is compatible with a biodistribution study of 131I-L19SIP. PET imaging was performed at 1, 2, 24, 48, and 96 hours after an injected activity of (124I-L19SIP). Time activity curves were obtained and the cumulated activity over time (AUC) was computed. Using OLINDA/EXM (35) and MIRD formalism, the authors evaluated the dose in Gy per injected MBq in different organs. This study suggested that immuno-PET diagnostic imaging with 124I-L19SIP could actually predict the dose that would be delivered to the tumour vs. healthy organs by a subsequent therapeutic 131I-L19SIP dose. Those authors also measured the red bone marrow dose. The estimated dose was similar during both the diagnostic scanning and treatment. However, significant heterogeneity in the dose delivered to different tumours in the same patient was apparent. This tumour heterogeneity highlights the importance of preliminary dosimetry before RIT (8).

The biological distribution of 212Pb-αVCAM-1 has not yet been studied in humans. Two approaches to dosimetry can be considered, either during or before treatment. Concerning the first approach, the temporal and spatial distribution of 212Pb-αVCAM-1 can be evaluated through the γ-emissions of 212Pb with multiple time-point SPECT acquisitions. The second approach, similar to Poli et al. consists of performing pre-treatment imaging with 203Pb-αVCAM-1 (36), emitting γ-rays with a half-life of 51.87 h, to compute a predictive dose distribution of 212Pb-αVCAM-1. As the physical half-life of 212Pb is shorter (10.4 h) than that of 131I-L19SIP (37), all of the imaging acquisitions and blood sampling could be performed within one day instead of four. This imaging procedure would enable a dose computation to be made before treatment and, consequently, allow the possibility of adapting the injected activity to reach the desired dose to the tumour whilst minimising the risk of complication. Additionally, the injected activity or number of cycles could be tailored to reach the best TCP, whilst lowering the NTCP as in WBRT. For instance, the TCP model of WBRT is based on a biologically effective dose of about 40 Gy (38). Usually, a fractionation of 10 times 3 Gy is delivered to the patient after a CT planning scan. Calculation of the absorbed dose is relatively straightforward in EBRT with constant dose rates and photon beams of widely used energies, and the biological effects are mainly produced by low LET particles. It is hazardous to extrapolate doses from EBRT to RIT owing to the fundamental differences in the dose rate and the mechanisms of DNA damage and repair. Consequently, preclinical studies to characterise the biodistribution of 212Pb-αVCAM-1 with 203Pb-αVCAM-1 in BM is the next step to determining a predictive dose.



Radioimmunotherapy of Late Stage BM

Most patients are treated when their BM are advanced due to the diagnostic insensitivity of the currently available imaging. Advanced BM are associated with larger tumour sizes and the microenvironment is different with marked angiogenesis suggesting BBB disruption, chaotic and heterogeneous vascularisation. Hypoxic features have been shown in the BM microenvironment from lung, breast, renal, and colorectal cancers (39), as well as at the preclinical level for BM from lung cancer (40). All of these changes negatively affect the performance of RIT, and fewer abnormal vessels (per tumour volume) is likely to reduce the accumulation of RIT at the tumour site. Poor concentration of RIT limits irradiation of the tumour by short range α-emitting. Imaging studies prior to RIT are, therefore, very important to evaluate biodistribution. However, RIT using α-emitting isotopes could still be very effective in combination with external RT for late BM, because α-particle radiation effects are not impacted by radioresistance factors such as hypoxia. The maximum relative radiosensitivity of cells to oxygen concentration, or the oxygen enhancement ratio (OER), is commonly thought to be about 3 for x-rays that induce secondary electrons with LET of 1.3 keV/µm. For α-particles with LET of 60–110 keV/µm, the OER decreases to 1.3–2.1 between the particle emission point and the Bragg peak, and to about 1.0 in the Bragg peak area, and thus leads to a no effect of hypoxia on RIT efficacy (41). However, this potential of the α-particle RIT for the treatment of hypoxic BM has first to be confirmed in preclinical studies, and then in clinical studies.




Conclusion

Treatment of BM at the early stage of development is likely to yield optimal tumour control. However, owing to the small size of BM at this early stage, and limited detection, external RT is not suitable and molecularly targeted treatment is needed. RIT using α-particles (e.g., 212Pb) combined with biomarkers of early disease, such as cell adhesion molecules (e.g., VCAM-1), has shown promising results at the preclinical level for treatment of early BM. The treatment of well-established BM exhibiting hypoxic features with RIT using a combination of α-particles with a hypoxia biomarker may have a potential, but requires validation. Finally, because α-particles have a very high LET and a very short range, the distribution of α-particle RIT to the BM site is crucial. Consequently, imaging enabling the characterisation of biodistribution and dosimetry are needed to fully evaluate the potential benefit of α-particle RIT for the treatment of BM.
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Uncovering the complexity of the microenvironment that emerges in brain disorders is key to identify potential vulnerabilities that might help challenging diseases affecting this organ. Recently, genomic and proteomic analyses, especially at the single cell level, have reported previously unrecognized diversity within brain cell types. The complexity of the brain microenvironment increases during disease partly due to the immune infiltration from the periphery that contributes to redefine the brain connectome by establishing a new crosstalk with resident brain cell types. Within the rewired brain ecosystem, glial cell subpopulations are emerging hubs modulating the dialogue between the Immune System and the Central Nervous System with important consequences in the progression of brain tumors and other disorders. Single cell technologies are crucial not only to define and track the origin of disease-associated cell types, but also to identify their molecular similarities and differences that might be linked to specific brain injuries. These altered molecular patterns derived from reprogramming the healthy brain into an injured organ, might provide a new generation of therapeutic targets to challenge highly prevalent and lethal brain disorders that remain incurable with unprecedented specificity and limited toxicities. In this perspective, we present the most relevant clinical and pre-clinical work regarding the characterization of the heterogeneity within different components of the microenvironment in the healthy and injured brain with a special interest on single cell analysis. Finally, we discuss how understanding the diversity of the brain microenvironment could be exploited for translational purposes, particularly in primary and secondary tumors affecting the brain.
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Introduction

The brain microenvironment represents a complex habitat that notably differs from the microenvironment associated with other tumors (1). In addition to the still incomplete understanding of brain homeostasis and the structural heterogeneity of this organ, the presence of any insult, such as a tumor, might contribute to amplify the pre-existing diversity within the microenvironment.

Imaging, genomic and proteomic analyses have been valuable tools for dissecting inter- and intra-regional heterogeneity within the brain. Initially applied to uncover neuronal subtypes across brain regions (2–5), single-cell RNA sequencing (scRNAseq), single-nucleus RNA sequencing (snRNAseq), mass cytometry (CyTOF) and spatial transcriptomics, have also proved to be a powerful tool beyond non-neuronal cells, revolutionizing the way we interrogate cancer-associated heterogeneity. Recently, the principles of scRNAseq have been expanded to elucidate in vivo networks based on cell-to-single cell interactions (6–8). These studies are dramatically expanding the complexity of the brain that should be translated into comprehensive pharmacologic approaches overcoming initial technical difficulties associated with this organ (9).

Although the characterization of altered molecular pathways within the brain microenvironment at the single cell level in brain tumors, especially in brain metastasis, is still limited, in this perspective we take advantage of findings obtained from other contexts (Figure 1) to discuss how exploiting heterogeneity could be translated into novel therapeutic strategies also for brain tumors.




Figure 1 | Schema of key markers deregulated within the brain microenvironment in neurodegeneration/neuroinflammation (A) and primary (B) and secondary (C) brain tumors. Upregulation is indicated by the box in red and downregulation by the box in blue. Neurodegeneration/neuroinflammation comprises the following brain disorders: Alzheimer, Huntington disease, Amyotrophic Lateral Sclerosis and Experimental Autoimmune Encephalomyelitis. a, astrocytes; m, microglia; bmdm, bone marrow-derived macrophages; v, vasculature.





Diversity of Macrophages Within the Brain Microenvironment


Health and Aging

scRNA-seq approaches have uncovered specific transcriptomic profiles that distinguish brain microglia and macrophages (2, 10–13). Additionally, different microglial states have been found at embryonic and early postnatal time points (14–16), while aging modulates inflammatory and interferon response signatures in microglia (14), as detailed in Table 1.


Table 1 | Key signatures and markers found in microglia/macrophages, T cells, astrocytes and endothelial cells subpopulations within the brain in preclinical models and/or patients of brain disorders and primary and secondary brain tumors.





Brain Disorders

During Alzheimer disease (AD), disease-associated microglia (DAM) and late-response microglia are defined by the expression of genes related to lipid metabolism and phagocytosis (ApoE, Lpl, Trem2, Tyrobp, Ctsd) and interferon response (17, 18). By combining CyTOF with lineage tracing models Mrdjen et al. identified a subset of microglia during AD characterized by the upregulation of phagocytic markers CD11c and CD14. However, the specific functional contribution of DAMs during AD remains unclear (17, 19). During Experimental Autoimmune Encephalomyelitis (EAE) microglia showed a similar signature, except for decreased CD14 and increased MHCII and Sca-1 expression (11). In the same line, Ajami et al. identified two CNS-resident myeloid populations increased in frequency during EAE, Amyotrophic Lateral Sclerosis (ALS) and Huntington’s disease (HD) (20) and Jordao et al. described four disease-associated microglia in EAE (Table 1 details defining gene signatures). Peripheral monocyte populations present in the EAE model, but absent in AD and HD, express CD49e and show higher expression of pSTAT3 and lower of pCREB and NFκ-B in comparison to resident myeloid cells.

Remarkably, high-throughput technological pipelines are now available to profile novel cell-to-cell interactions at a single cell level. Clark et al. combines molecular barcoding, viral tracing and scRNASeq in vivo (RABID-seq) to map the microglia-astrocyte crosstalk during EAE, being responsible of inducing a pro-inflammatory microenvironment through two main axes: Sema4D-PlexinB2 and Ephrin-B3/EphB3 (8).

As summarized in Table 1, analysis of human and mouse microglia suggests high correlation in their transcriptomic profiles (i.e. upregulation of Apoe) and highlight the broader heterogeneity of human microglia (15, 21–23).



Brain Tumors

Recent sc-RNAseq analysis found that the interaction of tumor-associated macrophages (TAMs) and glioma cells occurs mainly through CXCL chemokines and their receptors (24). Furthermore, scRNA-seq analysis of CD11b+ myeloid cells isolated from murine experimental GL261 gliomas unveiled that activated microglia and BMDM significantly change their transcriptional networks, with upregulation of MHCII related proteins (25). In glioma patients, TAM BMDM invade the tumor core displaying an anti-inflammatory and pro-angiogenic phenotype, expressing immunosuppressive cytokines (i.e. Il10 and Tgfβ2) and markers of active phagocytosis (CD93). Meanwhile, microglia located in the surrounding space is characterized by the expression of pro-inflammatory molecules (i.e. CCL4, CCL3, IL1A/B) (25–27).

Recently this heterogeneity has also been addressed in brain metastasis in comparison to gliomas. Friebel et al. found that, while the glioma microenvironment is predominantly composed by activated microglia, brain metastases are characterized by the infiltration of BMDM (28). Similarly, Guldner et al. identified myeloid clusters characterized by the expression of complement genes, while BMDMs express higher levels of inflammatory genes (S100a11, Lgals, Il1b) in brain metastasis. Furthermore, it was shown that loss of Cx3cr1 in CNS-myeloid cells triggers upregulation of Cxcl10, which in turn drives an immunosuppressive pro-metastatic microenvironment through PD-L1 and VISTA. Interestingly, co-inhibition of both molecules reduced the brain metastatic burden (29).




Lymphocytes and Natural Killer Cells Heterogeneity Within the Brain Microenvironment


Health and Ageing

Applying CyTOF to the naïve mouse brain, Korine et al. found that CD4+ and CD8+ infiltrating T cells express markers of memory T cells (CD44+CD62L-) and could be characterized by the increased expression of CD86 and CX3CR1 in comparison to their blood counterparts. Indeed, CD44 was suggested to be a general marker for brain infiltrating immune populations (30). Brain B cells and NK cells, which are found in lower numbers than in peripheral blood, particularly IgM+ B cells, are also defined by CX3CR1 expression (30). In the aged brain, using cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq), T cells were found to express a T cell memory stemness signature characterize by CD3+ and Thy1+/Itga2+/Klrb1- mRNA expression and additional gene signatures associated with chemotaxis and ribosomal proteins, including Ly6a and Dusp2 expression. These findings suggest that organismal aging correlates with the enrichment of specific lymphocytes populations within the brain (31).



Brain Tumors

Single-cell transcriptomics uncovered a gene signature in glioma composed by immune effector molecules and inhibitory feedback mechanisms (genes such as Ifn-γ, Ctla-4, Pdcd1, IL-10, Tgf-β1 or Ido1) that lead to the reprogramming of T cells subsets that become unable to target the cancer cells (32). A more specific dissection of the crosstalk between glioma cells and T cells in patients was achieved by applying single-cell Tumor-Host Interaction (scTHI) analysis of scRNA sequencing data. In particular, Caruso et al. found that the cross-talk between CD8+ T cells and tumor cells included components belonging to major histocompatibility complex Class I, chemokines, interleukins, IFN-γ and TNF. This study also described paracrine interactions with myeloid cells involving immune checkpoint genes, TNF family members and chemoattractant chemokine ligands, such as CXCR6 receptor on T cells and its ligand CXCL16 secreted by macrophages that are upregulated in glioma (7).

Cy-TOF of surgical resections have characterized the lymphocyte landscape in primary and secondary brain tumor entities (28).Compared to primary brain tumors, metastases favor T and B cell infiltration and T regulatory cells (T regs) present higher accumulation in brain metastasis and IDH1 wt gliomas. Moreover, CD8+ T cells present an increased expression of co-stimulatory and co-inhibitory receptors, the activation marker CD38 and effector and proliferation functions in metastases, while glioma samples show less activation (28). The activation/exhaustion phenotypic state of T cells in metastatic tumors could explain their favorable clinical response to immune checkpoint inhibitors compared to those of primary origin.

Recent papers shed light on the stromal and immune landscape in human multiple sclerosis and brain tumors, focusing on the analysis by scRNAseq and set enrichment analysis of cerebrospinal fluid (CSF) leukocytes (33), and CSF from patients (34, 35). Specifically, Rubio-Perez et al. have described an inflammatory status independently of the primary tumor source of the metastasis and a cluster characterized by active proliferation of T cells. Noteworthy, identical T cell receptor sequences between the CSF and the metastatic lesions were detected in 66.7% of patients, indicating a partial connection of the immune profiles from both compartments (34). This work suggests the potential value of CSF to characterize the immune microenvironment and T cells subclonal evolution in brain metastasis to monitor patients during tumor progression or treatment.




Astrocytes Diversity Within the Brain Microenvironment


Health and Aging

Different studies have shown that astrocytic transcriptome heterogeneity encompasses well-recognized astrocyte functions and happens both between and within brain regions (9, 36). In aged brains, cerebellar astrocytes were characterized by the upregulation of inflammatory factors that can damage synapses (caspase-1 and -12, Cxcl5) and key inflammasome receptors Tlr2 and 4. This demonstrates that dependency of the glial cell type correlates with more severe or less synaptic dysfunction (37).



Brain Disorders

Astrocytes can be rapidly activated in response to various insults, by a process known as “reactive astrogliosis” which aims to limit the damage that occurs locally. Three states of reactive astrocytes (RAs) can be found in HD, defined by different levels of GFAP, metallothionein (MT) genes and quiescent protoplasmic genes. The upregulation of MTs by RAs could be a protective response to combat oxidative stress, which is characteristic of the HD brain (38). Interestingly, astrocytes in AD were found to express a unique and novel signature (Adgrv1, Gpc5 and Ryr3 genes). Down-regulated genes in AD-astrocytes are associated mainly with synaptic signaling (i.e. NRXN1 and NRXN3) and glutamate secretion (39). An independent study, showed that high GFAP astrocytes from AD, which lose homeostatic functions, also express pan-astrocytes and reactive markers such as CD44, HSPB1, TNC and HSP90AA1 (40). Remarkably, some recent studies emphasize the gut-brain axis as an important player during the course of CNS disease that fine-tunes inflammation and neurodegeneration. In EAE, the deletion of aryl hydrocarbon receptor (AHR) in microglia, upregulated the expression of genes in astrocytes associated with inflammation and neurodegeneration (Ccl2, Il1b and Nos2) (41). A later study described a subset of LAMP1+ astrocytes limiting inflammation, driven by IFNγ produced by meningeal natural killer cells, which is modulated by the commensal flora in mice (42). Notably, Clark et al. use the RABID-seq technology to identify pro-inflammatory astrocytes connected to T cells that exhibited high TNFα signaling via NF-κB (8).



Brain Tumors

In malignant brain tumors, knowledge related to astrocyte function and crosstalk to other components of the environment requires further investigation. Tumor-occupying astrocytes analyzed in three glioblastoma patients revealed similarities to highly proliferative astrocyte precursor cells from fetal brains (43). JAK/STAT pathway activation and CD274 expression was present in RAs, in a set of de-novo and recurrent glioblastoma specimens, inducing immunological cold tumor environment (44). Notably, in the context of brain metastasis, a pro-metastatic program driven by STAT3 signaling in a subpopulation of RAs surrounding metastatic lesions promotes an immunosuppressive microenvironment, being an interesting target (45).




Heterogeneity of Endothelial Cells Within the Brain Microenvironment


Health

The lack of a molecular understanding of the constituent cell types of the brain vasculature could be solved by using single cell approaches. In murine models, single-cell transcriptomics distinguished different molecular signatures and phenotypic changes in endothelial and mural cells (46). Moreover, brain-specific endothelial transcripts have been identified, mainly cell surface transporters and intracellular enzymes (47).



Brain Tumors

In a glioblastoma mouse model, single cell sequencing identified three separated clusters of brain endothelium with a distinct molecular signature, differentiating tumor associated vessels and tumor derived endothelial cells (detailed in Table 1) (48). Moreover, in human samples, heterogeneity was reported within pericytes and endothelial cells (49). These pioneer studies describe molecular inter and intra-heterogeneity within the primary brain tumor vasculature.

In human brain metastasis patients, clusters of endothelial cells have been identified using the marker CLDN5+, being in higher proportion in melanoma than in breast cancer brain metastasis (50).




Therapeutic Strategies Exploiting the Heterogeneity Within the Brain Microenvironment

Uncovering functional and molecular diversity of glial and brain immune cells in preclinical models and patients affected by disease has a remarkable translational potential, including brain tumors. However, an important effort in the field is needed to validate the contribution of disease-associated alterations and cellular cross-talk between the various reactive states described.


Brain Disorders

Ajami et al. proposed the surface marker CD49e found in peripheral monocytes, to be a therapeutic target in EAE since the treatment with anti-CD49e antibody significantly reduced disease severity (20). Interestingly, in the treatment of brain neurodegeneration, targeted immunotherapies may be used against B cell clusters responsible for disease-specific antibody production (51). Mapping the cross-talk between identified cell populations that shape the local microenvironment in brain disorders is key to uncover potential targets (8). Clark et al. have shown that in a EAE model, inactivating the interaction between Sema4d-Plxnb2 or Ephb3-Efnb3 in microglia-astrocytes, respectively, ameliorates the disease (8). Interestingly, as a proof of concept in traumatic brain injury models (mTBI), Arneson et al. focused on the thyroid hormone pathway based on its differential expression across cell types in mTBI. Injecting T4 immediately after the damage improved cognitive deficits in a mouse model of concussive injury (52). In addition, specific gene expression programs related to endosome, plasma membrane, mitochondrion and autophagy have been shown to be relevant for the progression of neurodegeneration in humans, especially when enriched in neurons and microglia (53, 54). This finding emphasizes the emerging vulnerability of dysfunctional bioenergetics for brain disorders.



Brain Tumors

Understanding the diversity within the microenvironment of clinically-relevant experimental models of brain tumors will help to identify altered pathways not essential for brain homeostasis. To illustrate this point, using single cell transcriptomics in the DNp53-PDGFB glioma model, Weng et al. have been able to identify the RNA-binding protein Zfp36l1 to be necessary for malignant oligodendrocyte-astrocyte lineage transition and glioma growth (55). In human primary and secondary tumors, candidate immunosuppressive molecules could be used to potentiate immunotherapy by designing customized strategies for brain tumors. For instance, by using single-cell gene expression Caruso et al. found TLR2 to be exclusively upregulated in glioma-associated microglia and CRTAM receptor in CD8+ T cells, confirming previous studies (56, 57) that have proposed these molecules as targets for adjuvant immunotherapies in glioma. Additionally, the same scRNAseq study defined ligand-receptor interactions between the microenvironment and cancer cells such as HBEGF-EGFR, MIF-CD74 and CD11B/CD18-CD90, that could be potential targets given their role in immunosuppression. FAB, identified mainly in endothelial cells and pericytes by scRNAseq, has been proposed as a potential antigen for (CAR)‐T cells therapy to target tumor cells and tumor associated vessels in glioblastoma (49).

Intrinsic properties of cancer cells could indirectly influence response to therapy by modulating the brain microenvironment. Whether the mutational status of cancer cells could influence the brain microenvironment in secondary brain tumors, as it does in primary brain tumors (58–62), is still unexplored. However changes in the immune infiltrate have been reported depending on the primary origin of brain metastases. For example, melanoma brain metastasis present higher frequencies of T cells than carcinoma brain metastasis, except for Tregs (28, 61). Notably, tumor location influences microenvironmental landscapes (63, 64). Meningiomas have higher TAM infiltration and less presence of T regs than gliomas (64), while in secondary brain tumors, scRNAseq revealed a distinct immune-suppressed T-cell microenvironment in leptomeningeal metastasis compared with brain metastasis derived from melanoma (63).

Furthermore, a deep knowledge of immune diversity induced by the presence of tumor cells is critical to predict immunotherapeutic outcomes since it might help to explain the different response to checkpoint inhibitors reported in primary and secondary brain tumors. For instance, Close et al. suggest that the presence of immune signatures with anti-tumor effector functions (i.e. granzyme B or IFN-γ) in a subset of patients with GBM will predispose to better benefit from combination immunotherapies (32). In addition, immune evasion signatures have been defined and novel targets, such as CDK4/6, have been proposed to overcome the resistance to immune checkpoint blockade in cancer metastatic to the brain (65, 66). scRNAseq of a melanoma brain metastasis patient found PDCD4 to be expressed on CD8 Tcells, NK cells, B cells and mast cells, associated with cytotoxicity (Gzm expression), suggesting a role to potentiate immune response (67). Other very interesting tools are predictive studies of brain metastatic tumors to classify patients into potential good or bad responders to immunotherapy. This approach is able to determine specific molecules as targets for adjuvant immunotherapies according to the immune profile, which allows to narrow down candidates to specific biomarkers. For instance, the expression of CD74 in the microenvironment of brain metastases fulfilled the in silico criteria (68). Uncovering functional and dysfunctional CD8+ T cell activation states in brain tumors is key to establish more accurate immune signatures to stratify patients. Transposase-accessible chromatin sequencing (ATAC-seq) and RNA-seq could be applied to preclinical models of brain metastasis and human data to achieve this goal, as it has been done for hepatocarcinoma and melanoma (69). Other important aspect to consider is the reprogramming of the brain immune landscape by therapy. i.e. TMZ in primary tumors (60) and WBRT in brain metastasis (70).

Finally, due to the limited availability of brain tissue from patients, profiling the mutational landscape and evolutionary patterns of tumor and microenvironment using non-invasive biopsies, could be key to establish predictive biomarkers of therapeutic response. In this sense, pioneer studies using CSF as a relative non-invasive surrogate to be processed by single-cell techniques could help to define the heterogeneity of the immune microenvironment and its link to clinically meaningful correlations (34, 35). Analysis of this liquid biopsy in patients with positive and negative local responses to immunotherapy has started to be explored (61). Moreover, considering the important role of meningeal lymphatics in regulating brain tumor immunity, other plausible source of cancer-derived material is the regional lymphatic drainage (71), although in-depth analysis is needed to characterize the immune landscape in this liquid biopsy.




Discussion

In conclusion, the data reviewed lays a firm foundation for considering vulnerabilities generated in the brain metastasis microenvironment relevant to predict and improve responses to immune based therapies that are effective only in a limited percentage of patients, especially when asymptomatic (72, 73). Overall, we consider a key aspect to embrace the emerging complexity and to dissect functionally relevant hubs within the local microenvironment, providing the avenues to transform the clinical management of brain metastasis patients within the years to come.
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Macrophages not only represent an integral part of innate immunity but also critically contribute to tissue and organ homeostasis. Moreover, disease progression is accompanied by macrophage accumulation in many cancer types and is often associated with poor prognosis and therapy resistance. Given their critical role in modulating tumor immunity in primary and metastatic brain cancers, macrophages are emerging as promising therapeutic targets. Different types of macrophages infiltrate brain cancers, including (i) CNS resident macrophages that comprise microglia (TAM-MG) as well as border-associated macrophages and (ii) monocyte-derived macrophages (TAM-MDM) that are recruited from the periphery. Controversy remained about their disease-associated functions since classical approaches did not reliably distinguish between macrophage subpopulations. Recent conceptual and technological advances, such as large-scale omic approaches, provided new insight into molecular profiles of TAMs based on their cellular origin. In this review, we summarize insight from recent studies highlighting similarities and differences of TAM-MG and TAM-MDM at the molecular level. We will focus on data obtained from RNA sequencing and mass cytometry approaches. Together, this knowledge significantly contributes to our understanding of transcriptional and translational programs that define disease-associated TAM functions. Cross-species meta-analyses will further help to evaluate the translational significance of preclinical findings as part of the effort to identify candidates for macrophage-targeted therapy against brain metastasis.
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Introduction

Mononuclear phagocytes comprise bone marrow-derived progenitors, blood monocytes, and tissue-specific macrophage populations of embryonic origin (1). Fate-mapping studies in mice revealed that macrophage populations of distinct organs (e.g., lung, spleen, liver, brain, skin) are established early during development and are self-maintained during adulthood (2). The cellular identity of tissue resident macrophages is shaped by the local environment of specific organs (3–5). Moreover, the presence of a diverse range of receptors (6) allows macrophages to receive a broad spectrum of signals and thus contribute in autocrine and paracrine interactions. Hence, this functional plasticity places them at the interface of developmental processes, tissue homeostasis, and immunity (1).

As the sole immune cell type within the immune-privileged brain parenchyma, yolk sac-derived microglia (MG) exert critical functions in immune surveillance and host defense (7, 8). In contrast to the brain parenchyma, where the entry of systemic immune cells is strictly controlled, areas surrounding the brain (e.g., meninges) are constantly patrolled by different classes of lymphoid and myeloid cells (9, 10) (Figure 1). In addition to the heterogeneous MG populations that have been identified throughout the brain parenchyma (11, 12), nonparenchymal macrophages found in border regions [= border-associated macrophages (BAMs)] represent a distinct population of central nervous system (CNS) phagocytes (13). Similar to microglia, they derive from yolk sac progenitors during early development (14) and populate the meninges (m), the perivascular areas (pv), and the choroid plexus (cp). Each population is classified based on a specific set of genes, and functional adaptation is driven by local traits. Compared with MG, BAMs exhibit distinct transcriptional signatures (10, 14, 15). Under homeostatic conditions, the structures adjacent to the parenchyma maintain physical and immunological separation of the CNS, but at the same time allow restricted exchange and access of cells and molecules (16).




Figure 1 | The cellular environment in the healthy brain and BrM. The healthy brain parenchyma consists of resident cell types, including neurons, astrocytes, oligodendrocytes, and cells forming the vasculature (endothelial cells, pericytes). While microglia represent the sole immune cells within the parenchyma, border-associated areas of the brain (e.g., meninges, perivascular areas) harbor every other cell type of the immune system. In contrast, brain metastasis (right) induce the recruitment of all types of myeloid and lymphoid immune cells from the periphery. Tumor-associated macrophages (TAMs) represent a heterogeneous pool of myeloid cells, which consist of brain-resident microglia, as well as monocytes, and monocyte-derived macrophages from the periphery. Recent studies further suggest a partial involvement of recruited CNS/border-associated macrophages (BAMs).



Neurological disorders disrupt the tissue homeostasis of the brain and lead to the recruitment of cells from the periphery, mostly of myeloid origin (17). Accumulation of myeloid cells within the parenchyma impacts the severity and disease outcome of neurological disorders. Hence, understanding the biology of specific myeloid subpopulations at spatiotemporal resolution is crucial for the development of therapeutic strategies that resolve underlying insults.

A prominent example is the development of brain malignancies. Cerebral or cerebellar tumor formation is accompanied by a massive recruitment of macrophages from the periphery, which together with resident microglia represent the most abundant stromal cell types in primary (18) and secondary (19) brain tumors [brain metastasis (BrM)]. Although every tumor type can metastasize to the brain, the highest incidence is associated to melanoma, lung and breast cancer. Adding up relative numbers, BrM originating from lung or breast cancer contribute to more than 75% of all BrM (20–23).

The brain tumor-associated macrophage (TAM) population consists of cells originating from resident microglia (TAM-MG) and cells of monocytic origin, i.e., monocytes and monocyte-derived macrophages (MDM). However, due to the lack of definitive markers that discriminate both lineages within brain tumors, it was (24, 25) challenging to determine quantitative and qualitative contributions of both TAM populations to brain tumor biology in the past without the need of transplantation models or lineage-tracing approaches. Bowman et al. employed two lineage tracing models in combination with RNA sequencing to identify markers, which reliably allow the discrimination of TAM-MGs and TAM-MDMs in mouse and human primary and metastatic brain tumors. This study led to the identification of the integrin alpha subunit CD49d (encoded by Itga4) that is specifically repressed in MG but highly expressed in MDMs. Importantly, this expression pattern remains conserved within brain tumors. In addition, the authors identified CD11a (encoded by Itgal) as similarly differently regulated between both major TAM populations (26).

The biggest differences between both TAM subpopulations are determined by their different ontogenetic origin. Since brain TAMs are known to critically influence the progression and outcome of brain tumor biology (24, 25), understanding their quantitative contributions under different conditions and associated putative different functions is key in order to develop novel strategies targeting distinct disease-associated phenotypes in BrM.



TAMs as Central Part of the Brain Metastasis Microenvironment

TAMs are known to represent a highly abundant cell population in primary and metastatic brain tumors with different quantitative contribution to the myeloid cell pool depending on primary tumor entity (18, 19). However, controversy remained on the functional contribution of macrophage populations depending on their ontogeny. Technical integration of lineage-restricted markers or the use of single cell-based techniques to characterize myeloid cells in brain tumors has significantly broadened our knowledge on TAM heterogeneity in experimental BrM models and patient-derived data from various brain malignancies (Table 1).


Table 1 | Overview of recent studies, examining the tumor microenvironment (TME) of preclinical models of brain metastasis (BrM), and human patient samples.



Two recent studies explored the cellular heterogeneity of myeloid cells in experimental brain metastasis models by multicolor flow cytometry (FCM) integrating CD49d as a marker to distinguish TAM-MG and TAM-MDM. Although approximately 75% of all CD45+ cells of the syngeneic breast cancer model 99LN-BrM were of myeloid origin, only 5%–10% of all TAMs were MDMs (30). By comparison, the xenograft lung cancer BrM model H2030-BrM induced stronger TAM-MDM recruitment (32), which constantly increased across different stages of tumor progression leading to 10% and 20% of TAM-MDMs in small or large BrM, respectively (32). Moreover, it was demonstrated that the TAM population within the H2030-BrM model changed in response to whole brain radiotherapy (WBRT), applied as a standard-of-care treatment modality (32). A relative reduction of TAM-MDM contribution to the total TAM pool was observed 3 days after hypofractionated as well as classically fractionated WBRT. Interestingly, this effect was transient and constant reinfiltration resulted in a steadily increasing TAM-MDM population, as examined within the total myeloid cell pool in H2030-BrM at several time points after WBRT. Hence, the application of radiotherapy represents a useful strategy to modulate the TAM pool by causing radiation-mediated cell elimination on the one hand, but enhancing infiltration of naïve cells from the periphery on the other hand. A similar way of interfering with MDM recruitment has been shown in mouse models of glioma in response to radiation (33).

Collectively, these data suggest that the TAM pool in preclinical BrM models is highly dynamic. Moreover, recent studies highlighted the contribution of each TAM population to total TAMs. The relative contribution of each TAM population to the total TAM pool is influenced by the primary tumor entity and can be modulated by radiotherapy. TAMs of peripheral origin have been found to be more abundant in recurrent glioma samples upon surgery (34), further illustrating the impact of antitumor therapy on the immune landscape. Interestingly, the diversity of the TAM pool is similarly regulated by the origin of the primary tumor in human BrM (27, 29, 31). Within the studies by Friebel et al. and Klemm et al. the authors performed comprehensive in-depth analysis of patient-derived primary and secondary brain tumor tissue by integrating high-dimensional techniques, such as, FCM, RNA sequencing, or mass cytometry by time of flight (CyToF) to gain insight into cellular and molecular aspects of the brain tumor immune landscape. In contrast to primary brain tumors, BrM induced higher infiltration of myeloid cells from the periphery, and the majority of CD45+ cells was composed of neutrophils and MDMs (27, 29). Lower abundance of macrophages from the periphery was observed in melanoma BrM compared with breast and lung cancers (Figure 2).




Figure 2 | Relative contribution of each TAM subpopulation to the total TAM pool in BrMs derived from melanoma, breast cancer, or lung cancer. Data represent cumulative, relative data derived from preclinical (mouse models) and clinical (human) findings.





Molecular Profiles of TAMs in BrM

TAMs are malignancy instructed and have been described as key players at the interface between tumors and cells of the immune landscape. This can be attributed to their high capacity of integrating a broad range of external stimuli, resulting in diverse activation states and highly plastic phenotypes (35, 36). In the following paragraphs, we will provide an overview of molecular alterations observed in both major TAM populations of mouse and human BrM and highlight representative markers that have been identified to be differentially expressed in TAM-MG and TAM-MDM. Moreover, we will discuss candidate factors that have been identified as core signatures of disease-associated macrophages and are commonly up- or downregulated in both major TAM populations. An overview of the representative factors can be found in Table 2.


Table 2 | Selected markers and their regulation within murine (left) and human (right) TAM-MG and TAM-MDMs.




Transition From Normal to Disease-Associated Cell States

It is increasingly appreciated that tumor-associated immune cells are significantly different compared with their normal cellular counterparts. However, it remains less well understood how normal cells transition into disease-associated cell types upon initial contact to tumor cells and within different stages of tumor progression. Interestingly, Schulz et al. observed that the instruction and education of TAMs represents an early event during formation of the BrM-TME and occurs rapidly after recruitment of resident TAM-MG or peripheral-derived TAM-MDMs. Analyses of transcriptional program in TAMs isolated from small- vs. large-stage BrM revealed an almost complete absence of differences in gene expression in each population, suggesting stable transcriptomes during BrM progression (32). However, further dissection of potential transition stages based on single-cell approaches are needed to characterize the acquisition of diseases-associated signatures across a broader range of different stages of tumor progression and to identify the progenitor cells that contribute to tumor-associated myeloid cell pool for more precise comparison. In the following paragraph, we will therefore highlight recent insight on signatures of transition states based on trajectory analyses. Interesting observations on the cellular differentiation route of TAM-MDMs were made in a recent study in which the authors dissected the myeloid cell pool in different stages of murine and human glioma by single-cell RNA-Seq (scRNA-Seq) approaches in combination with lineage-tracing experiments in mouse models (34). By adoptively transferring classical or nonclassical monocytes from Cx3cr1GFP/+ mice into Ccr2-KO mice harboring orthotopically transplanted gliomas, the authors demonstrated that only classical monocytes were able to differentiate into MDMs within the tumor. If this applies to TAM-MDM in BrM requires further investigation.



Disease-Associated Transcriptional Signatures of TAM-MG in BrM

Microglia under homeostatic conditions represent a heterogeneous cell population depending on their localization within the brain parenchyma. Moreover, MG heterogeneity is modulated by developmental stages with lower heterogeneity found in adults compared with embryonic stages. Given the inherent MG heterogeneity, it is not surprising that brain pathologies induce an even higher degree of heterogeneity (12, 37), which was demonstrated with single cell RNA-seq for TAM-MG (28, 32). For example, by using t-distributed stochastic neighbor embedding (tSNE), a dimensionality reduction method, of RNA-Seq data from single cells, Schulz et al. reported that the majority of TAM-MG from the H2030-BrM model were contributing to three transcriptionally distinct cell cluster in treatment-naïve BrM. The cluster comprising most of the TAM-MG (cluster 9) was represented by high expression of cytokines (Ccl3, Ccl4, Cxcl13), cathepsin Z (Ctsz), the epidermal growth factor receptor 1 (Egfr1), as well as MG typical marker (C1qa, Hexb) (38, 39). The complement member and MG lineage marker C1qa was found to be upregulated in TAM-MG in several studies (Table 2), whereas other members of the MG-specific “sensome” core signature (Cx3cr1, P2ry12, Tmem119) (11, 38, 39) were consequently downregulated in murine and human TAM-MG (Table 2). While an increased expression of C1q members in MG belongs to their activation profile (40, 41), downregulation of homeostatic markers most likely is a consequence concomitantly occurring with downregulation of the homeostatic regulatory gene Sall1/SALL1 in murine and human TAM-MG. This further mirrors a classical activation response of MG associated to any damage of the brain, as observed under neuroinflammatory conditions (42).

Once activated and educated by tumor cells, TAM-MG upregulate several markers known to be crucial for inflammation in the injured brain, thereby probably contributing to BrM progression, e.g., via exerting immune-suppressive functions. Presumably, this is accompanied with profound metabolic changes as seen in an apparent deregulation of members of solute carrier (Slc) genes (32).

Some of the frequently observed markers in MG associated to neurological damage are apolipoprotein E (Apoe/APOE) and the triggered receptor expressed on myeloid cells 2, Trem2/TREM2, which were highly expressed/upregulated in TAM-MG of murine BrM models, whereas the expression of both members only slightly varied in human TAM-MG. The APOE-TREM2 axis has been described to drive activated MG states in neurodegenerative diseases along with downregulation of homeostatic markers (39, 43). However, especially TAM-MDMs showed elevated expression levels of Trem2/TREM2 in preclinical BrM models or patient material of BrM derived from various primary tumors (Table 2). The contributions of TREM2 and APOE to neurological diseases [e.g., Alzheimer’s disease (AD) or multiple sclerosis (MS)] have been extensively described with regard to MG (44, 45). Importantly, it was shown that targeting TREM2+ MG represents an interesting approach to attenuate disease progression. In addition to the broadly studied APOE-TREM2 axis, another key player of MG-mediated neurological dysfunction, and ligand for TREM2, is Galectin-3, encoded by Lgals3/LGALS3. Galectin-3 shows a multitude of functions in MG. Elevated extracellular levels within the BrM-TME might drive inflammatory responses in a Toll-like receptor (TLR) 4 binding-mediated self-sustaining manner (46, 47). In line with this, TLR4 expression was found to be upregulated in TAM-MG of H2030-BrM (32). In a recent study, Siew et al. analyzed the contribution of MG-derived Galectin-3 signaling in a mouse model of Huntington’s disease (48). Elevated cytokine levels were attributed to high Galectin-3 signaling, and strategies targeting its expression have been shown to be sufficient in decreasing levels of inflammatory cytokines, thereby ameliorating MG-mediated pathogenesis (48).

While profiling across different conditions revealed that Lgals3/LGALS3 expression levels are strongly increased in TAM-MG, varying but high levels within TAM-MDMs have been found in murine or human BrM as well (Table 2). Similarly, high expression levels were rather associated to TAM-MDMs of murine (49), or human recurrent glioma (34), as revealed in high-dimensional single-cell profiling studies. Therefore, contribution of elevated Lgals3/LGALS3 levels need to be carefully evaluated in a context-specific manner. Another group of genes (S100 family members) shows an interesting alternating pattern across TAMs in mouse and human BrM. S100 members are small, Ca2+-binding proteins, which regulate several cellular functions in an autocrine, or paracrine fashion, and can act as damage-associated molecular pattern (DAMP) (50). For example, S100β has been shown to serve as a noninvasive, astrocytic marker of blood-brain barrier (BBB) integrity and function, also in brain tumors (51), whereas several S100A members have been implicated in neurodegenerative diseases like AD (52). In addition, distinct S100 proteins have been associated to the regulation of inflammatory responses and TAM migration and invasion in tumors (50). Hence, upregulation or high expression especially in TAM-MG of BrM (e.g., S100A6, S100A10) (Table 2) (28, 31), might reflect a central mediator of BrM-associated inflammation. In contrast, in glioma elevated expression level of S100A6 has been implicated in a transitory TAM-MDM state in mouse and humans (34) or was part of a strong “macrophage signature” (49). Since S100A6, which was implicated in tumor progression in several other cancers (53), can either act on MG in a cell-restricted manner or can be secreted, elevated expression levels of S100A6 and other S100 members need further examination. To date, it remains unclear if the regulation of S100 members represents a cause or consequence of progressing BrM.

Direct comparison of both TAM populations on the single cell (27, 28, 31), and bulk population level (29, 30, 32) revealed further cell type-restricted molecular profiles in mouse models and human patient samples. TAM-MG showed higher upregulation of distinct proinflammatory cytokines (e.g., CXCL5, CXCL8, IL6) (29), or genes belonging to cell migration, e.g., Vim/VIM (28, 31) within a changing environment.

Cathepsins (Cts/CTS) encompass a family of proteases known to play several protumorigeneic roles in the tumor context by, e.g., remodeling the extracellular matrix (ECM) (54). In the brain, cathepsin S has been described as BrM-promoting via enhancing transmigration through the BBB (19). High expression levels of different cathepsins within TAMs of established BrM further suggest profound remodeling of the TME in outgrowing tumors. Among them, Ctsd (28) and CTSL (31) exhibited higher expression levels in TAM-MG, while Ctsb was strongly upregulated in both TAM populations of different murine BrM models (30, 32), but in human BrM was, together with CTSW, rather enriched in TAM-MDM (29). Hence, different highly expressed members of this family of ECM modulators further suggest an involvement for generating a BrM-promoting environment, but specific contributions for/with each TAM population in BrM have not been elucidated yet.



Disease-Associated Transcriptional Signatures of TAM-MDM in BrM

Recruitment of monocytes to the CNS has been predominantly attributed to the chemokine axis including the receptors Ccr2/CCR2 and Cx3cr1/CX3CR1 (17), which was shown in the brain tumor context using lineage-tracing approaches in glioma mouse models (26, 55). Interestingly, while Ccr2/CCR2 is dramatically downregulated upon entry into the parenchyma and during the monocyte-to-macrophage transition in glioma (55), and also BrM (27), Cx3cr1/CX3CR1 levels are upregulated in TAM-MDMs (Table 2), whereas the protein was downregulated on the majority of MDM subsets but remained abundant on only a small subset (27). These data suggest that high levels of Cx3cr1/CX3CR1 are partially required to integrate into the CNS parenchyma, since the axis is usually involved in glia-neuronal crosstalk (56). Comparing TAM data for the expression of another potent chemokine receptor known to be involved in cell migration, it became apparent that especially TAM-MDMs possess high levels or strongly upregulated the C3A receptor, C3ar1/C3AR1 in murine and human BrM (Table 2). This suggests the contribution of a conserved mechanism of recruitment via the anaphylatoxin/chemokine axis.

Given the fact that bulk analysis usually masks different expression/antigen density levels, Friebel et al. comprehensively dissected the heterogeneity of TAMs derived from different human brain malignancies, and showed that TAM instruction is not a random process, but rather driven by the underlying tumor, both in primary and secondary brain malignancies (27). By combining in total 38 markers for their myeloid panel, the authors captured a broad range of cellular states as depicted by distinct lineage-specific, but also activation markers. Upon merging all TAM CyTOF data from both, glioma and BrM samples, the authors created a detailed relationship and trajectory analyses focusing on abundance of typical monocyte/macrophage markers in silico. One of the common features they found was downregulation of CCR2 and the SIGLEC family member, SIGLEC3 (CD33), which represents a transmembrane receptor implicated in pattern recognition and regulation of phagocytosis, and in that regard has been described to be a risk factor for AD (57). Moreover, transitioning cells were found to commonly upregulate the innate immune sensor receptor CD163, together with the TAM receptor MERTK (Table 2). Monocytes transition to macrophages through a more common MDM state (termed MDM 1), and finally develop into three distinct MDM subpopulations (MDM 2, 3, 4), and this transition was driven by differential regulation of certain markers, including CD169, CD206 (mannose receptor c-type I, MRC1), CD209 (C-type lectin receptor, CLEC4L), CD38, and PD-L1. Some of these markers were further used in combination with IBA1 to specifically stain for MDMs in the TAM compartment (27). Since not only CD206 but also CD209 usually are associated to alternative macrophage activation, it is not surprising that those markers have been found to be predominantly upregulated in TAM-MDMs of murine and human BrM across different conditions (Table 2). MERTK upregulation was found to be gradual, and highest antigen density was allocated to the MDM 4 population (27), whereas bulk RNA-Seq of murine and human TAM-MDMs revealed in general elevated expression levels (Table 2). MERTK and AXL, which were also found to be significantly upregulated especially in TAM-MDMs (Table 2), represent two of the three TAM (TYRO3, AXL, MERTK) receptor tyrosine kinases, which are involved in phagocytosis and regulation of inflammatory responses (58). Interestingly, one of the ligands for AXL, Gas6/GAS6, was also highly expressed within both TAM populations in murine BrM, but rather upregulated in TAM-MDMs of human BrM samples (Table 2). Although GAS6-AXL signaling is present in the healthy CNS, and is associated to phagocytosing MG (59), deregulation can cause enhanced inflammation in the CNS (60). Moreover, this signaling axis can lead to a protumorigenic TME (61) and has been found to be coexpressed in TAMs with high C1QC levels in various primary tumors (62).

Despite several differences between the same TAM population within both mouse and human, further commonly regulated markers of TAM-MDMs included Nr4a2/NR4A2. This nuclear receptor family is known to control macrophage gene expression during inflammation (63) but is implicated in maintaining normal functions of dopaminergic neurons in the healthy brain. Interestingly, NR4A2 has been found particularly upregulated in a transitory monocyte population in glioma (34), further suggesting regulatory involvement in inducing inflammatory phenotypes during MDM development.

While certain patterns associated to these inflammatory states of TAMs seem to be conserved between species, other families of proteins are rather restricted to either a species, or a cell type. One interesting group encompasses the membrane-spanning (MS) protein family of MS4A members (Table 2). While for some of the family members (e.g., MS4A1 = CD20) their functions are well described, most of them remain poorly understood. In a recent study, Liu et al. generated new lineage-tracing mouse models targeting Ms4a3 (Ms4a3Cre and Ms4a3CreERT2) and validated lineage specificity of this marker, which specifically distinguishes monocytes and granulocytes from embryonically derived resident macrophage populations, including MG, under steady state but also inflammatory conditions (64). MG possess strong expression levels of certain Ms4a members (Ms4a6b, Ms4a6c, Ms4a6d, Ms4a7) during early development, while these high expression levels are not found in adult MG or in response to injury. Nevertheless, MG of that specific subpopulation of MG identified during early development cluster also showed overlapping features to BAMs (37). Several genes of the MS4A family appeared in all of the BrM-omics studies among the top regulated genes, and some of them have been described as risk factors for AD (65), including Ms4a4c (mouse)/MS4A4E (human), Ms4a6c/MS4A6E, and Ms4a7/MS4A7. Interestingly, all of them were found at high expression levels or strongly upregulated across both TAM populations of murine BrM with slightly higher levels in TAM-MDM (Table 2). Contrary, in human TAMs, MS4A members were found predominantly upregulated or higher expressed per se in TAM-MDMs. Similarly, high and stable expression of Ms4a7 was reported as part of a core signature for BAMs in steady state and under neuroinflammatory conditions (42). Taken together, this data is in line with the situation in glioma TAMs (34) and further corroborate strong similarities in transcriptional profiles between each TAM population derived from distinct diseases. These findings are strengthened by higher intersect levels of each TAM pool between glioma and BrM (29).

Aiming to describe heterogeneity within certain TAM subsets, all of the recent studies looking into the TME by single-cell approaches confirmed that especially the TAM-MDM pool consists of a more diverse range of cellular states (27, 28, 32). Whereas, Guldner et al. even described BAMs to contribute to the TAM-MDM pool within their model. With respect to identity of cell types within cell populations that were FACS purified prior to transcriptomic analyses, it is important to carefully consider procedures of sample preparation and marker selection. Macrodissection of tumor lesions is critical to reduce the risk of diluting the disease-associated cell pool with normal cell types. Moreover, the use of different marker combinations can lead to different assignment of cell types to certain subpopulations. For example, several commonly used markers to discriminate MG and MDM including CD45, SALL1, and TMEM119 (30, 66) are known to show assimilation of expression levels in both populations in brain tumors. Hence, the choice of marker combinations can lead to differences in population assignment. This determines the classification of subpopulations and consequently significantly affects the respective transcriptional programs. Nevertheless, typical non-MG clusters (TAM-MDMs/BAMs) were shown to be dominated by the expression of genes belonging to antigen processing and presentation particularly associated to MHC class II presentation, including H2-Aa, H2-Ab1, H2-Eb, and CD74 (Table 2) in several independent studies (28, 30, 32). Expression of the MHC class II member HLA-DR in human TAMs was similarly higher in TAM-MDMs (Table 2), and upregulated expression can be attributed to the transition from monocytes to MDMs (27), similarly as in the glioma situation (34). Interestingly, this raises the question to which extent each TAM population contributes to T-cell interaction, hence influencing a cancer-promoting, or immunosuppressive TME. Using multiplexed immunostaining, spatial organization of TAMs with respect to T cells was examined in murine (30) and human BrM (29). Both studies found a close proximity of both TAM populations to CD4+ and CD8+ T cells, yet Niesel et al. observed closer proximity of TAM-MDM to T cells compared with TAM-MG based on discrimination by TMEM119 (30). Moreover, it was observed that PD-L1 was almost absent in tumor-free brains, whereas BrM induced the recruitment of PD-L1+ myeloid cells, and levels of PD-L1 were highest among TAM-MDMs (30). On the gene expression level, several costimulatory and also inhibitory markers were found to be present among both TAM populations, whereas most of them were expressed at higher levels in TAM-MDMs (30). Representative comparison of different T-cell regulatory markers across TAMs revealed that both, activating Icosl/ICOSL, and inhibitory Pd-l1/PD-L1 markers are present in TAMs with slight higher levels in the TAM-MDM compartment (Table 2). Given the spatial organization of TAMs within the BrM-TME, one can assume that TAM-MGs in the BrM periphery are in contact with T cells at the tumor-stroma interface, while immunosuppression within the BrM core is fostered by TAM-MDMs once T cells have entered the tumor mass. Furthermore, T-cell profiles confirm exhaustion states within the TME (27, 30). Additional immunoregulatory mediators within BrMs predominantly derived from TAM-MDMs were the chemokines CCL8, CCL13, CCL17, and CCL18 (29). Together, all of them are attributed to an alternative, rather tumor-promoting phenotype (= M2) of macrophages, which is found in many tumors (35). Despite this fact, both TAM-MG and TAM-MDMs upregulate a broad range of inflammatory mediators (29, 32), and hence cannot be classified into the conservative M1–M2 scheme, but rather exist within a continuum, depending on their current local environment.

Finally, in order to understand putative dichotomous functions of TAMs, and their relevance for the inflammatory TME in BrM (Figure 3), detailed annotation and pathway analyses of differently regulated genes were performed based on results obtained from RNA-Seq experiments (28–30, 32).




Figure 3 | Molecular features of both major TAM populations in BrM. Recent cellular and molecular findings underline the differences of TAM-MG (left) vs. TAM-MDM (right) within the BrM microenvironment. Representative markers shared between TAMs from murine or human BrM are illustrated, together with major functional annotations.



To delineate functional changes upon TAM instruction, comparative analyses of significantly differently regulated genes of TAMs vs. their healthy counterparts (i.e., normal MG, or blood monocytes) in breast cancer BrM (30), and lung cancer BrM (32) were performed. Together, both studies showed that altered transcriptional profiles in TAM-MG resulted in upregulation of pathways and signaling cascades associated to inflammation, regulation of cytokine production, type I interferon (IFN) signaling, cell migration and motility, and proliferation. Interestingly, TAM-MG were found to be involved in the recruitment and interaction with neutrophils, in both mouse models of BrM (30, 32), and also in human BrM (29). Concurrently, TAM-MG downregulates genes involved in housekeeping functions, such as synapse organization or regulation of neuronal organization.

TAMs derived from the periphery are more plastic than MG as described above. Thus, their altered transcriptional profiles need to be evaluated more carefully in a context-dependent manner. Compared with their normal cellular counterparts, TAM-MDMs upregulated pathways involved in inflammatory responses, cytokine production and interaction, migration, mitosis and cell cycle, and also organization of the ECM (30, 32). In addition, human BrM TAM-MDMs showed slightly higher relevance of genes related to mitosis and cell division, compared with TAM-MGs; however, staining of human BrM samples for proliferation markers indicated proliferation in both cell types (29). However, if this results from an environment promoting local proliferation, or is caused by other stimuli, e.g., prior treatment remains to be elucidated. Analyses of patient samples stratified based on treatment history will be required to gain further insight whether different intervention strategies modulate recruitment and expansion of TAM-MDMs as previously shown in a lung-to-brain model in response to radiotherapy (32). Both human TAM populations showed an enrichment for genes related to type I IFN, and NF-kB signaling (29). Not surprisingly upon entering the BrM-TME, and transitioning from monocytes, TAM-MDMs downregulated genes related to chromatin organization, and intracellular reorganization of, e.g., the cytoskeleton (30).



Transcriptional Programs Shared in TAM-MG and TAM-MDM

In addition to lineage-restricted transcriptional programs in TAM populations, it became clear that both TAM populations also share a significant proportion of similarly regulated markers by Top marker principal component, and overlapping gene analysis in human TAMs (29), or by comparison of all differently regulated genes (DEGs) (32).

In H2030-BrM, approximately 300 DEGs were found to be commonly upregulated, and around 900 DEGs commonly downregulated between both TAM populations (32). Functional annotation of all jointly regulated markers revealed the induction of inflammatory pathways, as well as regulation of cell adhesion and cell migration. Downregulated DEGs were mostly associated to homeostatic functions in the brain, e.g., synapse organization. In contrast to the results obtained from experimental BrM models, the number of shared genes between TAM-MG and TAM-MDM was rather small in the human situation (29). The difference can potentially be explained by the fact that human RNA-seq data in this study were not stratified based on primary tumor type thereby possibly missing important similarly regulated genes. Comparison of typical inflammatory cytokines (e.g., CCL2, CCL3, CCL4, IL1B) across mice and human BrM-TAMs revealed that although most of them exhibited much higher expression levels in the BrM situation in mice, it rather were TAM-MDMs upregulating them in the human scenario (Table 2). RNA velocity analysis of single-cell RNA-Seq data of mouse TAMs further showed that Il1b and also Tgfb were genes similarly regulated at convergence points between TAM-MG and TAM-MDM clusters (28).

Osteopontin which is encoded by Spp1/SPP1 is a marker usually associated to MG of early development or has been described as one key marker of all disease-associated MG (DAM) subcluster (37). In BrM, Spp1/SPP1 was found highly expressed or upregulated in both TAM populations across species (Table 2), however with slightly higher expression levels in TAM-MG, similar as in primary brain tumors (34). Although a broad range of cellular functions has been assigned to osteopontin, under inflammatory conditions it most likely regulates inflammation itself via enhancing the recruitment of not only myeloid but also lymphoid cells (67) to the TME. Aiming to reduce or dampen inflammation within the BrM TME, osteopontin hence might represent an interesting target.

In addition to the high expression levels of the complement cascade-initiating member C1q/C1Q within the BrM-TME, two other inflammatory factors, Il1a/IL1A and Tnf/TNF, showed broad abundance and were highly expressed or upregulated in TAMs of murine or human BrMs (Table 2). Together, the presence of all three molecules strongly raises the possibility of TAM-mediated astrocyte activation towards a neurotoxic phenotype (termed A1), which partially would be sustained due to constant factor availability. This mechanism of astrocyte activation has been described in mouse models of neuroinflammatory conditions, and A1 astrocytes were found in samples of various human diseases. A characteristic marker for A1 astrocytes is the central complement component C3 (68). Interestingly, next to C1q/C1Q, other members of the complement system were apparently deregulated in BrM (32), and cross-conditional comparison revealed upregulation of, for example, C4b/C4B among all TAMs in mice and human (Table 2). While oligodendrocyte-derived C4b in mice has been associated to pathogenicity in an AD model (69), its functions within the TAM pool of BrM remain to be shown.

In summary, recent discoveries and previously unknown molecular insights into macrophages/microglia associated to BrM have dramatically shifted the paradigm of BrM-TAMs representing one homogeneous population. In comparison with data derived from recent “omics” studies involving glioma, it became clear that TAMs in brain malignancies constitute a heterogeneous mixture of resident and recruited mononuclear phagocytes, with multifaceted activation states (Figure 3). Moreover, each major subpopulation contributes to the inflammatory TME in a unique way, and disease-specific manner. The discovery of molecular markers present in both TAM populations or conserved between species opens novel avenues to develop targeted approaches in order to fight this deadly disease.




Translational Aspects

TAM-targeted therapies have attracted attention as promising therapeutic strategies for a variety of different primary cancers (Table 3). Besides their high abundance, TAMs have been shown to critically influence tumor biology, often in a protumorigenic fashion by exerting immune-suppressive functions, and at the same time interacting with tumor cells to reciprocally support each other (35). However, in the brain, targeted approaches have to be carefully designed, in order to address modulation within specific TAM populations, without affecting resident macrophage populations (i.e., adjacent MGs) to prevent side effects.


Table 3 | Examples of preclinical and clinical studies targeting certain TAM-related receptors/factors as mono- or combination therapies in various types of extra- and intracranial tumors.



Given the central role of CSF1-CSF1R signaling for survival and proliferation of macrophages, it is not surprising that specifically this axis has been targeted by antibodies, or small inhibitory molecules in order to reduce macrophage infiltration or deplete resident, tumor-promoting populations. Aiming to suppress tumor-promoting TAM functions, Pyonteck et al. utilized a CSF1R inhibitor in preclinical glioma models (18). Interestingly, CSF1R inhibition as monotherapy resulted in improved survival and even tumor regression, accompanied by re-education of TAMs into a rather antitumor phenotype. Long-term treatment however resulted in acquired resistance driven by IGF signaling between TAMs and tumor cells, which resulted in prolonged glioma cell survival and invasive capacities (71). Improved efficacy however can be obtained by combining CSF1R inhibition with radiotherapy in glioma (33). CSF1R inhibition was shown to reduce to breast cancer cell invasion (79) and lead to antitumor efficacy in melanoma-BrM and intracerebrally inoculated breast cancer cells (72, 80). However, therapeutic efficacy of CSF1R inhibition still needs to be carefully evaluated with regard to long-term efficacy and potential resistance mechanisms as observed in glioma.

Another strategy of limiting TAM functions within the TME includes blockade of their recruitment, via interfering with chemokines (81) or chemokine receptors, e.g., CCR2 or CXCR4 to inhibit general TAM recruitment (73) or by targeting newly identified markers that are implicated in the recruitment of TAM subpopulations such as CD49d (33). Given the high abundance of the anaphylatoxin receptor C3ar1/C3AR1 predominantly on TAM-MDMs of murine and human origin, blockade of this axis could also be used to inhibit monocyte/macrophage recruitment to the brain. Antibody- or small molecule-mediated inhibition of the C3-C3AR1 axis could have strong inhibitory effects and furthermore might impact the permeability of the BBB at sites of malignant inflammation. In leptomeningeal metastasis, this axis has been shown particularly important for enhancing the permeability at the choroid plexus epithelium, in order to trophically support metastasized cancer cells within the CSF (70). By interfering with the C3-C3AR1 axis, one might even trigger another antitumoral response due to blockade of the interaction of astrocytes and MG as shown by Litvinchuk et al. in a mouse model of neurodegeneration. While astrocyte-derived C3 via C3AR1 on MG induces proinflammatory programs via STAT3 signaling (82), activation of astrocytes could in part be mediated via C1Q plus two other cytokines, IL1A and TNF (68), which seem to be broadly present within the BrM-TME. Since astrocytes have been shown to exert multiple BrM-promoting functions (83–86) and elimination of the three aforementioned factors was beneficial in an ALS mouse model by attenuating gliosis (87), targeting one or several steps within the complement cascade seems promising and has the potential to reverse or block the immunosuppressive, cancer-permissive TME in BrM.

Although some of the markers in TAMs seem to be regulated in a more conditional manner (e.g., by different model, primary tumor entity, genetic background, species), a distinct set of genes was conservatively regulated, and similarly across TAM populations and species (e.g., MS4A proteins, TAM receptors AXL and MERTK, TREM2). While little is known about the specific functions of individual MS4A members, they might play a central role in regulating cellular functions, including cell growth, survival, and activation by serving as family of ion channels and/or adaptor proteins facilitating intracellular protein-protein interaction (41). For example, MS4A4A has been described as a key marker of BAMs (14, 15, 42) and was described as a novel M2-like marker of metastasis-associated macrophages (88). Hence future studies need to address the consequences on the inflammatory state upon interfering with, e.g., MS4A7, which was highly upregulated on both, murine and human TAM-MDMs in BrM. Given their surface exposure, MS4A members are potentially druggable by, e.g., antibodies (41).

Interestingly, within the study form Mattiola et al., the authors showed that MS4A4A interacts with a ß-glucan receptor dectin-1 in lipid rafts of the cell membrane. The dectin-1 pathway transmits intracellular signals similar to those of TREM2. Hence, TREM2 deficiency can be compensated by enhanced dectin-1 signaling (89). TREM2 signaling is essential for MG function and disease-associated phenotypes in MG can be induced by the APOE-TREM2 pathway (43). In AD, TREM2-deficient MG undergoes autophagy due to impaired mTOR signaling and metabolism (89). Since TREM2 seems to be dramatically upregulated in all TAMs across different conditions, antibody-mediated blockade of this receptor signaling pathway represents a promising approach. Within a recent study, the authors examined TREM2 function in TAMs of distinct tumor models (74). Interestingly, they found that both, mice deficient for TREM2, or antibody-mediated blockade of TREM2 signaling, resulted in delayed tumor growth. Simultaneously, the immune landscape within their model was altered including an increase of intratumoral CD8+ T cells, which consequently led to enhanced efficacy of anti-PD1 immunotherapy. More importantly, the authors showed ubiquitous abundance of TREM2+ macrophages across distinct human tumor samples, and that TREM2 expression inversely correlated with greater overall, and relapse-free survival in colorectal carcinoma and triple negative breast cancer patients (74). Given the negative correlation between MDMs and T-cell frequencies in BrM (29), it is tempting to speculate that high expression of TREM2 in TAM-MDM as seen under various BrM conditions might be an interesting candidate for combination therapies. If this furthermore leads to remodeling of the TME with enhanced T cell recruitment, also in BrM, needs to be evaluated. In summary, targeting TREM2 in combination with immunotherapy (e.g., anti-PD-L1), or radiotherapy, might represent an attractive strategy to overcome immunosuppression. It was previously shown that radiotherapy has the potential to transiently lift immunosuppressive features of the TAM pool by enhancing the recruitment of naïve monocytes/MDMs to BrM in a lung-to-brain metastasis model (32). However, acquired resistance to combined radioimmunotherapy was partially mediated by PD-L1 expression from infiltrated myeloid cells (30), which rapidly undergo tumor education. In addition to targeting the PD1-PD-L1 axis in order to enhance antitumor responses, targeting different TAM populations showed promising results in glioma and BrM models. For example, Guldner et al. inhibited the negative immune checkpoint VISTA (encoded by Vsir) on TAMs which similar as targeting TREM2 enhanced the CD3+ cell abundance within BrM leading to improved efficacy of anti-PD-L1 (28). Given the high abundance and strong expression of Vegfa/VEGFA in TAMs, interference with VEGF signaling could furthermore lead to enhanced antitumor responses, as shown in a triple treatment approach of murine glioma (75). The authors blocked the angiogenic factors VEGF and ANG-2 in combination with PD-1, which resulted in extended survival of mice compared with anti-VEGF as monotherapy (75). However, targeting VEGF in BrM is not indicated for every primary tumor type which gives rise to BrM. While double inhibition of VEGF and ANG-2 reduced BrM burden in preclinical models of breast-to-brain metastasis (76), VEGFA inhibition can induce long-term dormancy in lung-to-brain metastasis (90). For breast-to-brain metastasis patients, combination of VEGFA inhibition with bevacizumab in combination with carboplatin resulted in a high rate of durable responses (77). Moreover, VEGFA inhibition resulted in a 25% disease response rate in 80% of solid cancer patients with current brain metastasis that failed whole-brain radiotherapy (78).

In summary, novel targeted therapeutic approaches need to be carefully evaluated in a context-specific manner upon spatiotemporal determination of leukocytic subsets within the TME. This is particularly important for targeting specific phenotypic features of TAMs, but at the same time spare homeostatic features of adjacent, non-BrM-associated populations. Furthermore, it will be critical to evaluate to which extent altered gene expression also translates into altered protein abundance, which in addition requires evaluation on a spatial level. In combination with standard therapy, targeting distinct TAM subsets represents a promising strategy. Combination therapies are expected to induce synergy by on the one hand repressing tumor-promoting traits, and on the other hand lifting immunosuppression, thereby enhancing antitumor immunity.



Concluding Remarks

Driven by technical advances, as well as scientific and clinical interest in understanding cellular and molecular landscapes in health and disease, recent research has resulted in tremendous insight into the heterogeneity of TAM of primary and secondary BrMs.

RNA sequencing, multiplexed flow, and mass cytometry revealed the dichotomous nature of TAMs in BrM, wherein resident microglia as well as recruited monocyte-derived macrophages represent the two major populations and contribute significantly to the entire immune cell landscape. Although both TAMs quantitatively differentially contribute to the local TAM pool and populate different niches within the TME, their phenotypic changes occur early upon disease-specific instruction in a highly plastic manner. Together, both TAM populations contribute to the establishment of an immunosuppressive and tumor-promoting environment in BrM. In order to evaluate the applicability of novel targeted approaches, further research needs to determine molecular pattern in spatiotemporal resolution. Detailed mechanistic understanding how standard therapy can be used as an immune modulator in addition to the identification of transcriptional programs that drive disease-promoting states in TAMs to provide scientific rationale for the development of improved therapeutic avenues against BrM is needed.
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Incidence of brain metastases has increased in patients with colorectal cancer (CRC) as their survival has improved. CD3 T-cells and, lately, DGMate (DiGital tuMor pArameTErs) score, have been identified as prognostic factors in locally advanced CRC. Until now, there is no data concerning the prognostic value of these markers in patients with CRC-derived brain metastases. All consecutive patients with CRC-derived brain metastases diagnosed between 2000 and 2017 were retrospectively included. Staining for CD3, CD8, PD-1, PD-L1 and DGMate analyses were performed using tissue micro-array from primary tumors and, if available, brain metastases. All in all, 83 patients were included with 80 primary tumor samples and 37 brain metastases samples available. CD3 and CD8 T-cell infiltration was higher in primary tumors compared to brain metastases. We observed a significant higher DGMate score in rectal tumors compared to colon tumors (p=0.03). We also noted a trend of higher CD3 T-cell infiltration in primary tumors when brain metastases were both supra and subtentorial compared to brain metastases that were only subtentorial or supratentorial (p=0.36 and p=0.03, respectively). No correlation was found between CD3 or CD8 infiltration or DGMate score in primary tumors or brain metastases and overall survival (OS) in the overall population. In patients with rectal tumors, a high DGMate score in brain metastases was associated with longer OS (13.4 ± 6.1 months versus 6.1 ± 1.4 months, p=0.02). High CD3 T-cell infiltration in brain metastases was associated with lower OS in patients with supratentorial brain metastases (9.8 ± 3.3 months versus 16.7 ± 5.9 months, p=0.03). PD-L1 overexpression was rare, both in primary tumors and brain metastases, but PD-L1 positive primary tumors were associated with worse OS (p=0.01). In contrast to breast and lung cancer derived brain metastases, CD3 and CD8 infiltration and DGMate score are not major prognostic factors in patients with CRC-derived brain metastases.




Keywords: colorectal cancer, brain metastases, anti-tumoral immunity, tumor infiltrated lymphocytes (TILs), prognostic factors, CD3



Introduction

The prognosis of patients with metastatic colorectal cancer (mCRC) has improved and median overall survival (OS) is now about three years. In parallel to this OS improvement, the incidence of unusual metastatic sites such as brain metastases (BM) has increased (1). Mostly metachronous, BMs derived from CRC are diagnosed about two years after the primary tumor diagnosis and are usually associated with a RAS mutation (2, 3). CRC-derived BMs remain associated with a poor prognosis with 5 months of median OS (4).

Immune infiltration is a known prognostic factor in locally advanced CRC and will perhaps be used in the near future as a prognostic factor to determine modalities of adjuvant chemotherapy (5, 6). The percentage of CD3+ T cells at the invasive margin of locally advanced CRC is also a predictive factor of metachronous metastases (7). It also remains a robust prognostic factor at the metastatic stage (8). Furthermore, CD3+ T lymphocytes are the main type of tumor-infiltrating lymphocytes (TIL) identified in BMs of various primary tumors. This infiltration correlates with prolonged OS in BMs derived from lung cancer, breast cancer, melanoma or renal cell cancer (9). In CRC-derived BMs, data are lacking since BMs from CRC are rare (1 to 5% of CRC) (3). This is of great interest as prognosis in mCRC is correlated with infiltration of the least-immune infiltrated metastases and BMs are supposed to be poorly infiltrated by immune cells (10). Therefore, more biological insight is needed to characterize dynamic and prognostic significance of immune infiltration, especially by CD3+ T cells, in this rare subgroup of CRC with BMs.

An artificial intelligence software device, using a LASSO algorithm called DiGital tuMour pArameTErs (DGMate), was shown in the PETACC08 study to predict the prognosis of locally advanced colon cancers (stage III) (11). DGMate score is a set of texture parameters extracted from the CRC tissue. When combined with CD3 staining, it overwhelms immune score performance in predicting the outcome of locally advanced colon cancer. Indeed, a predictive nomogram based on DGMate, CD3 TIL and clinical variables has identified a group of patients with less than 10% relapse risk and another group with a 50% relapse risk in stage III CRC. These tools are not yet validated in mCRC. We analyzed both CD3 infiltration and DGMate score in a rare series of CRC-derived BM to assess whether CD3 infiltration and/or DGMate score were prognostic factors in CRC-derived BMs.



Materials and Methods


Patients

This study was conducted on samples available from patients included in the study previously published by Roussille P et al. (2, 3). All consecutive patients with BM from CRC, diagnosed from 2001 to 2016, were identified in our institution using our clinical report database. Inclusion criteria were age over 18 years, histologically confirmed CRC and histologically or radiologically confirmed BM by computed tomography scan (CT-scan) and/or magnetic resonance imaging (MRI) were included. Our institution’s Ethics Committee approved the study (DC-2008-565). The study was performed according to the principles of the Declaration of Helsinki.

Microsatellite stable/instable status (MSS/MSI), KRAS, NRAS and BRAF V600E mutational statuses were determined as previously described (2).



Tissue Microarray Construction and Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) blocks were used for tissue microarray (TMA) construction using four biopsy cores of 1 mm diameter per tumor in the tumor center (MTA Booster© version 1.01, Alphelys, Paris, France). Both primary tumors (PT) and BMs, if available, were included in the TMA.

IHC was carried out on paraffin-embedded 3-µm thick TMA sections with antibodies directed against Programmed death-1 (PD-1) (clone NAT105, Roche©), Programmed death-ligand 1 (PD-L1) (clone SP263, Roche©), CD3 (clone F7.2.38, Agilent©) and CD8 (clone C8144B, Dako©) according to the manufacturer’s instructions. Once counterstained and permanently mounted, slides were scanned with a Nanozoomer HT2.0 (Hamamatsu Photonics) at ×20 magnification to generate a whole slide imaging (WSI) file in ndpi format (Figure 1).




Figure 1 | Median overall survival after brain metastases diagnosis. Kaplan-Meier method was used to determine OS.



For each TMA core, CD3 positive cells were detected using QuPath© software (12) and exported as a number of positive cells by mm² (TMA core area = 1,13 mm²). DGMate score was calculated for each tumor core as described by Reichling and colleagues (11). Briefly, using QuPath© software, the whole slide was tiled using a DoG superpixel strategy. For each tile QuPath© is able to measure and export 127 parameters related to color, texture or pixel environment within the tile. These parameters are used in a random forest prediction model, called Coloclass (11), to classify tiles in several tissue classes such as tumor, immune patch, healthy and stroma for instance. Next, restricting information to tiles classified as tumors, a score predictive of relapse-free survival in stage III colon cancer, coined DGMate, was estimated through a Cox regression model with lasso method to select a minimum set of predictive parameters. The CD3 lymphocyte surface area and DGMate were quantified automatically both in the tumor core of PT and BM.

PD-1 IHC was considered positive when ≥1% of intra-epithelial tumor infiltrating lymphocytes (TILs) were stained. PD-L1 immunostaining was considered positive when ≥1% of tumor cells had membranous staining. CD3 and CD8 staining were also analyzed as the percentage of both intra-tumoral and stromal CD3 and CD8 positive lymphocytes over the total immune cells (13).



Statistical Analysis

Continuous variables were described with median, standard deviation (SD) and range. Qualitative variables were described with frequency and percentage. Comparisons of characteristics were performed with the non-parametric Mann-Whitney (2 groups) or Kruskall-Wallis (3 groups or more) tests for continuous variables and the chi-square test or Fisher’s exact test for qualitative variables. Correlation was determined calculating Spearman’s rank-order coefficient.

The primary endpoint was OS, defined by the time between BM diagnosis and death, whatever the causes. Survival curves and 95% confidence intervals (CI) were determined using the Kaplan-Meier method. Predictive factors of OS were evaluated using the log-rank test for univariate analysis and variables with p values ≤0.10 in univariable analyses were included in multivariate analysis using a Cox regression model.

The level of significance was set at a p value of 0.05. All statistical tests were two-sided. Statistical analyses were performed using Statview© 4.0 software (SAS Institute Inc., Cary, NC, USA).




Results


Population

Eighty-three patients were included with PT samples available in 80 cases and BMs tissues available for 37 patients. Samples from both PT and BMs were available for staining analysis for 34 patients. Median age at BM diagnosis was 66.8 years old (Table 1). Most patients had a T3 (64.0%) or a T4 (25.3%) tumor with lymph nodes invasion (72.4%). At CRC diagnosis most tumors were stage III or IV (79.2%). RAS was mutated in 61.5% of cases and BRAF was mutated in 6.4% of cases.


Table 1 | Patients, primary tumors and brain metastases characteristics.



Among the 83 patients included, 96.4% had neurologic symptoms that led to the BM diagnosis. At BM diagnosis most patients had extracranial metastases (ECM) (90.4%) and 81.9% had already received at least one line of chemotherapy for their metastatic disease. Most patients had metachronous BM from PT diagnosis (92.8%) or from ECM diagnosis (80.0%). A minority of patients had synchronous BM at diagnosis of metastatic disease (20.0%). Median interval between BM diagnosis and PT diagnosis was 35.1 ± 3.4 months. Median interval between BM diagnosis and ECM diagnosis was 21.2 ± 2.7 months.

About half of patients had single BM (50.6%), mostly supratentorial only (57.8%). At BM diagnosis half patients had an Eastern Cooperative Oncology Group performance status (ECOG PS) at 2 or more (47.5%).

All in all, 37 patients (44.6%) underwent BM surgery. Decision of BM surgery was decided during a multidisciplinary team meeting based on the performance status of the patient, the expected OS, the number, size and location of BM. Most patients (83.0%) underwent radiotherapy of the BM. Among the patients treated with radiotherapy, 23.5% were treated by stereotactic radiosurgery and 69.1% were treated with whole brain radiotherapy. The remaining patients received local radiotherapy without using stereotactic radiosurgery. Among the patients with BM surgery, most have undergone previous chemotherapy for the metastatic disease (59.5%) and adjuvant radiotherapy after BM surgery (94.6%).



CD3 T-Cell Infiltration and DGMate Score in Primary Tumor and Brain Metastases

CD3 T-cell infiltration was higher in PT as compared to BM (78.9/mm3 versus 19.1/mm3, p=0.0071) (Figure 2). We observed no correlation of CD3 T-cell infiltration between BM and PT (Rho=0.29, p=0.13).




Figure 2 | CD3 infiltration (A) and DGMate (B) in primary tumor and brain metastases.



Concerning the rate of the DGMate score there was no statistical difference between PT and BM (p=0.86). We observed a strong correlation between the DGMate score in PT and the DGMate score BM (Rho=0.62, p=0.0004).



Correlation Between CD3 T-Cell Infiltration and DGMate Score With Patient and Tumor Characteristics

Age, gender, tumor grade, stage at initial CRC diagnostic, T stage, N stage, interval between metastases and PT diagnosis, interval between BM and PT diagnosis, interval between BM and ECM diagnosis, RAS status, BRAF status and MMR status were not associated with CD3 T-cell infiltration in PTs (Table 2). CD3 T-cell infiltration in PTs increased with T stage from 24.6/mm3 for T1 to 100.7/mm3 for T4 but was not significant (p=0.43). Concerning DGMate score in PTs, using the same patient and tumor characteristics, no statistically difference was observed. DGMate score in PTs increased with T stage from 1.85 for T1 to 1.98 for T4 but was not significant (p=0.31). There was no significant difference in CD3 infiltration or DGMate score in PTs according to the metachronous or synchronous status of the BM from the diagnosis of PT or ECM.


Table 2 | Correlation between CD3 T-cell infiltration and DGMate score with patient and tumor characteristics.



CD3 T-cell infiltration or DGMate score in BMs were not statistically different according to patient or tumor characteristics (Table 2).

We observed non-significantly higher CD3 T-cell infiltration in rectal tumors compared to colon tumors (108.7 ± 30.4/mm3 versus 54.9 ± 15.9/mm3, p=0.26) and a significantly higher DGMate score (2.1 ± 0.1 versus 1.9 ± 0.1, p=0.03) (Table 3). When BMs were both supra and subtentorial, mean CD3 T-cell infiltration in PTs (137.1 ± 42.8/mm3) was higher than when BMs were subtentorial only (85.7 ± 31.2/mm3) or supratentorial only (53.9 ± 17.5/mm3) (p=0.36 and p=0.03, respectively). The same trend was observed with CD3 T-cell infiltration in BMs. There was a non-significant increase of CD3 T-cell infiltration in PT and BM when BMs were multiple (p=0.40 and p=0.23, respectively) (Table 3). We also observed a trend of higher DGMate score in BM in patients with multiple BMs (2.2 ± 0.1 versus 1.9 ± 0.1, p=0.07).


Table 3 | CD3 T-cell infiltration and DGMate score in primary tumor and brain metastases according to BM site and BM numbers.





CD8 T-Cell Infiltration and Expression of PD-L1 In Primary Tumor and Brain Metastases

PTs had CD8 positive T-cells in most cases (93.4%) with a mean of 13.7% CD8+ lymphocyte infiltrates (median 10.0%, range 0-70.0%). BM CD8 positive T-cells were less frequent (62.9%, n=22/35), with a mean of 8.6% of CD8+ lymphocyte infiltrates (median 3.0%, range 0-50.0%). While there was a correlation between CD8 T-cell infiltration in BM and PT (Rho=0.37, p=0.01), CD8 T-cell infiltration was higher in PT as compared to BM (p=0.03).

Primary tumors with PD-1 positive TILs were 13.3% but no BM with PD-1 positive TILs was found in the available samples. We observed only 6.8% PTs with PD-L1 positive TILs and there were two BMs with PD-L1 positive TILs (n=2/35, 5,7%). Both BMs with PD-L1 positive TILs had PTs with no PD-L1 positive TILs. Among the PTs with PD-L1 positive TILs, only one had an available BM sample and it was negative for PD-L1 TILs.



Prognostic Value of Immune T-Cell Infiltration and DGMate Score

Median OS after PT diagnosis was 41.0 ± 1.5 months. Median OS after BM diagnosis was 3.9 ± 0.5 months (Figure 3). Patient and tumor characteristics associated with OS after BM diagnosis were age, site of primary tumor, ECOG PS, BRAF status, site of BMs, number of BMs and lung metastases in univariate analysis (Table 4). Neither CD3 infiltration nor DGMate score in PT or BM was correlated with OS. In multivariate analysis, only ECOG PS 0-1 and absence of lung metastasis were associated with better OS.




Figure 3 | Median overall survival (OS) after brain metastasis diagnosis. Kaplan Meier method was used to determine OS.




Table 4 | Prognostic factors of overall survival from brain metastases diagnosis.



Neither CD3 infiltration nor DGMate score in PT or BM was correlated with OS from CRC diagnosis (Figures 4A, B). In addition, CD3 infiltration or DGMate score in patients with metastatic or non-metastatic disease at CRC diagnosis had no prognostic impact.




Figure 4 | Median overall survival after brain metastases diagnosis according to DGMate score (A), CD3 infiltrating T-cells (B), CD8 infiltrating T-cells (C), and PDL1 positive tumors (D) in primary tumor. Kaplan-Meier method was used to determine OS. DGMate, CD3 and CD8 scores were split at median and p valuecalculated using the Logrank test.



Since CD3 T-cell infiltration and/or DGMate scores were different according to PT site, BMs location and BMs number, we looked for a potential prognostic impact in these subgroups. When DGMate score was divided in two groups according to the median, high DGMate score in BM was associated with longer OS in two subgroups: patients with multiple BMs (20.3 ± 3.8 months versus 3.7 ± 4.0 months, p=0.06) and patients with rectal tumor (13.4 ± 6.1 months versus 6.1 ± 1.4 months, p=0.02) (Figures 5A, B). When CD3 T-cell infiltration was divided in two groups according to the median, high CD3 T-cell infiltration in BM was associated with lower OS in two subgroups: patients with colon tumor (4.6 ± 2.3 months versus 12.0 ± 5.5 months, p=0.02) and patients with supratentorial BMs (9.8 ± 3.3 months versus 16.7 ± 5.9 months, p=0.03) (Figures 6A, B).




Figure 5 | Median overall survival after brain metastases diagnosis according to DGMate score in BM among patients with rectal tumor (A) and patients with multiple BMs (B). Kaplan-Meier method was used to determine OS. DGMate score was split at median and p value calculated using the Logrank test.






Figure 6 | Median overall survival after brain metastases diagnosis according to CD3 T-cell infiltration in BM among patients with colon cancer (A) and supratentorial BMs (B). Kaplan-Meier method was used to determine OS. CD3 T-cell infiltration score was split at median and p value calculated using the Logrank test.



PD-L1 positive PTs were associated with worse OS from CRC diagnosis (10.1 ± 6.6 months versus 43.1 ± 1.6 months, p=0.01) (Figure 4D). CD8 T-cell infiltration in PT was not correlated with OS (Figure 4C). Nor PD-L1 positive BM or CD8 T-cell infiltration in BM was correlated with OS after BM diagnosis.




Discussion

This large series of 83 CRC patients with BM displayed lower CD3 and CD8 T-cell infiltration in BMs compared with PTs. In PTs there was a trend of higher CD3 T-cell infiltration in rectal tumor, when BMs were both supra and subtentorial and when BMs were multiple. No correlation was found between CD3 or CD8 infiltration in PT or BM and OS in overall population. Patients with high CD3 T-cell infiltration in BMs had a lower OS in two subgroups: patients with colon tumor and patients with supratentorial BMs. In contrast to locally advanced CRC, CD3 and CD8 infiltration and DGMate score were not robust prognostic factor in CRC patients with BM. PD-L1 positive PTs or BMs were rare but PD-L1 positive PTs were associated with worse OS from CRC diagnosis.

Our series of 83 CRC patients with BM had similar patients and tumor characteristics as previously described, i.e. frequent rectal tumor, lung metastases, synchronous metastatic disease and RAS-mutated tumors (1, 3). In addition, CRCs are associated with different clinicopathological features according to the type of RAS mutation (14). Most CRC-derived BMs were metachronous (more than 90%) and with a median interval of more than 30 months from PT diagnosis (3, 15, 16).

For the first time we analyzed immune infiltrates in both PT and BM in a series of CRC-derived BMs. We determined CD3 infiltration using artificial intelligence and the validated DGMate score, as well as CD8 infiltration, PD-L1 and PD-1 positive tumors (11, 12). CD3 and CD8 T-cell infiltration were higher in PTs as compared to BMs. To our knowledge, no other study has evaluated correlations between lymphocyte infiltration in BM and PT in CRC. Nevertheless, lymphocytes are typically absent from the healthy brain parenchyma (17). Most primary brain tumors contain few TILs, but some reports have suggested the presence of dense TIL infiltrates in BMs of different cancer types (9). In this series, most PTs were lung or breast cancers and correlation between PT and BM infiltrates was not analyzed. In a series of 46 matched samples of breast primary tumors and breast-derived BMs, BMs were positive for TILs in only 36% of cases compared to 82% of primary breast tumors (18). No correlation was established between CD3 infiltration in BMs and PTs in our series of CRC. To our knowledge, only one study has evaluated PD-L1 expression in BMs as compared to PTs in breast cancer and no difference was found between the two sites (18). In our series of CRC-derived BMs, PD-L1 overexpression was rare in both BMs and PTs. Moreover, PD-L1 overexpression in BMs was not associated with PD-L1 overexpression in PTs and vice versa. Angelova et al. analyzed both the clonal tumor cell evolution and immune landscape between PT and metastatic sites in two patients with metastatic CRC (19). They studied immune disparity from one metastatic site to another and showed that immunoediting is at work at the metastatic stage of CRC. The studied patients did not present BM but, in contrast to lung, breast cancers and melanoma, BMs represent a terminal evolution of CRCs. Immune response is expected to evolve drastically between the PT and the BM. Different rounds of chemotherapy may affect immune effectors, especially after a long disease history, which is the case in most CRC-derived BMs (20). These points could explain the absence of correlation of CD3 infiltration between BM and PT in our series of CRC-derived BMs. The lower CD3 T-cell infiltrates in BMs as compared to primary CRCs confirms the difficulties of T-cell recruitment in BMs.

In CRC, CD3 T-cell infiltrate in PTs has been associated with patient and tumor characteristics. Higher T and N stages have been associated with lower T-cell infiltration (11, 21). By contrast, in our study, we observed in PTs a trend of higher CD3 T-cell infiltration in higher T stages and no correlation with N stages. We also noted a non-significantly higher CD3 T-cell infiltration in rectal tumors compared to colon tumors. Our series was a subgroup of rare CRCs with BM whose T-cell infiltration had never been evaluated before. Moreover, CD3 staining covered different types of effector T-cells and infiltrates are different between tumor center and invasion front but in our series, only tumor center was studied (5, 11, 21, 22). Reichling et al. (11) evaluated CD3 T-cell infiltrates with the same method but only in stage III colon cancer, which is a different series compared to ours.

To our knowledge, no study has previously evaluated the correlation of CD3 infiltration with BM characteristics. We observed that CD3 T-cell infiltration in PT was higher when BMs were both supra and subtentorial. In addition, there was a trend of more CD3 T-cell infiltration in PT and BM when BMs were multiple. Caution and confirmation on a larger cohort are required to interpret these data given the low number of patients in each subgroup. Higher T-cell infiltration in BM could represent microenvironment modification due to cancer cell aggressiveness, which correlates with their ability to colonize both the infra and supra-tentorial brain.

DGMate score was first built and validated in stage III colon cancers (11). In this setting, DGMate score increased with T and N stages. In our series, DGMate score did not differ between PT and BM. Furthermore, we observed a strong correlation between the DGMate score in PT and BM, suggesting that this prognostic score had no major change during tumor progression. Our results indicate that although the immune environment is reshaped from PT to BM, other tumor characteristics taken into account by the DGMate score were stable despite time evolution and treatments. As in the PETACC08 study, there was a trend of higher DGMate score in PT with higher T stage. DGMate score was also higher in rectal tumors as compared to colon tumors. We also observed a trend of higher DGMate score in BM in patients with multiple BMs. These correlations suggest that DGMate score could be a surrogate marker of tumor aggressiveness in CRC-derived BM, as is already described in stage III CRC.

CD3 and/or CD8 T-cell infiltrates have been associated with CRC prognosis in many studies (5, 11, 21, 23). Nevertheless, in our series of CRC-derived BM, CD3 and CD8 infiltration in PT or BM did not correlate with OS. CD3 was questioned as a prognostic factor in locally advanced CRC and immune scores were developed to overcome the approximation linked to this single marker. More importantly, there is no strong evidence that CD3, CD8 or immune scores in PT of mCRC are predictive factors of OS. Several studies have shown discordance in immune cell infiltration between PT and metastases, but these studies focused mainly on liver or lung metastases (24–26). Moreover, some studies have suggested that the least immune-infiltrated metastasis predict OS in mCRC (10, 20, 26). These observations could explain why CD3 and CD8 infiltrates in PT or BM were not a prognostic factor in our series of mCRC with BM. As a positive CD3 staining covers different types of effector T-cells, some groups showed that a subgroup analysis of T-cells was required to establish a correlation of immune infiltration with prognosis at a metastatic stage, for instance in lung metastases (22). In contrast, in liver metastases, CD3 alone was correlated with OS (27). Furthermore, in a series of BMs derived from melanoma, lung, breast and renal cancers, the most frequently observed high immune infiltration involved CD3 positive cells and was associated with OS (9). In CRC, BM is a late event with poor prognosis. We analyzed only 37 BMs, which made correlations between T-cell infiltration in BM and OS difficult to establish. By contrast, PD-L1 positive PTs were associated with worse OS from CRC diagnosis. It is worth noting that only 5 PTs (6.8%) were PD-L1 positive. Our study showed comparable proportions of PD-L1 positive tumors when compared with other studies in the literature (28, 29). This association with OS should be interpreted with caution considering the small number of patients with PD-L1 positive tumors and potential tumor heterogeneity. High PD-L1 expression has been associated with longer OS in mCRC in some studies, but not all (30, 31). In addition, in lung cancers with BMs, PD-L1 expression has been associated with worse OS (30). Larger studies are needed to confirm the prognostic value of PD-L1 expression in cancer patients with BM.

DGMate score was associated with stage III colon cancer prognosis (11). In our cohort, DGMate score in PT did not correlate with OS. We hypothesized that the disease stage could account for this result since it was formed mainly of T3-T4 stage primary tumors (about 80%) and only stage III colon cancers by contrast to our series with only 34.1% of stage III CRC at diagnosis. At the BM site, DGMate score was not associated with OS. DGMate score is a tumor signature of 127 parameters whose interpretation might be intrinsic to each type of tissue and could differ from one type of tissue to another. Previously published prognostic factors in patients with BM from CRC were identified in our series, like ECOG PS and lung metastases (3).

Since CD3 T-cell infiltration and/or DGMate score were different according to PT site, BM site and BM number, we looked at a potential prognostic impact in these subgroups. High CD3 T-cell infiltration in BM was associated with lower OS in the subgroup of patients with supratentorial BMs. In addition, high DGMate score in BMs was associated with longer OS in two subgroups: patients with multiple BMs and patients with rectal tumor. Larger series are required to validate these associations. Supratentorial BMs were previously associated with better prognosis and multiple BMs with poor prognosis (3).



Conclusion

CD3 and CD8 infiltration, PD-L1 expression and DGMate score at the brain metastatic site do not predict OS in patients with BMs from CRC. Our results suggest that immune response in CRC-derived BM differs from other CRC metastatic sites and further basic research focused on these lesions is required.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by local ethics committee (DC-2008-565). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

VR, LT, FG, and DT performed study concept and design. AD, SE, VD, PR, and JG performed development of methodology and carried out the experiments. AD, JG, and EF contributed to sample preparation. VR, FG, and DT contributed to the interpretation of the results. DT and VR took the lead in writing the first draft of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by a grant from the associations “Sport et Collection” and “Ligue Contre le Cancer, Comités départementaux de la Vienne, Charente et Charente-Maritime”.



Acknowledgments

The authors thank Jeffrey Arsham for English proofreading of the manuscript.



References

1. Christensen, TD, Spindler, K-LG, Palshof, JA, and Nielsen, DL. Systematic Review: Brain Metastases From Colorectal Cancer—Incidence and Patient Characteristics. BMC Cancer (2016) 16(1):260. doi: 10.1186/s12885-016-2290-5

2. Roussille, P, Tachon, G, Villalva, C, Milin, S, Frouin, E, Godet, J, et al. Pathological and Molecular Characteristics of Colorectal Cancer With Brain Metastases. Cancers (2018) 10(12):504. doi: 10.3390/cancers10120504

3. Roussille, P, Auvray, M, Vansteene, D, Lecomte, T, Rigault, E, Maillet, M, et al. Prognostic Factors of Colorectal Cancer Patients With Brain Metastases. Radiother Oncol (2021) 158:6773. doi: 10.1016/j.radonc.2021.02.006

4. Mege, D, Sans, A, Ouaissi, M, Iannelli, A, and Sielezneff, I. Brain Metastases From Colorectal Cancer: Characteristics and Management. ANZ J Surg (2018) 88(3):1405. doi: 10.1111/ans.14107

5. Galon, J, Costes, A, Sanchez-Cabo, F, Kirilovsky, A, Mlecnik, B, Lagorce-Pagès, C, et al. Type, Density, and Location of Immune Cells Within Human Colorectal Tumors Predict Clinical Outcome. Science (2006) 313(5795):19604. doi: 10.1126/science.1129139

6. Pagès, F, André, T, Taieb, J, Vernerey, D, Henriques, J, Borg, C, et al. Prognostic and Predictive Value of the Immunoscore in Stage III Colon Cancer Patients Treated With Oxaliplatin in the Prospective IDEA France PRODIGE-GERCOR Cohort Study. Ann Oncol (2020) 31(7):9219. doi: 10.1016/j.annonc.2020.03.310

7. Laghi, L, Bianchi, P, Miranda, E, Balladore, E, Pacetti, V, Grizzi, F, et al. CD3+ Cells at the Invasive Margin of Deeply Invading (Pt3-T4) Colorectal Cancer and Risk of Post-Surgical Metastasis: A Longitudinal Study. Lancet Oncol (2009) 10(9):87784. doi: 10.1016/S1470-2045(09)70186-X

8. Baldin, P, Van den Eynde, M, Mlecnik, B, Bindea, G, Beniuga, G, Carrasco, J, et al. Prognostic Assessment of Resected Colorectal Liver Metastases Integrating Pathological Features, RAS Mutation and Immunoscore. J Pathol Clin Res (2021) 7(1):2741. doi: 10.1002/cjp2.178 

9. Berghoff, AS, Fuchs, E, Ricken, G, Mlecnik, B, Bindea, G, Spanberger, T, et al. Density of Tumor-Infiltrating Lymphocytes Correlates With Extent of Brain Edema and Overall Survival Time in Patients With Brain Metastases. Oncoimmunology (2016) 5(1):e1057388. doi: 10.1080/2162402X.2015.1057388

10. Mlecnik, B, Van den Eynde, M, Bindea, G, Church, SE, Vasaturo, A, Fredriksen, T, et al. Comprehensive Intrametastatic Immune Quantification and Major Impact of Immunoscore on Survival. J Natl Cancer Inst (2018) 110(1):97–108. doi: 10.1093/jnci/djx123

11. Reichling, C, Taieb, J, Derangere, V, Klopfenstein, Q, Le Malicot, K, Gornet, J-M, et al. Artificial Intelligence-Guided Tissue Analysis Combined With Immune Infiltrate Assessment Predicts Stage III Colon Cancer Outcomes in PETACC08 Study. Gut (2020) 69(4):68190. doi: 10.1136/gutjnl-2019-319292

12. Bankhead, P, Loughrey, MB, Fernández, JA, Dombrowski, Y, McArt, DG, Dunne, PD, et al. QuPath: Open Source Software for Digital Pathology Image Analysis. Sci Rep (2017) 7(1):16878. doi: 10.1038/s41598-017-17204-5

13. Tougeron, D, Fauquembergue, E, Rouquette, A, Le Pessot, F, Sesboüé, R, Laurent, M, et al. Tumor-Infiltrating Lymphocytes in Colorectal Cancers With Microsatellite Instability are Correlated With the Number and Spectrum of Frameshift Mutations. Mod Pathol (2009) 22(9):1186–95. doi: 10.1038/modpathol.2009.80

14. Rimbert, J, Tachon, G, Junca, A, Villalva, C, Karayan-Tapon, L, and Tougeron, D. Association Between Clinicopathological Characteristics and RAS Mutation in Colorectal Cancer. Mod Pathol (2018) 31(3):517–26. doi: 10.1038/modpathol.2017.119

15. Tanriverdi, O, Kaytan-Saglam, E, Ulger, S, Bayoglu, IV, Turker, I, Ozturk-Topcu, T, et al. The Clinical and Pathological Features of 133 Colorectal Cancer Patients With Brain Metastasis: A Multicenter Retrospective Analysis of the Gastrointestinal Tumors Working Committee of the Turkish Oncology Group (TOG). Med Oncol (2014) 31(9):152. doi: 10.1007/s12032-014-0152-z

16. Berghoff, AS, Schur, S, Füreder, LM, Gatterbauer, B, Dieckmann, K, Widhalm, G, et al. Descriptive Statistical Analysis of a Real Life Cohort of 2419 Patients With Brain Metastases of Solid Cancers. ESMO Open (2016) 1(2):e000024. doi: 10.1136/esmoopen-2015-000024

17. Galea, I, Bechmann, I, and Perry, VH. What Is Immune Privilege (Not)? Trends Immunol (2007) 28(1):128. doi: 10.1016/j.it.2006.11.004

18. Ogiya, R, Niikura, N, Kumaki, N, Yasojima, H, Iwasa, T, Kanbayashi, C, et al. Comparison of Immune Microenvironments Between Primary Tumors and Brain Metastases in Patients With Breast Cancer. Oncotarget (2017) 8(61):103671–81. doi: 10.18632/oncotarget.22110

19. Angelova, M, Mlecnik, B, Vasaturo, A, Bindea, G, Fredriksen, T, Lafontaine, L, et al. Evolution of Metastases in Space and Time Under Immune Selection. Cell (2018) 175(3):751–65.e16. doi: 10.1016/j.cell.2018.09.018

20. Van den Eynde, M, Mlecnik, B, Bindea, G, Fredriksen, T, Church, SE, Lafontaine, L, et al. The Link Between the Multiverse of Immune Microenvironments in Metastases and the Survival of Colorectal Cancer Patients. Cancer Cell (2018) 34(6):1012–26.e3. doi: 10.1016/j.ccell.2018.11.003

21. Pagès, F, Berger, A, Camus, M, Sanchez-Cabo, F, Costes, A, Molidor, R, et al. Effector Memory T Cells, Early Metastasis, and Survival in Colorectal Cancer. N Engl J Med (2005) 353(25):265466. doi: 10.1056/NEJMoa051424

22. Schweiger, T, Berghoff, AS, Glogner, C, Glueck, O, Rajky, O, Traxler, D, et al. Tumor-Infiltrating Lymphocyte Subsets and Tertiary Lymphoid Structures in Pulmonary Metastases From Colorectal Cancer. Clin Exp Metastasis (2016) 33(7):72739. doi: 10.1007/s10585-016-9813-y

23. Mlecnik, B, Bifulco, C, Bindea, G, Marliot, F, Lugli, A, Lee, JJ, et al. Multicenter International Society for Immunotherapy of Cancer Study of the Consensus Immunoscore for the Prediction of Survival and Response to Chemotherapy in Stage III Colon Cancer. J Clin Oncol (2020) 38(31):363851. doi: 10.1200/JCO.19.03205

24. Halama, N, Spille, A, Lerchl, T, Brand, K, Herpel, E, Welte, S, et al. Hepatic Metastases of Colorectal Cancer are Rather Homogeneous But Differ From Primary Lesions in Terms of Immune Cell Infiltration. Oncoimmunology (2013) 2(4):e24116. doi: 10.4161/onci.24116

25. Van den Eynde, M, Mlecnik, B, Bindea, G, and Galon, J. Multiverse of Immune Microenvironment in Metastatic Colorectal Cancer. Oncoimmunology (2020) 9(1):1824316. doi: 10.1080/2162402X.2020.1824316

26. Ahtiainen, M, Elomaa, H, Väyrynen, JP, Wirta, E-V, Kuopio, T, Helminen, O, et al. Immune Contexture of MMR-Proficient Primary Colorectal Cancer and Matched Liver and Lung Metastases. Cancers (Basel) (2021) 13(7). doi: 10.3390/cancers13071530

27. Donadon, M, Hudspeth, K, Cimino, M, Di Tommaso, L, Preti, M, Tentorio, P, et al. Increased Infiltration of Natural Killer and T Cells in Colorectal Liver Metastases Improves Patient Overall Survival. J Gastrointest Surg (2017) 21(8):1226–36. doi: 10.1007/s11605-017-3446-6

28. Gatalica, Z, Snyder, C, Maney, T, Ghazalpour, A, Holterman, DA, Xiao, N, et al. Programmed Cell Death 1 (PD-1) and its Ligand (PD-L1) in Common Cancers and Their Correlation With Molecular Cancer Type. Cancer Epidemiol biomark Prev (2014) 23(12):2965–70. doi: 10.1158/1055-9965.EPI-14-0654

29. Lee, LH, Cavalcanti, MS, Segal, NH, Hechtman, JF, Weiser, MR, Smith, JJ, et al. Patterns and Prognostic Relevance of PD-1 and PD-L1 Expression in Colorectal Carcinoma. Mod Pathol (2016) 29(11):1433–42. doi: 10.1038/modpathol.2016.139

30. Téglási, V, Reiniger, L, Fábián, K, Pipek, O, Csala, I, Bagó, AG, et al. Evaluating the Significance of Density, Localization, and PD-1/PD-L1 Immunopositivity of Mononuclear Cells in the Clinical Course of Lung Adenocarcinoma Patients With Brain Metastasis. Neuro-Oncology (2017) 19(8):1058–67. doi: 10.1093/neuonc/now309

31. Droeser, RA, Hirt, C, Viehl, CT, Frey, DM, Nebiker, C, Huber, X, et al. Clinical Impact of Programmed Cell Death Ligand 1 Expression in Colorectal Cancer. Eur J Cancer (2013) 49(9):2233–42. doi: 10.1016/j.ejca.2013.02.015




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


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Randrian, Desette, Emambux, Derangere, Roussille, Frouin, Godet, Karayan-Tapon, Ghiringhelli and Tougeron. 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.




REVIEW

published: 26 October 2021

doi: 10.3389/fonc.2021.711405

[image: image2]


The Role of the Immune Response in Brain Metastases: Novel Imaging Biomarkers for Immunotherapy


Rasheed Zakaria 1,2, Mark Radon 3, Samantha Mills 3, Drew Mitchell 4, Carlo Palmieri 2, Caroline Chung 5 and Michael D. Jenkinson 2,6*


1 Department of Neurosurgery, University of Texas M.D.Anderson Cancer Center, Houston, TX, United States, 2 Faculty of Health and Life Sciences, University of Liverpool, Liverpool, United Kingdom, 3 Department of Radiology, Walton Centre NHS Foundation Trust, Liverpool, United Kingdom, 4 Department of Imaging Physics, University of Texas M.D.Anderson Cancer Center, Houston, TX, United States, 5 Department of Radiation Oncology, University of Texas M.D.Anderson Cancer Center, Houston, TX, United States, 6 Department of Neurosurgery, Walton Centre NHS Foundation Trust, Liverpool, United Kingdom




Edited by: 

Frits Thorsen, University of Bergen, Norway

Reviewed by: 

Lisa Sevenich, Georg Speyer Haus, Germany

Andreas Pircher, Innsbruck Medical University, Austria

*Correspondence: 

Michael D. Jenkinson
 michael.jenkinson@liverpool.ac.uk

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Oncology


Received: 18 May 2021

Accepted: 30 September 2021

Published: 26 October 2021

Citation:
Zakaria R, Radon M, Mills S, Mitchell D, Palmieri C, Chung C and Jenkinson MD (2021) The Role of the Immune Response in Brain Metastases: Novel Imaging Biomarkers for Immunotherapy. Front. Oncol. 11:711405. doi: 10.3389/fonc.2021.711405



Brain metastases are a major clinical problem, and immunotherapy offers a novel treatment paradigm with the potential to synergize with existing focal therapies like surgery and radiosurgery or even replace them in future. The brain is a unique microenvironment structurally and immunologically. The immune response is likely to be crucial to the adaptation of systemic immune modulating agents against this disease. Imaging is frequently employed in the clinical diagnosis and management of brain metastasis, so it is logical that brain imaging techniques are investigated as a source of biomarkers of the immune response in these tumors. Current imaging techniques in clinical use include structural MRI (post-contrast T1W sequences, T2, and FLAIR), physiological sequences (perfusion- and diffusion-weighted imaging), and molecular imaging (MR spectroscopy and PET). These are reviewed for their application to predicting and measuring the response to immunotherapy in brain metastases.
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Introduction

The overall clinical burden from brain metastases (BM) is increasing, most likely to due to more widespread use of brain imaging, even in asymptomatic patients, and improved control of extracranial disease and survival in cancers that predispose to BM. Incidence increases with age and varies with the primary, being most common in non-small-cell lung cancer, breast cancer, and malignant melanoma. This has led to BM occupying substantially more of the neurosurgery, radiology, and oncology workload compared to other brain tumors in recent years (1).

Immunotherapy is a transformative field of treatment for cancer and encompasses a variety of therapeutics including vaccines, oncolytic viruses, cell-based therapies, and immune checkpoint inhibitors (ICI). A number of trials of ICI for solid organ cancers that have included patients with BM suggest a heterogeneous but robust response in the brain [(2) summary (3), for specific example in metastatic melanoma]. This has come on the background of increased investigation of the BM microenvironment and the understanding that this is an immunologically distinct rather than immune-isolated compartment (4, 5). The immune response to BM therefore requires further investigation, to elucidate both the underlying mechanism of this response and that of resistance to therapeutics. Imaging is frequently used in the diagnosis and management of BM, so it is logical that brain imaging techniques are used to investigate the immune response and as a possible source of biomarkers of the immune microenvironment in these tumors (6–9).

At the time of writing this report, there was insufficient data in this field for a systematic review applying PRISMA (10) guidelines; therefore, we have performed a narrative review and categorized the clinically available techniques in brain imaging—taking in studies from other brain tumors and therapies—to assess the prospects for the development of biomarkers of response to immunotherapy in BM.



Conventional MRI Biomarkers of Early Treatment Response

The radiological evaluation of BM response to therapy has fundamentally relied on tumor size on T1-weighted (T1W) contrast-enhanced MRI. Within the context of clinical trials—the Response Assessment in Neuro-Oncology Brain Metastases (RANO-BM) group guidance of 2015—up to five target lesions are identified and measured; these ideally should be large, easily evaluated, and not pretreated (11). There are a variety of definitions of what constitutes a measurable target lesion, but the group suggested these should be at least 10 mm in diameter. The intracranial response was recognized as being independent of extracranial response and accounts for this measured size plus clinical condition and corticosteroid dose. From a radiological perspective, the biomarker here is simply the tumor diameter in its longest axis. A percentage decrease (30% or more for partial response, 100% for complete response) or increase (20% or more for progressive disease) of the summed diameters is used as a surrogate of the true, unmeasurable biological disease response to therapy.

These current RANO methods are two-dimensional, but volume of disease may replace size for a variety of reasons in the future (12). Regarding thresholds, a volumetric change of 20% appears to be a reproducible figure between different readers and may be associated with neurological improvement (13, 14), although the RANO-BM group was more conservative and suggested a 65% volume decrease (corresponding to a 30% diameter reduction, subject to the assumption of a spherical lesion) as a safer cutoff for defining a partial response to therapy (11). In summary, tumor volume is not part of standard clinical reporting to assess response at present, but is useful because of emerging evidence it may better reflect prognosis compared to two-dimensional measurements and is an important metric to include in clinical trials.

The challenge with measuring sizes—either diameter or volume—is that immunotherapy-induced inflammation may mimic progression radiologically. This was already well documented in glioma as the “flare phenomenon,” and in early immunotherapy trials, some extracranial metastases increased in size due to immune infiltration, or new areas of enhancement appeared whilst a response was mounted but disappeared later as there was no viable tumor there (15, 16). Despite these potential pitfalls, conventional RANO-BM was applied to an early ICI trial of pembrolizumab for non-small-cell lung cancer (NSCLC) and melanoma BM (there was no stratification by genetic mutations such as EGFR and BRAF), and the authors found good concordance with other response criteria, although noted that lowering the cutoff for measurable lesions to 5 mm would have included more patients (17). To address this issue of inflammation and size, the immune related Response Criteria (ir-RC) were devised by a different panel of experts for solid tumors (18). As immunotherapy became more widely applied to patients with BM (and glioma), these were reconsidered for neuro-oncology alongside the original RANO and RANO-BM criteria to generate the immunotherapy or iRANO criteria, which are summarized in Figure 1 (19). Based on the available evidence, this group determined that major radiographic changes occurring after 6 months following the start of immunotherapy are likely to be progression, but until this time there should be two major differences in approach compared to other therapies in neuro-oncology. First, in patients with no significant clinical decline, new enhancing lesions should not define progressive disease, on the basis that they may represent inflammation that subsequently resolves. Second, in patients with no significant clinical decline, rather than obtaining a confirmation scan 4 weeks after the initial imaging that suggests progression, this should be done after 3 months to allow time for inflammatory changes to occur and potentially resolve. As in the original criteria, confirmation of progression is backdated to the initial scan that suggested this. The caveat was that the patient in both circumstances must be clinically well, with no new or worsened deficits (unless such deficits have a specific cause like medication or a comorbid event). Finally, the role of steroids in patients with BM undergoing immunotherapy is more complex than in other therapies as they may dampen the immune response and yet may be required to manage symptoms. Therefore, the group deemed that any patient with altered steroid requirement within 2 weeks of MRI should be classified as “non-evaluable” at that time point for response or progression.




Figure 1 | Suggested algorithm for evaluation of progressive imaging findings among neuro-oncology patients undergoing immune-based therapies. Reproduced under Creative Commons license without modification (http://creativecommons.org/licenses/by/4.0/) from (19).



Further guidance on endpoints in immunotherapy trials in BM—particularly the issue of separating out the intracranial and extracranial response—has been provided by the FDA (20). Whilst criteria are dynamic (21, 22), such guidance should reduce the over-reporting of progressive disease due to imaging immune responses and consensus guidelines—which are technically low-quality evidence—will invariably will be applied in trials going forward (23).

In summary, measuring size on post-contrast T1W MRI remains a major part of assessing response to treatment for BM, including immunotherapy. Volume is likely to increase in importance compared to 2-D measurements in the future. Despite being easily understood and established in clinical practice, there are significant problems when applying size measurements alone to BM receiving immunotherapy due to the inflammatory response affecting tumor size and shape. Modern guidelines and trial criteria are reflecting this uncertainty, but ultimately more advanced imaging techniques are needed and treating clinicians and radiologists must have information on the precise timing of immunotherapy, steroids, and the patient’s clinical status to interpret the images.



Beyond Size and Shape: Perfusion and Diffusion

Diffusion-weighted imaging (DWI) has many advantages, being a quick, reproducible, and well-studied sequence in neuro-oncology, which is available on many standard scanners including in non-academic centers. In BM in particular, DWI parameters have been widely investigated as biomarkers of response to radiation and surgery (24) and may demonstrate biological change in both the tumor and the peritumoral region (25, 26), the latter being especially important in immunotherapy response (5).

Apparent diffusion coefficient (ADC) maps can be generated from standard DWI sequences and measured in voxels, regions, or volumes of interest. Diffusion tensor imaging (DTI) generally involves more directions and/or b-values and allows fractional anisotropy (FA) maps and thence putative white matter tracts to be derived. ADC may be a surrogate of cellularity, although for BM this will vary somewhat depending on the primary cancer type (26, 27). For a BM that is continuing to progress after the start of treatment to the point of follow-up imaging, it would be broadly expected for the ADC values within the BM to decrease as the cellularity increases, and this has been shown for specific histologic types, e.g., renal cell carcinoma (28). In a BM treated with immunotherapy, intratumoral infiltration by immune cells, necrosis, and edema could complicate this picture, and no studies have reported measuring ADC in BM undergoing immunotherapy yet. There are some indicators from the glioma literature; for example, a trial of dendritic cell vaccine therapy in eight patients with glioblastoma (GBM) found the minimum tumor ADC values (but not mean values) from the contrast-enhancing regions were lower in tumors that were about to progress or had already progressed compared to those that were stable or responding (29). This highlights another issue that will be relevant for BM studies, which is that clear definitions are needed of how individual biomarkers such as the ADC of the tumor or peritumoural region are recorded. For example, a study of 19 patients with recurrent GBM found increased relative ADC within contrast-enhancing tumor regions in 86% of those responding to ICI treatment within the first 6 months (30). Relative ADC was generated by normalizing the measured ADC to the contralateral white matter. Although this is a common methodological approach in brain tumor studies, it is notable that the small number of reports so far have all used different DWI metrics (e.g., minimum ADC, fractional increased ADC, intermediate ADC volume of interest). Variability in definition is a particular problem in BM, especially when considering multiple time points and multiple small BMs. Unlike glioma, the edema around BM is also largely not infiltrated by tumor cells; therefore, data on the use of ADC readings further out from the tumor border, in the region of FLAIR signal change, are also likely to be less relevant (31). One case report in GBM notably used restriction spectrum imaging (RSI), which applies multiple b-values and gradient directions to try and separate out different components of the diffusion signal, and this may be one option to overcome heterogeneity of signal, but again this has not yet been applied to BM (32).

Perfusion-weighted imaging (PWI), like DWI, has a strong basis in preclinical studies for detecting viable tumor specifically in BM (33). In clinical practice, necrosis, edema, steroids, and anti-angiogenic therapies prior to immunotherapy may confound the measurement of PWI. Logically, one would expect increased blood flow, by whatever metric, to correlate with active tumor, and this has been investigated for patients with melanoma BM receiving ICI using two different dynamic contrast enhanced (DCE)-MRI metrics, the relative Vp90 and relative Ktrans (34). DCE-MRI is one subtype of PWI that uses the T1 relaxation characteristics of gadolinium contrast agents to model the distribution of contrast between the vascular and interstitial space and indicates vascular permeability (for example, due to blood-brain barrier breakdown at the tumor interface). The other common PWI technique in neuro-oncology practice is dynamic susceptibility contrast (DSC)-MRI. This measures the signal loss on a T2 weighted sequence as contrast passes through the area of interest and is more informative of blood flow to a tumor.

The effects of radiation on PWI will complicate assessment further, and this is relevant since combination ICI with radiosurgery is a potentially valuable paradigm in treating BM. It has been shown that during this treatment, if there is no increase in the relative cerebral blood volume (rCBV, a PWI measure derived from DSC-MRI), this favors treatment effect over progressive tumor (35). Finally, the effects of anti-angiogenic agents on PWI will also need to be considered. A recent study of ICI in GBM found there was no predictive value of rCBV derived from DSC-perfusion or Ktrans derived from DCE-perfusion on treatment response; however, crucially 5/19 patients had received and continued to receive anti-angiogenic treatment during the study, with inevitable effects on PWI (30). Given that up to approximately 10–20% of patients may experience radionecrosis (36), potentially more likely in the ICI with radiosurgery-treated patients, anti-angiogenic agents like bevacizumab may be even more frequently used (37). It remains to be seen if ICI affects the tumor and peritumoral region of BM in different ways compared to vaccine or cell-based immunotherapy or if PWI may have different value in BM from primaries where neo-angiogenesis is a particular feature such as NSCLC (38).

This final point is relevant more widely to imaging biomarkers in BM. Solid organ cancers generate BM with different biological behavior, potentially with different growth patterns and vulnerabilities. It remains to be seen to what extent the immune response to BM is brain-specific or tumor type specific and therefore to what extent these imaging techniques could be generalized across BM from different solid organ cancers. The only way forward is to include multiple cancer types and stratify or limit studies to single cancer types and document the molecular subtypes (e.g., BRAF status within melanoma BM), accepting this will lead to smaller studies.

In summary, PWI and DWI are both well-established techniques in clinical practice, which can be performed rapidly and reliably without additional hardware in many cases. Post processing, however, requires more specialist expertise and specific software packages in some instances. The techniques allow qualitative understanding of whether changes in tumor size or microenvironment (e.g., peritumoural edema) are reflective of viable tumor or inflammation. Further data are needed before measures from these sequences can be reliably equated to biological changes during immunotherapy and hence treatment response. They are currently surrogates of quite crude features of the tissue, such as cellular density for DWI or vascularity for PWI, and the underlying intratumoral and peritumoural microenvironment is clearly more complex.



The Potential of Molecular Imaging

Positron Emission Tomography (PET) imaging uses radioactive tracers to assess the metabolic and biochemical activity of tissues and is the most logical technique for assessing early treatment response in BM under immunotherapy treatment. In theory it could cut through much of the confounding effect of pretreatment and radiation effects likely to be seen in this group of patients. Availability and logistics are often challenging with this technique as radiotracers are produced on site and scans are accompanied by structural imaging in the form of CT or MRI.

Amino acid PET has advantages over the conventional F-18 fluorodeoxyglucose (FDG) tracer, particularly its background to noise ratio, and there are a small number of BM-specific studies already in the literature. One descriptive study of melanoma BM patients was conducted using F-18 flourothymidine (FLT) but only collected post-treatment data on two of five patients, making interpretation difficult (39). O-(2-[18F]fluoroethyl)-L-tyrosine (FET) has been used in neuro-oncology to assess amino acid transport in brain tumors and to distinguish immune-related treatment change from progressive disease in glioma (40). A small study of five patients applied FET-PET to those with melanoma BM receiving ICI who had progressive disease as defined by T1W contrast-enhanced MRI. The maximum tumor-to-brain ratio (TBR) of metabolic activity was calculated from the standard uptake value (SUV, a semiquantitative PET measurement of activity) map by comparing tumor ROI to the normal-appearing contralateral white matter. The TBR was higher in the progressive cases, whereas time-to-peak values were shorter. One patient with pseudoprogression could in theory have been identified by FET-PET 4 weeks earlier and continued ICI despite the contrary conventional MRI findings. To overcome the intralesional heterogeneity, this study took only the BM with the highest TBR and all the patients had been heavily pretreated, being on their 2nd to 4th cycle of ICI by the time of scan (41). Subsequently, a larger series of BM patients from NSCLC (n=11) and melanoma (n=29) primaries was investigated using the same technique in retrospective fashion and ROC analysis performed (42). Although this was a heterogeneous group in which radiation and targeted therapy were used as well as ICI, the mean TBR (note, not the maximum) from the most metabolically active appearing lesion was 94% specific and 70% sensitive for identifying progressive disease. Furthermore, metabolic “responders” (which the authors took as a relative reduction of 10% in the mean TBR) had a significantly longer stable clinical course (10.4 months vs 4 months) even when at odds with the conventional MRI assessed by RANO criteria. 11-C methionine is another tracer that has been applied to BM (43) but not in those receiving immunotherapy. The same tracer has also been used in 14 patients with GBM receiving peptide based vaccination to inform treatment changes, although it required a voxel-wise method comparing pre- and post-treatment scans (likely due to the heterogeneity of GBM), and this might be difficult with most, smaller BM (44).

At an even more detailed and personalized level, specifically engineered PET tracers can be used as in vivo imaging tool to look at cell trafficking, which allows the unfolding immune response to be assessed. This technique has been applied in GBM (but not BM) in seven patients treated with engineered (chimeric antigen receptor or CAR) cytotoxic T-cells. The signal detected using a probe to image the subsequent infiltration of those cells into tumor was distinct from any disease progression (45, 46). CAR-T cell immunotherapy in GBM patients has also been assayed with MR spectroscopy, although this study combined this with other markers from DWI and PWI (47).

MR spectroscopy is a longstanding technique in brain imaging that has been very sparsely applied to monitoring immunotherapy responses, in BM or in brain tumors generally. It takes time to acquire, depending on anatomical coverage and resolution, which are severely limited, and is not easily applied to BM, which are often small lesions and multifocal. Generally, a defined set of metabolites such as choline (reflecting cell membrane turnover), N-acetyl aspartate (neuronal integrity), lactate (anaerobic metabolism), and lipid (necrosis) are compared to an internal control peak such as creatine or to one another with the ratios reflecting tumor or normal tissue. Although a wide range of methods and techniques exists that are beyond the scope of this review, ultimately there is much overlap of different tissue and tumor types. An older report of two patients with intratumoral IL4 injection into GBM used the MRS finding of low choline in the context of increasing enhancement to justify continuing observation and treatment, and the tumors subsequently regressed (48). The prospects of MRI spectroscopy being widely used in BM studies of immunotherapy response are seemingly limited, and although a number of studies report using it sporadically to distinguish pseudoprogression from viable tumor in BM treated with ICI in their methods, the sensitivity and specificity are not formally described (49).

Chemical exchange saturation transfer (CEST) imaging is a more recent technique based on the chemical composition of the tissue being assessed that detects certain compounds at very low concentrations by means of exchange of protons with the surrounding water molecules (50). The technique can detect both exogenous contrast agents as well as several endogenous substances. Amide proton transfer CEST imaging uses proteins and peptides as an endogenous contrast agent and has been applied to some common neuro-oncology problems such as distinguishing solitary BM from GBM (51) and radiation necrosis from BM progression (52). CEST may have a future role in assessing response to immune therapy due to a variety of endogenous agents that can be assessed as well as a broad scope for development of exogenous agents, including “responsive” agents capable of detecting pH, ion composition, and other tissue parameters (53, 54). Amide-proton transfer has recently become available as a commercially available software option on some clinical MRI systems, but other CEST techniques remain preclinical research tools.

In summary, spectroscopy is non-invasive and involves no ionizing radiation tracer but takes time, is subject to artefacts, and is poorly studied in BM and even more poorly studied in immunotherapy. With multiple BM often being treated, it is impractical to imagine that spectroscopy will be incorporated into clinical trials of immunotherapy for BM very widely. As a result, it is hard to correlate changes in different spectral peaks with any definite clinical change and to distinguish viable tumor from inflammation as there will not be a bank of data to analyze. PET imaging is only available in specialist centers and may require more tailored radioactive tracers to assess responses to immunotherapy, which makes the prospect of routine clinical use very distant. Nonetheless, the centers using immunotherapy for BM are likely to be specialist oncology departments and have ready access to PET compared to the community. Particularly, FET-PET does appear to demonstrate clear ability to assess the response of BM to immunotherapy regardless of changes in other MRI parameters.

All these techniques offer the tantalizing prospect of assessing the early response to therapy; however, perhaps a more pressing need is the development of imaging biomarkers that will predict treatment response before even starting therapy (8).



Biomarkers to Predict Response

In large clinical trials to date, the response of BM to immunotherapy, especially ICI, is heterogenous, and those patients who do not respond may experience significant toxicity or adverse events. There is a clear clinical need for biomarkers that can predict the subsequent response to immunotherapy. The most logical way of doing this for ICI in BM would be demonstrating an immunologically favorable microenvironment before commencing treatment (4, 5).


Conventional Anatomic Imaging

Structural or anatomical imaging may have some value in this regard, in that T2 and FLAIR sequences can quantify the degree of peritumoral edema and inflammation. This varies greatly with the number and location of BM, the use of steroids, and the timing of any radiation treatments. Nonetheless, an analysis of 116 BM by conventional MRI and immunohistochemistry of the resected tumors found that the density of CD8+ tumor-infiltrating lymphocytes was correlated with the volume of peritumoral edema on preoperative MRI (55). Notably, these were all solitary BM, steroids did not seem to make any difference, and edema was graded in a novel fashion by radiologists, scoring its extent from the tumor margin on T2W images, <1 cm, >1 cm not crossing the midline and >1 cm crossing the midline. They suggest edema may be a surrogate marker of the immune response pretreatment in BM, but this needs to be more quantitatively investigated—most logically as a volume of interest on FLAIR and T2W images—and recorded longitudinally in BM patients receiving immunotherapy, for example. It is was initially suggested that the interaction of radiation and ICI can cause a temporary increase in size and edema where SRS was given prior to ICI in some patients, but other studies with the same histology and agents have not reproduced this, showing instead a gradually declining volume of edema and tumor with response (56, 57). A recent paper used a mathematical model of immunotherapy efficacy based on conventional anatomic imaging to examine the response to ICI (ipilimumab and nivolumab) amongst patients with BM from different clinical trials (58). The BM growth rate at first restaging was as accurate as the retrospective determination of immune response at predicting response, and no additional imaging beyond the clinical structural scans were used. Ultimately, many terms in the model such as intrinsic growth rate of the tumor were determined from previous scans, but in the future, it might be possible to infer this from tissue or blood analysis. The advantage of conventional structural imaging is that it can be repeated quickly and reliably at multiple time points and analysis can potentially be automated, even if size and shape are not very specific.



Radiomics

One emerging method of deriving more information from conventional structural imaging is radiomics. This is a computational method for extracting many (potentially hundreds of) image features related to texture and shape. Multivariable regression or other machine learning techniques can then be used to develop a classification or prognostic model. Radiomics can be applied to any form of imaging, including both conventional anatomical imaging and DWI, PWI, and combinations of multiple modalities. Radiomics has already been used in extracranial disease (59) and melanoma BM (60). In the latter, pretreatment post-contrast T1W scans were manually assessed by a radiologist and target lesions segmented using freely available software (ITK-SNAP). Several features were associated with overall—although not progression-free—survival, and whilst these did not hold up in multivariate analysis, a Laplacian of Gaussian (LoG) feature was significant in a validation cohort, suggesting there was a biological signal. This technique has the advantage of not needing additional sequences or tracers and so could in theory be widely used, including retrospectively, e.g., in case-control or retrospective cohort studies. An illustration of this technique is given in Figure 2. There is limited evidence of repeatability and reproducibility of radiomics results, as well as limitations in the quality of reporting in the literature (62). As a result of these concerns, consensus guidelines and definitions have been proposed, with the aim of improving the quality of reporting (63).




Figure 2 | Application of radiomics approach to melanoma brain metastases to distinguish tumor from necrosis/treatment effect (unpublished work, DM). This is similar to the approach used in (61), which found higher complexity in edge-filtered images of the sort seen on the left as well as higher entropy illustrated by various extracted features such as shown on the right in progressing BM after immunotherapy versus responding.





Diffusion

Focusing on the peritumoral region but moving to advanced imaging, a series of 18 BM being removed surgically was investigated using image-guided samples from the peritumoral region, and a higher density of tumor-infiltrating lymphocytes was associated with prolonged overall survival regardless of primary. Additionally, higher CD3+ T cell density was also associated with a reduction in peritumoral FA, a measure of diffusion that is a surrogate of white matter tract integrity and has been widely investigated in other neuroinflammatory pathologies such as multiple sclerosis and radiation injury. This implies that the BM microenvironment could be assessed non-invasively, and studies are underway to determine if this is a biomarker of response to subsequent ICI in melanoma (64, 65). These results are illustrated in Figure 3. As with all BM, there is evidence of discordant mutations between the metastasis and the primary (66), and the impact of BM-specific changes—such as BRAF mutations in metastatic melanoma—on the imaging responses must also be investigated.




Figure 3 | Diffusion MRI changes and immune cell infiltration. (A) A lung adenocarcinoma brain metastasis which shows little peritumoural white matter disruption and has a high peritumoural fractional anisotropy (FA) value at the biopsy location shown. (B) H&E, (C) CD3-stained serial section showing sparse T cell infiltration in this same region (inset, magnified). This contrasts with the breast cancer brain metastasis in (D), where there is more change in the peritumoural white matter and the FA value in the peritumoural region shown is lower. Here, there is dense peritumoural T cell infiltration [(E, F) and inset, magnified]. (G) The cases with a peritumoural FA >median (n=8, thick line) died sooner after neurosurgical resection of their metastasis than those with a lower peritumoural FA (n=9, dashed line) (log rank statistic = 4.566, p<0.05). (H) The FA values differentiated categories of peritumoural CD3+ T cell density (<5, 5–25, and >25 per high-power field) in the co-localized image-guided biopsy regions (Kruskal-Wallis, p<0.05), although such a relation is not seen with other immune cells such as CD68+ macrophages or CD20+ B cells, nor is it seen with other MRI measures, such as the mean diffusivity (MD). Reproduced by Creative Commons license from (65).





Molecular Imaging

Since PD-L1 expression correlates with response to ICI with targeted treatment, PET imaging with an engineered tracer has been used in patients with non-small-cell lung cancer to assay this. Uptake correlated with tumor positivity for PD-L1 at immunohistochemistry analysis and treatment response to the ICI agent nivolumab (61). Two of the 13 patients in this study had untreated BM, and both patients—but not all their BM—showed intracranial uptake, albeit with lower SUV values than in extracranial lesions. This is important as we know that due to the branched evolution of BM, the extracranial disease may not indicate the same susceptibilities to treatment as intracranial metastases (66).

Probes have been developed that are even more specific to the immune response and applied in other brain tumors but not yet in BM. 18-F CFA is a probe specifically developed to accumulate in proliferating T cells and was used in two patients to demonstrate immune activation after dendritic cell vaccination (67). Similarly, the effectiveness of vector-mediated HSV-1-tk gene expression in a phase I/II gene therapy trial for GBM was measured using a specific PET tracer ([124I]-FIAU) and correlated with therapeutic response (68).

The advantage of molecular imaging is thus that immunotherapy-specific tracers can be developed but with the problem that ever more specific tracers are harder to produce, less widely applicable, and less well studied.




Summary

Most of the published literature on imaging biomarkers of immunotherapy for brain tumors relates to glioma, particularly recurrent GBM, as these are the types of cases that enter such clinical trials. BM are an increasing target for such therapeutics, and novel biomarkers and techniques are needed to overcome the unique challenges in this disease. This includes the interaction of the BM with the native brain microenvironment, which is likely to vary for metastases from different primaries, as well as the differential intra- and extracranial disease responses to be assessed. The pros and cons of each technique are listed in Table 1 and summarized below:

	Structural imaging will remain important—size, and ultimately volume, continues to be a crude marker of early response but not any indication before treatment. The radiomics approach may have use in incorporating large amounts of existing clinical imaging data in a useful manner.

	Physiological imaging is the most applicable and available advanced technique, diffusion is promising and well-studied, whilst perfusion also appears to reliably associate with tissue characteristics during treatment. These sequences are often included in the BM workup and treatment workflow so could be excellent for finding early markers after therapies start to affect the tumor tissue. In the peritumoral regions, such techniques may indicate an immune active microenvironment and could be a pretreatment marker.

	Molecular markers are highly specific, and many BM patients have PET studies as part of staging investigations, so this is an opportunity for investigating and defining pretreatment biomarkers. Tracers to look at the various ICI-targeted pathways are being developed and will need to be used in trials for intra- and extracranial disease with a variety of primary tumors.




Table 1 | Summary of the current imaging techniques for predicting and measuring the response to immunotherapy in brain metastases.





Future Directions

There is a clear need for further investigation of imaging biomarkers of immunotherapy in BM; these may develop along with extracranial imaging techniques for assessing other metastases or arise from the existing intracranial techniques for assessing glioma. These may be novel sequences or probes or composites of existing ones. All must account for the unique brain microenvironment and the intralesional variation in response.
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Background

Brain metastases are the most common cause of intracranial malignancy, often resulting in significant morbidity and mortality. Brain metastases from esophageal squamous cell carcinoma (ESCC) are relatively rare, with a rate of generally less than 2%.



Case Report

In this article, we report a rare case of ESCC with asymptomatic brain metastasis. The combined positive score (CPS) of programmed cell death-ligand 1 (PD-L1) from the primary tumor was 2 by DAKO 22C3 and 3 by VENTANA SP263. The proportion of tumor infiltrating lymphocytes (TILs) was 1%. After receiving 15 cycles of immune checkpoint inhibitors (ICIs), the patient’s brain metastatic lesion had disappeared and was replaced by a local necrotic area. He retains good cognitive function with a stable disease at the primary site.



Conclusions

This is the first to be reported in an ESCC patient whose brain metastatic lesion had a complete response to ICIs, which may provide supporting data for using ICIs as an option of treatment for ESCC patients with brain metastases.
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Introduction

Brain metastases are the most common cause of intracranial malignancy, often resulting in significant morbidity and mortality (1). Brain metastases usually occur in lung cancer, breast cancer and melanoma, which account for approximately 67-80% of patients. Brain metastases from esophageal carcinoma (EC) are relatively rare, with a rate of generally less than 2% (2–4).

Recently, immune checkpoint inhibitors (ICIs) in the treatment of patients with EC was in full swing. The KEYNOTE-181, ATTRACTION-3 and ESCORT studies had demonstrated that ICIs could improve the overall survival (OS) with a manageable toxicity profile in previously treated patients with advanced or metastatic EC, representing a standard second-line treatment option for these patients (5–7). As the low incidence of brain metastases in patients with EC, the three studies did not include patients with brain metastases and there is no study on ICIs for these patients at present. Here, we presented a case of asymptomatic brain metastasis from EC. The patient achieved intracranial complete response by the treatment of ICIs. Although this phenomenon had been reported in other cancers (8, 9), it is the first to be reported in EC, which may provide supporting data for using ICIs as one of options for management of brain metastases from esophageal cancer.



Case Report

A 66-year-old male patient presented himself to our oncological outpatient clinic with odynophagia in February 2019. Esophagogastroduodenoscopy (EGD) revealed a lesion in the esophagus, about 20-26cm from the incisor. Biopsy of the lesion was positive for esophageal squamous cell carcinoma (ESCC). The combined positive score (CPS) of programmed cell death ligand 1 (PD-L1) was 2 by DAKO 22C3 and 3 by VENTANA SP263. The patient’s baseline examination showed no abnormalities, including brain MRI (Figure 1), and the functional tests of thyroid, heart, lung, liver, and kidney. The patient was hospitalized and received a course of definitive radiotherapy to the primary tumor and regional lymph nodes to a dose of 60 Gy in 30 fractions concurrently with a chemotherapy regimen of paclitaxel and cisplatin. The patient developed severe myelosuppression during the course of chemoradiation therapy. Subsequently, he received four 3-week cycles of consolidative chemotherapy with fluorouracil and cisplatin. The last chemotherapy was received on July 5th, 2019.




Figure 1 | The baseline brain MRI of the patient.



On July 26th, 2019, the patient returned for follow up. Thoracic computed tomography (CT) showed that the tumor in the esophagus was stable. The patient reported no odynophagia. Unfortunately, the magnetic resonance imaging (MRI) of the brain revealed a new well-circumscribed enhancing nodular lesion in the left temporal lobe (Figure 2). Given that his ESCC was positive for PD-L1, toripalimab, one of ICIs, was recommended for his asymptomatic solitary brain metastasis. From August 2019 to October 2020, he received 15 3-week cycles of toripalimab. A follow-up brain MRI revealed that the brain metastasis was replaced by a necrotic area (Figure 2). No decline of cognitive function [mini-mental state examination (MMSE) and Loewenstein-cognitive function assessment (LOTCA)] or other acute toxicity have been found during the treatment. Physical examination, brain MRI, esophageal barium swallow, gastroscope, chest radiography, or CT from the neck to the upper abdomen were performed in the follow up. By the last revision of this article, the patient was still on toripalimab with a stable disease at the primary site as well as a good cognitive function.




Figure 2 | (A) Showed a well-circumscribed enhancing nodular lesion with a maximum diameter of about 0.5 cm in the left temporal lobe. (B) Showed that the lesion was replaced by a necrotic area after receiving 15 cycles of toripalimab.





Discussion

In this article, we report a case of asymptomatic brain metastasis from EC, which is very rare in itself. We found that the brain metastatic lesion had a complete response to ICIs and the lesion was replaced by a necrotic area after 15 cycles of ICIs. In addition, he is doing generally well with stable disease and good cognitive function. Due to the low incidence of brain metastasis in EC, it is difficult to conduct clinical trials in these patients. Therefore, this case report will add to the existing publications and provide supporting data for using ICIs to treat EC patients with brain metastases, especially for patients with asymptomatic brain metastases.

Surgery is a highly effective treatment for patients with symptomatic brain metastases, especially for patients with a solitary lesion, a good KPS score and a controlled extracranial tumor. Stereotactic radiosurgery (SRS) is also a standard treatment for patients with symptomatic brain oligometastases. Whole-brain radiation therapy (WBRT) is often used for patients who is not suitable for surgery or SRS, such as with multiple brain metastases, leptomeningeal disease or poor performance status. Systemic chemotherapeutic drugs have a limited therapeutic efficacy for brain metastases due to poor penetration of the blood–brain barrier. Targeted therapy has shown some value in certain tumors with brain metastases; for example, osimertinib in epidermal growth factor receptor (EGFR)-mutant non-small cell lung cancer (NSCLC) patients with brain metastases (10, 11) and alectinib in anaplastic lymphoma kinase (ALK)-rearrangements NSCLC patients with brain metastases (12). ICIs have also shown some preliminary evidence, mainly in brain metastases for patients with lung cancer, melanoma and renal cell carcinoma (13, 14).

In recent years, a variety of ICIs have entered the field of oncotherapy and have quickly reshaped management strategies for many types of cancers, such as NSCLC, SCLC, melanoma, lymphoma, esophagus cancer, breast cancer, renal cancer, liver cancer, and urothelium cancer. However, patients with active or untreated brain metastases usually are excluded from clinical trials (15, 16). Although some studies have included patients with stable brain metastases, specific subgroup analyses have not been reported. At present, the research on the ICIs of brain metastases have been mainly focused on melanoma (14, 17–19). The results of these studies demonstrated that ICIs, especially ipilimumab have therapeutic activity in some patients with brain metastases, particularly in patients with small and asymptomatic metastases. The rate of intracranial responses was approximately 20%. In addition, some studies showed that double-drug combined ICI regimens may bring more benefits to these patients. In the study of CheckMate 204, for melanoma patients with asymptomatic untreated brain metastases, the rate of intracranial responses was 57% in patients treated with nivolumab and ipilimumab (14). A multicenter open-label randomized phase 2 trial demonstrated that nivolumab combined with ipilimumab could bring a higher rate of intracranial responses (46% vs. 20%) for patients with asymptomatic untreated brain metastases comparing with nivolumab alone (19). There are a few reports on brain metastasis from lung cancer treated with ICIs. A study from Italy analyzed the efficacy of nivolumab in 409 patients with asymptomatic, neurologically stable brain metastases from non-squamous non-small cell lung cancer. The results showed that the objective response rate (ORR) and the disease control rate (DCR) were 17% and 39% in these patients, with similar toxicity rates in the overall study population with or without brain metastases (9). An exploratory analysis of a phase III OAK study showed that atezolizumab could prolong the median OS (16.0 vs 11.9 months) of patients with asymptomatic, treated brain metastases compared with docetaxel (20). Activating the immune system is the mechanisms by which ICIs kill tumor cells, by which blood-brain barrier could not block.

Brain radiotherapy was an important treatment options for patients with brain metastases. Preclinical findings have suggested that the combined application of brain radiotherapy and ICIs could yield synergistic effects, bringing more benefits to patients (21, 22), while clinical studies on ICIs combined with radiotherapy are very limited, particularly in patients with brain metastases. Notably, many prospective trials often removed these patients with active brain metastases (23, 24). With respect to brain radiotherapy and ICIs in combination, favorable outcomes have been demonstrated in a few retrospective studies (25–27). The study of Pike et al. reported that brain radiation following the start of PD-1 inhibitors could benefit patients (26). Kotecha et al. evaluated the outcomes of 150 patients who received ICIs and SRS and demonstrated that concurrent radiotherapy and ICIs will maximize the benefits (27). Ahmed et al. found that delivery of brain radiotherapy prior to or during administration of PD-1/PD-L1 inhibitors would bring more survival benefits for patients compared to patients who received brain radiotherapy after ICIs (p=0.006) (25). The ability of concurrent radiotherapy and ICIs to improve patients’ survival may be due to the fact that concurrent ICIs increased the durability of intracranial control that radiotherapy provided. In light of the controversy and limited data, further research on how to combine brain radiotherapy and ICIs are warranted to improve the management strategy for these patients.

On the other hand, with this combined approach, the question we need to ask would be: will the risk of brain radiotherapy-associated adverse events (AEs), especially, radiation necrosis, increase synchronously when combined with ICIs? Radiation necrosis can be a very serious complication for patients who received radiotherapy to brain metastases and may even be life-threatening (28). Combination of SRS and WBRT would increase the incidence of radiation necrosis of brain compared to SRS alone (29). Du Four et al. reported that three patients with brain metastases from melanoma developed radiation necrosis of brain following brain radiotherapy and ipilimumab for the first time (30). Martin et al. found that addition of ICIs would increase the incidence of symptomatic radiation necrosis in patients that underwent stereotactic radiation for brain metastases, especially in patients with melanoma (31). In this study, 23 of 115 (20%) developed symptomatic necrosis in patients with ICIs, significantly higher than 25 of 365 (6.8%) in patients without ICIs. However, the available results are not always consistent. Hubbeling et al. investigated the safety of brain radiotherapy in NSCLC patients receiving PD-1/PD-L1 inhibitors and found that brain radiotherapy and ICIs in combination was not associated with an increase in brain-radiotherapy-associated AEs (32). A great challenge in current oncology practice is to achieve the best possible balance between benefits and adverse events of treatments. In the past, patients with brain metastases usually had a short survival time and had no chance to develop late complications from brain irradiation, such as radiation necrosis of the brain. In the era of immunotherapy, the survival time of these patients have been extended, which have exposed patients to a chance for more late adverse events.

In this study, we report a case of asymptomatic brain metastasis from EC, which had a complete response after 15 cycles of ICIs. The patient since has had stable disease at the primary site and good cognitive function. Similar results have been reported in the past. Flippot et al. had reported the first study assessing the activity of nivolumab in patients with asymptomatic brain metastases from metastatic clear cell renal cell carcinoma (8). In their study, there were 4 out of 34 patients that achieved intracranial complete response after treatment of nivolumab without radiotherapy. Notably, the longest diameter of the lesion in the four patients was less than 10 mm at baseline, which was similar to the patient in our report. Crinò et al. also reported a similar phenomenon in a patient with non-squamous NSCLC, who had two metastatic nodular lesions in the brain (9). After 3 years of treatment with nivolumab without radiotherapy, both metastases had disappeared. These studies suggest that for patients with limited intracranial tumor burden, ICIs may be a sufficient treatment for intracranial tumor control.

These thought-provoking study results invoke us to ask: could ICIs replace surgery or radiation therapy for treating a brain metastatic lesion? The answer was obviously: no. However, the safety profile of ICIs alone appears acceptable and ICIs seemed to control certain brain metastases, especially small and asymptomatic ones. Therefore, ICIs seemed to be appropriate to replace surgery or radiation therapy for patients with small, stable, and asymptomatic brain metastatic lesions. In the meantime, for patients with symptomatic brain metastases, brain surgery and radiotherapy are still the main treatment options. It is worthwhile to note that the use of corticosteroids may affect the efficacy of ICIs. A combination of ICIs and brain radiotherapy may bring favorable outcomes for patients, but we need to pay attention to potentially increased neurologic toxicities caused by this combined therapy.

In conclusion, for patients with asymptomatic brain metastasis, ICIs seem to be a favorable treatment option, while the best treatment options for patients with symptomatic brain metastases remains an open question. More clinical trials of ICIs in patients with brain metastases are warranted.
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Breast cancer brain metastasis is a significant clinical problem and carries a poor prognosis. Although it is well-established that macrophages are a primary component of the brain metastasis microenvironment, the role of blood-derived macrophages (BDM) and brain-resident microglia in the progression of brain metastases remains uncertain. The aim of this study, therefore, was to determine the role, specifically, of pro- and anti-inflammatory BDM and microglial phenotypes on metastasis progression. Initial in vitro studies demonstrated decreased migration of EO771 metastatic breast cancer cells in the presence of pro-inflammatory, but not anti-inflammatory, stimulated RAW 264.7 macrophages. In vivo, suppression of the anti-inflammatory BDM phenotype, specifically, via myeloid knock out of Krüppel-like Factor 4 (KLF4) significantly reduced EO771 tumour growth in the brains of C57BL/6 mice. Further, pharmacological inhibition of the anti-inflammatory BDM and/or microglial phenotypes, via either Colony Stimulating Factor 1 Receptor (CSF-1R) or STAT6 pathways, significantly decreased tumour burden in two different syngeneic mouse models of breast cancer brain metastasis. These findings suggest that switching BDM and microglia towards a more pro-inflammatory phenotype may be an effective therapeutic strategy in brain metastasis.
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1 Introduction

Brain metastasis is a devastating diagnosis for patients with primary breast cancer, and the prognosis is extremely poor; patient survival ranges from 2 to 23 months from diagnosis (1, 2). Many gaps exist in our knowledge regarding the pathogenesis of brain metastasis, but the role of the microenvironment, and cells of the innate immune system (monocytes/macrophages) in particular, remain a subject for debate.

In extracranial metastases, macrophages have been shown to promote disease progression. Gil-Bernabé et al. demonstrated that blood-derived macrophages are associated with arrested tumour cells in the lung, and that depletion of myeloid cells in the transgenic CD11b-DTR mouse decreases tumour cell survival and prevents the establishment of micrometastases (3). Similarly, Qian et al. showed that depletion of the macrophage population, using clodronate liposomes, hinders the establishment of metastases in the lung (4). More specifically, Yao et al. found that inhibiting anti-inflammatory (M2) macrophage polarization, with the tyrosine kinase inhibitor imatinib, significantly reduced the number of nodules present in the lungs in a lung cancer model, in part due to STAT6 inhibition (5). Similarly, Binnemars-Postma et al. evaluated STAT6 inhibition in vivo and showed that inhibition in macrophages reduces tumour growth and development of the metastatic niche within the liver in a murine breast cancer model (6).

Given its unique environment, however, the role that macrophages are known to play in extracranial metastases and primary tumours may not be reflected in the brain. Nevertheless, there is evidence to suggest that the role of macrophages may be similar. In models of glioma, macrophage inhibition through targeting Colony Stimulating Factor-1 Receptor (CSF-1R) decreases tumour volume (7, 8). Since the CSF-1R pathway promotes anti-inflammatory M2 activation and expansion of macrophages and microglia (9–11), it seems likely that the phenotype of these macrophages/microglia is an important factor in brain tumour growth. Indeed, work by Rippaus et al. demonstrated that parenchymal brain metastases have a more anti-inflammatory M2-like phenotype (12), whilst recent work by Andreou et al. demonstrated that specific depletion of anti-inflammatory M2-like macrophages/microglia, using mannosylated clodronate liposomes, in a breast cancer brain metastasis model resulted in decreased tumour burden (13). However, there is also evidence to suggest that macrophages may have an anti-tumour effect; Galarneau et al. found that overall depletion of myeloid cells in CD11b-TK mice treated with ganciclovir actually increased glioma growth (14). Moreover, it is now well established that the dichotomous M1/M2 macrophage polarization paradigm does not fully capture the complexity of the macrophage/microglial activation states, especially when these cells are associated with tumours and experience a wide variety of pro-inflamamtory (M1) and anti-inflammatory (M2) stimuli simultaneously (10). Throughout this work, therefore, we will rather refer to M1 phenotypes and stimuli as pro-inflammatory, and M2 phenotypes and stimuli as anti-inflammatory.

Overall, therefore, uncertainty remains as to the role of macrophages/microglia in both primary and secondary brain tumours, although evidence points towards a pro-tumorigenic role for the predominantly anti-inflammatory polarised subpopulation. Further, it is unclear as to whether brain resident microglia and blood-derived macrophages recruited to brain tumours play differential roles in tumour progression. The primary aims of this study, therefore, were (i) to determine whether anti-inflammatory blood-derived macrophages (BDM) promote tumour cell migration in vitro, (ii) to determine whether there is significant infiltration of anti-inflammatory BDM into the microenvironment of breast cancer brain metastases in vivo, (iii) to determine whether suppression of anti-inflammatory BDM activation through genetic knock-out reduces brain metastasis growth, and (iv) whether pharmacologically inhibiting BDM and/or microglial populations, or switching them to a more pro-inflammatory phenotype, reduces brain metastasis growth.



2 Materials and Methods


2.1 Cell Culture

The EO771 cell line (mouse metastatic medullary mammary carcinoma, C57BL/6 background (15), kindly provided by Prof. Mihaela Lorger, University of Leeds) was cultured in RPMI-1640 medium with 20% FBS, 1% L-Glutamine, 1% non-essential amino acids and 1% sodium pyruvate. The 4T1-GFP cell line [mouse metastatic mammary carcinoma, BALB/c background (16)] was purchased from ATCC and cultured in DMEM medium with 10% FBS and 1% L-Glutamine. The RAW 264.7 cell line (mouse macrophage, kindly provided by Prof. Xin Lu, University of Oxford) was cultured in DMEM medium with 10% FBS and 1% L-Glutamine. All cells were maintained at 37°C and in 5% CO2.



2.2 Effect of Macrophage Phenotype on Tumour Invasion

RAW 264.7 cells were seeded into the bottom portion of 24-well Matrigel Transwell plate system (Corning) and allowed to adhere overnight. These cells were then treated with either the pro-inflammatory stimulus lipopolysaccharide (LPS; 10 µg/mL) or the anti-inflammatory stimulus interleukin-4 (IL-4; 20 ng/mL), or left untreated as a control for 24 hours. Subsequently, EO771 cells were seeded into the top portion of the Transwells, in wells containing either RAW cells or just the treatment media in the bottom portion. Invasion of the EO771 cells was measured 24 hours later by counting the number of cells that had crossed through the Transwell membrane normalized to the total number of cells on both the upper and lower sides of the Transwell insert (n = 6 for each condition).

The phenotype of the stimulated RAW 264.7 cells was assessed by immunofluorescent staining for the pro-inflammatory marker inducible nitric oxide synthase (iNOS) and the anti-inflammatory marker arginase 1 (Arg1), after 24 hours incubation with either LPS (10 µg/mL), IL-4 (20 ng/mL) or control media. Normalized staining areas were calculated by dividing the measured stained area of the marker by the number of nuclei present, as determined through DAPI staining. The ratio of normalized iNOS stained area to normalized Arg1 stained area was then calculated to determine the predominant phenotype of the stimulated cells.



2.3 Intracerebral Models of Brain Metastasis

All animal experiments were assessed by the University of Oxford Clinical Medicine Ethics Review Committee and approved by the UK Home Office (Animals [Scientific Procedures] Act 1986), and conducted in accordance with the University of Oxford Policy on the Use of Animals in Scientific Research, the ARRIVE Guidelines and the Guidelines for the Welfare and Use of Animals in Cancer Research (17). All mice were maintained in a specific pathogen free environment and transgenic mice were obtained from in-house breeding colonies.

Mice were injected intracerebrally with EO771 cells in PBS into the left striatum, as described previously (18, 19). Briefly, mice were anaesthetised using 3% isoflurane in 30% oxygen and 70% nitrous oxide, mounted on a stereotactic frame and, subsequently, maintained at 2% isoflurane during surgery. An incision was made on the top of the scalp to expose the skull and a burr hole drilled 0.5 mm forward and 2 mm to the left of bregma. A pulled glass microcapillary (tip <75μm) was inserted stereotaxically through the burr hole to a depth of 2.5 mm from the surface of the brain. EO771 cells (500 cells in 0.5 μl) were injected over 5 min, and the microcapillary left in place for a further 5 min before withdrawing slowly and the scalp wound sutured. Animals were excluded from the study if evidence of extracranial tumour development was found during the course of the experiment. Animals were also excluded if the tumour was found on histological examination to have been injected within the ventricle. Pilot studies were conducted to optimize this injection model.

In order to be able to study a longer time-course of metastasis growth in the brain, it is necessary to use this intracerebral induction model rather than a systemically induced model, as the latter results in significant systemic metastasis burden and animal welfare issues; consequently, longer-term studies are precluded. Previous work by Serres et al. has demonstrated that intracerebral induction route produces similar growth patterns of metastatic colonies and inflammatory responses as an intracardiac injection model, and also recapitulates the microenvironment of human brain metastases (20). Whilst the intracerebral injection model used in that particular study was in rats, similar features are found in the mouse intracerebral injection models used in the current study.


2.3.1 Assessment of Blood-Derived Monocyte/Macrophage Recruitment to Brain Metastases In Vivo

Female Lys-GFP-ki transgenic mice (C57BL/6J background; 7-9 weeks) were used to assess recruitment of blood-derived macrophages (BDM) to the brain, as this strain possesses GFP expression in myeloid cells, but not microglia (21, 22). Mice were injected intracerebrally with EO771 cells, as described above, at day 0 and were perfusion-fixed 7, 14 or 21 days later for histological assessment (details below).



2.3.2 Suppression of Anti-Inflammatory Phenotype in Blood-Derived Monocytes/Macrophages

LysMCre/CreKLF4fl/fl (C57BL/6J background; 7-9 weeks, kindly provided by Dr Xudong Liao, Case Western Reserve University) transgenic mice were used to assess the effect of BDM phenotype on brain metastasis growth. In these mice, the KLF4 transcription factor is knocked out in BDM (23), resulting in suppression of the anti-inflammatory phenotype through downstream inhibition of the STAT6 pathway. For these experiments, LysMCre/Cre mice of the same background were used as controls. Blood-derived specificity of the KLF4 knock out was confirmed through genotyping of primary microglia and BDM isolated from the bone marrow of LysMCre/CreKLF4fl/fl mice (Figure S1). Mice were injected intracerebrally, as above, with EO771 cells and perfusion-fixed 21 days later for histological assessment.



2.3.3 Pharmacological Inhibition of Macrophages/Microglia In Vivo

To further assess the roles of BDM/microglia, and the anti-inflammatory phenotype specifically, Lys-GFP-ki mice (as above) were treated with either macrophage inhibitory peptide (Tuftsin fragment 1-3, TKP, Bachem) or the CSF-1R neutralizing antibody (M279, Amgen). TKP has previously been shown to reduce overall macrophage/microglial activation, and to shift their transcriptional profile to more anti-inflammatory (Th2) in experimental autoimmune encephalomyelitis and spinal cord injury models (24, 25). In contrast, M279 has been shown to suppress the anti-inflammatory macrophage expansion (26) and to exert its effects on the CSF-1R pathway exclusively in BDM, and not brain-resident microglia (27). Control animals were treated with PBS. All treatments were delivered by osmotic minipump (100 µL 28 day release, model 1004 Alzet Osmotic Minipump, purchased through Charles River) which delivers its payload at a rate of 0.11µL/hour.

One week prior to intracerebral injection, animals underwent surgery to implant the minipump. Animals were anaesthetised with 3% isoflurane in 30% oxygen and 70% air, and subsequently maintained with 2% isoflurane. Immediately prior to surgery preparation, animals received a subcutaneous injection of Vetergesic (Buprenorphine, 0.1 mg/kg) and a local injection of Marcaine 0.25% (bupivacaine, 7.5 mg/kg) at the incision/implantation site. The fur at the back of the neck and on the upper back was then clipped and cleaned with a chlorhexidine preparation. An incision was made just below the base of the neck from the left to right of the animal and a sufficiently sized pocket was created under the skin on the back through the incision. A filled pump was placed nozzle-end first into the pocket, and a suture placed internally to secure the pump in the pocket. The incision was sutured closed.

After a 48 hour in vivo priming period, mice were treated for 5 days with either TKP (2.27 mM in PBS), M279 (50 mg/mL in PBS) or PBS alone, prior to cell injection. At day 7, mice were injected intracerebrally, as above, with EO771 cells, and were perfusion-fixed at day 28 post-minipump implantation (21 days post-cell injection) for histological assessment (details below).




2.4 Inhibition of Anti-Inflammatory Macrophages/Microglia in an Intracardiac Brain Metastasis Model

To assess the effects of inhibiting the anti-inflammatory BDM/microglia phenotype on brain metastasis development, a model that more closely mimics the natural development of brain metastases was used. Female BALB/cAnNCrl mice (7-9 weeks old; Charles River, Margate, UK) were injected with 105 4T1-GFP cells in 100 µL of PBS via the left ventricle of the heart under ultrasound image guidance, as described previously (28), to allow haematogenous dissemination to the brain. One week after intracardiac injection, animals were implanted with subcutaneous osmotic minipumps, as above. Following 48 hours in vivo priming, mice were treated with either the STAT6 inhibitor AS1517499 (11.43 mg/mL; 10.6 mg/kg/week) or vehicle (50% DMSO in water) for 7 days from day 9 after intracardiac injection. AS1517499 is BBB penetrant (29) and, thus, will inhibit the STAT6 pathway in both BDM and microglia. Animals were perfusion-fixed at 16 days post-intracardiac injection and prepared for histological assessment (detailed below).



2.5 Immunofluorescence

For immunofluorescent analysis of macrophage/microglial infiltration and phenotype, animals were deeply anaesthetised with sodium pentobarbital (40 mg/mL; 0.2 mL injected i.p.) and transcardially perfusion-fixed with heparinised saline, followed by periodate-lysine-paraformaldehyde with 0.25% glutaraldehyde (PLPlight). The brains were removed, cryopreserved in 30% sucrose and frozen in OCT. Tissue sections were cut at a thickness of 10 µm and allowed to dry on the slides for 24 hours.

Sections were stained for a variety of antigens as either single, double or triple immunofluorescent stains. The following antigen targets were stained (see Table S1 for antibody details): iNOS (rabbit anti-mouse) with Arg1, F4/80 with iNOS (rabbit anti-mouse), F4/80 with Arg1, TMEM119 with F4/80 and iNOS (mouse anti-mouse), TMEM119 with F4/80 and Arg1. In the case of iNOS two different antibodies were used as differentiated above. TMEM119 staining was used to differentiate microglia from BDM in the KLF4 knock out study (30–35). Using Lys-GFP-ki mice, we confirmed that there was minimal TMEM119 and GFP colocalization (Figure S2).



2.6 Fluorescent Image Acquisition and Analysis

Images of entire brain sections for volume calculation were acquired using a Nexelom Celigo image cytometer (Nexelom, Manchester, UK) using the slide scanning function. Cell culture plates were also imaged and analysed with this system using the expression analysis function. Tumour foci were identified and measured using DAPI stained sections.

In the intracardiac 4T1 model, DAPI stained images were used to measure tumour burden, which was calculated by measuring the total area of metastases within sections and then dividing by the total section area of analysed sections. The number of lesions per area was measured by dividing the number of metastases measured by the total section area of analysed sections. Average lesion area was calculated by dividing the total area of lesions by the total number of lesions.

All confocal images were acquired on a Zeiss LSM 710 inverted confocal microscope. Images were acquired as z-stacks with 10 slices and a spacing of 1.46 µm using a 20x objective, a software zoom of 1 and with 4 averages. Images were acquired from at least 3 separate tissue sections spaced 60 - 180 µm apart for each animal.

Co-localization analysis was performed on confocal images between immunostained markers and GFP using an automated in-house ImageJ plugin. All analyses were performed on raw, unprocessed images. In this analysis, the threshold for positive signal for each marker was defined as the average signal of the background plus 3 standard deviations, as determined from images specifically acquired of the background signal. The plugin calculated the areas of positive signal based on these thresholds for each marker, whilst tracking the area of co-localized pixels for each combination of markers present in the image. The co-localization between markers was calculated as the percentage of marker A area that co-localized with marker B, by dividing the area of co-localized pixels (A + B) by the total area of marker A. All calculations were performed by the automated inhouse ImageJ plugin with the calculated thresholds for each marker being fed into this software.

The colour thresholding tool was used to quantify the number of cells that were GFP+ and either F4/80+ or F4/80- using previously calculated thresholds. First, the GFP+ threshold was used to create a mask of all GFP+ cells and this was then used to block out any areas that were not GFP+. Next the F4/80+ threshold was used to create a second mask that highlighted areas of F4/80+ staining. Finally, the masks were overlapped to identify areas of GFP and F4/80 co-localization, and the number of cells that fell into the GFP+F4/80+ or GFP+F4/80- categories were counted.



2.7 Statistical Analysis

Sample sizes required for sufficient statistical power were calculated using pilot data. The details of these calculations are shown in Table S2 and were performed using the methodology described by Kadam and Bhalerao (36). Analysis was performed on measurements taken from independent samples.

In the KLF4 knock out study, a two-tailed Student’s t-test was used to compare tumour volume, cell infiltration and cell phenotype between the control and knockout groups. In the characterization study and the pharmacological inhibition study (TKP and M279), expression of histological markers was compared using a one-way ANOVA test, with Welch’s ANOVA used where the standard deviation of data varied significantly between groups. The Tukey’s and Dunnett’s (Welch’s ANOVA) post-tests were used when ANOVA results were significant, to compare individual groups. A two-way ANOVA was used to compare iNOS and Arg1 expression over time in the characterization study.

In the intracardiac 4T1-GFP model, a two-tailed Student’s t-test was used to compare tumour burden, number of lesions/area and average lesion area between the AS1517499 treated and vehicle only treated groups. A two-tailed Student’s t-test was also used to compare the expression of immunostained markers in both the KLF4 knock out model and the intracardiac 4T1-GFP model.

Normality testing was performed using the Shapiro-Wilk test and data that were found to not follow a normal distribution in all experiments were analysed using non-parametric versions of the above tests (Mann-Whitney and Kruskal-Wallis tests). All sample sizes for groups in each study are reported within figure captions.

To ensure data reproducibility, we monitored the volume of the control groups in each experiment to ensure that these remained similar. Animals that received the various pharmacological treatments were distributed as evenly as possible between all cages to ensure that both control and treatment variability could be controlled. The researcher was blinded to treatment group and knock out status of animals during the analysis of the data, and animals were identified in a manner that only the particular experiment they were in could be known.




3 Results


3.1 Effect of Macrophage Phenotype on Tumour Cell Invasion In Vitro

To determine whether macrophage phenotype alters tumour cell invasion in vitro, cultured macrophages were treated with either LPS to induce a pro-inflammatory phenotype or IL-4 to induce an anti-inflammatory phenotype. The phenotype of LPS stimulated, IL-4 stimulated and unstimulated control RAW264.7 cells was confirmed by determining the ratio of iNOS : Arg1 expression immunofluorescently (Figure 1A). Since the phenotype of macrophages exists as a continuum, rather than as discrete classes, the ratio of iNOS : Arg1 was used in addition to individual expression levels to assess shifts in macrophage and microglial phenotype. LPS stimulated cells showed a significantly higher iNOS : Arg1 ratio than control cells (Figure 1B; p < 0.01), indicating a predominantly pro-inflammatory phenotype. Conversely, the IL-4 stimulated cells showed a significantly reduced iNOS : Arg1 ratio compared to LPS stimulated cells (p < 0.05), indicating a more anti-inflammatory phenotype, although the ratio was not significantly different to control cells (p = 0.1478). In the Transwell invasion assay, significantly fewer EO771 cells passed through the Matrigel membrane in the wells with LPS stimulated macrophages in the bottom chamber, compared to both IL-4 stimulated and control macrophages (Figure 1C; p < 0.05). Increased EO771 invasion was also evident in IL4 stimulated (p < 0.01) and control (p < 0.001) wells where RAW macrophages were present, compared to the media + stimulus only wells (Figure 1C).




Figure 1 | Transwell migration assay with RAW 267.4 macrophages and EO771 metastatic tumour cells. (A) Immunofluorescent staining of pro-inflammatory marker iNOS and anti-inflammatory marker Arg1 in macrophages to assess phenotype following incubation with either the pro-inflammatory stimulus LPS or the anti-inflammatory cytokine IL4. Bottom panel of images also contains nuclear (DAPI) counterstain (blue). (B) Graph showing ratio of iNOS : Arg1 expression in macrophages treated with either LPS (n = 6) or IL4 (n = 6), compared to untreated macrophages (n = 6). (C) Graph showing percentage of EO771 tumour cells migrating through the Matrigel coated Transwell membrane in the presence of either LPS (n = 6) or IL4 (n = 6) stimulated or untreated (n = 6) macrophages (white bars), or the stimulus media alone without macrophages (grey bars). Data shown as box and whisker plots depicting full range of data points. Scale bar = 100 µm. *p < 0.05, **p < 0.01, ***p < 0.001, #p = 0.0756”.





3.2 Infiltration of Blood-Derived Monocytes/Macrophages In Vivo

Infiltration of BDM into brain metastases in vivo, was assessed in the Lys-GFP-ki transgenic mice (Figure 2A), in which GFP is expressed in myeloid cells and not within microglia (21, 22). The percentage of GFP within metastasis foci in the brain increased significantly from day 7 to days 14 and 21 (p < 0.001; Figure 2B). Whilst overall expression of the mouse macrophage/microglial marker F4/80 as a percentage of tumour area did not change significantly, the percentage of F4/80 expressing cells that were also GFP positive increased significantly from day 7 to days 14 and 21 (p < 0.01; Figure 2C). The GFP positive area of the tumours correlated with tumour volume (p < 0.0001; Figure S3). The proportion of GFP positive cells that were also F4/80 positive was greater than 90% on average, indicating that they were predominantly monocytes/macrophages, and did not vary significantly between time points (Figure S2A). Interestingly, qualitative observation suggested that microglial recruitment was greater at the margins of the tumours, whilst BDM were evident throughout.




Figure 2 | Analysis of blood-derived macrophage (BDM) infiltration and phenotype into tumour foci from Lys-GFP-ki mice injected intracerebrally with EO771 cells. (A) Co-localisation of GFP fluorescence (BDM; green) with immunofluorescent staining for F4/80 (all microglia/macrophages; red). Nuclei stained with DAPI (blue). Scale bar = 100 µm. (B) Graph showing percentage of tumour area that is GFP positive indicating infiltration of BDM. (C) Graph showing percentage of F4/80 staining that is GFP positive, indicating relative proportions of BDM and brain-resident microglia within the tumour foci. (D) Co-localisation of immunofluorescent staining for iNOS (pro-inflammatory; red) or Arg1 (anti-inflammatory; blue) with GFP in BDM. Arrows indicate GFP+ BDM with colocalization of iNOS and Arg1. Scale bar = 30 µm. (E) Graph showing percentage of GFP-positive area that is either iNOS (grey bars) or Arg1 (white bars) positive. (F) Graph showing ratio of iNOS : Arg1 in GFP-positive cells. N = 9 at day 7, n = 9 at day 14 and n = 10 at day 21. Data shown as box and whisker plots depicting full range of data points. *p < 0.05, **p < 0.01.





3.3 Immune Phenotype of Infiltrating Blood-Derived Monocytes/Macrophages

Tissue sections stained for both Arg1 and iNOS (Figure 2D), showed significantly higher levels of Arg1 co-localisation with GFP positive cells, than for iNOS (p < 0.05; Figure 2E). The ratio of iNOS/Arg1 on GFP positive cells decreased significantly from day 7 to days 14 and 21 (p < 0.05; Figure 2F), indicating an increasingly anti-inflammatory phenotype in recruited blood-derived myeloid cells, predominantly monocytes/macrophages (see above).



3.4 Suppression of Anti-Inflammatory Phenotype in Blood-Derived Monocytes/Macrophages

Next, to determine the effect of anti-inflammatory BDM, specifically, on tumour growth, myeloid specific deletion of KLF4 was used to suppress STAT6-mediated anti-inflammatory macrophage activation (Figure 3). Representative images of tumours stained for F4/80 are shown in Figure 3A. Immunofluorescent images stained with F4/80 and TMEM119 with both iNOS and Arg1 are shown in Figure 3B. No significant differences were found between control and KLF4 knockout (KLF4-KO) mice for either the percentage of tumour area showing overall macrophage/microglia infiltration (F4/80 staining) or, specifically, microglial infiltration/activation (TMEM119+F4/80+) or BDM infiltration (TMEM119-F4/80+; Figure S5). The ratio of BDM to microglia was not significantly different between WT and KO animals (Figure 3C). A significant reduction in tumour volumes, however, was evident in the KLF4-KO group compared to control animals (p < 0.05; Figure 3D). In the TMEM119 positive microglial population, no significant difference was found between KLF4-KO and controls for either Arg1 or iNOS expression (Figure S4), and the ratio of iNOS : Arg1 was not significantly different (Figure 3E). In contrast, the level of Arg1 expression was significantly reduced in BDM in the KLF4-KO group (p < 0.05), whilst the level of iNOS expression remained unchanged (Figure S4). Consequently, the iNOS : Arg1 ratio in BDM increased significantly in the KLF4-KO group (p < 0.05; Figure 3F).




Figure 3 | Effect of KLF4 knock out in myeloid cells on phenotype of blood-derived macrophages (BDM) and microglia in brain metastases and tumour growth. (A) Representative IHC images showing F4/80 staining in metastases for wild-type (upper panel, n = 9) and knock-out (lower panel, n = 8) mice. Sections counterstained with cresyl violet. Scale bars = 1 mm. (B) Immunofluorescent staining of F/480 (total macrophage/microglia; green), TMEM119 (microglia; blue) with either iNOS (left panels, red) or Arg1 (right panels, red) in WT and KLF4-KO mice. Scale bar = 50 µm. (C) Graph showing ratio of microglia (TMEM119+ F4/80+) to BDM (TMEM- F4/80+) in WT and KLF4-KO mice. (D) Graph showing tumour volumes in WT and KLF4-KO mice. (E, F) Graphs showing ratios of iNOS : Arg1 expression, in WT and KLF4-KO mice, in (E) microglia (p = 0.152) and (F) BDM (p = 0.036). Data shown as box and whisker plots depicting full range of data pointspoints. *p < 0.05.





3.5 Inhibition of Macrophages/Microglia In Vivo

We next assessed the effects of inhibiting pro- and anti-inflammatory BDM/microglial phenotypes through TKP and M279 treatment, respectively. Again, the Lys-GFP-ki mouse strain was used, to enable differentiation between BDM and brain-resident microglia. Immunofluorescent staining for F4/80, iNOS and Arg1 demonstrated changes in infiltration and phenotype in the BDM and microglial populations according to treatment (Figure 4). Overall levels of F4/80 staining within tumours was significantly higher in mice treated with M279 (CSF-1R mAb) compared to TKP treatment mice (p < 0.05; Figure 4A). Whilst no differences were observed between groups for GFP positive myeloid cell infiltration (Figure 4B), microglial infiltration was significantly higher in M279 treated mice compared to both PBS and TKP treated mice (p < 0.05; Figure 4C). The proportion of GFP positive cells that were also F4/80 positive did not vary between treatment groups and remained above 90% as for the previous study, indicating that the majority of recruited myeloid cells were BDM (Figure S2B). Colocalization analysis of iNOS expression (Figure 4D) and Arg1 (Figure 4E) demonstrated changes in phenotype of BDM. iNOS expression did not vary significantly between groups in any macrophage/microglial population (Figure 4F). In contrast, Arg1 expression in GFP positive BDM was significantly lower in M279 treated mice compared to the TKP treated group (p < 0.05; Figure 4G). Although, there appeared to be a trend towards a reduction in iNOS : Arg1 in all populations from the M279 treated group compared to the TKP treated group (Figure 4H), the ratio of iNOS : Arg1 expression was not significantly different between groups in any cell population, likely owing to inter-animal variability particularly in the M279 treated group. Measurements of tumour volume from immunofluorescent stained sections (Figure 5A), showed a significant decrease in M279 treated animals compared to both PBS and TKP treated groups (Figure 5B).




Figure 4 | Effect of phenotype modulation of microglia and blood-derived macrophages (BDM) with TKP and the CSF-1R neutralizing antibody, M279. (A–C) Graphs showing percentage of tumour area that is stained for (A) all F4/80+ cells, (B) GFP+ BDM and (C) GFP- microglia. (D, E) Immunofluorescent staining of F4/80 (red) with (D) iNOS or (E) Arg1 (blue) and endogenous GFP in M279 (n = 7), PBS (n = 7) and TKP (n = 8) treated mice. In each panel, the upper rows are highlighting GFP+ BDM (white arrows), whilst the lower rows are highlighting GFP- microglia (yellow arrows). (F–H) Graphs showing expression of (E) iNOS, (F) Arg1 and (G) ratio of iNOS : Arg1 expression in all F4/80+ cells (dark grey bars), GFP+ BDM (light grey bars) and microglia (white bars). Data shown as box and whisker plots depicting full range of data points. Scale bar = 20 µm. *p < 0.05.






Figure 5 | Effect of TKP and M279 treatment on tumour volume. (A) Representative images of brain sections from M279 (CSF-1R mAb), PBS and TKP treated mice. Scale bar = 1 mm. (B) Graph of tumour volumes in M279 (n = 7), PBS (n = 7) and TKP (n = 8) treated groups. Data shown as box and whisker plots depicting full range of data points. *p < 0.05, **p < 0.01.





3.6 Inhibition of Anti-Inflammatory Macrophages/Microglia in An Intracardiac Brain Metastasis Model

Finally, the effect of inhibiting the anti-inflammatory phenotype of BDM/microglia was determined in animals injected intracardially with 4T1-GFP cells and treated with either the STAT6 inhibitor AS1517499 or vehicle. In vitro culture of 4T1-GFP cells with AS1517499 showed no negative effects on tumour cell growth or viability (Figure S5). Immunostaining for F4/80 and TMEM119 with Arg1 or iNOS (Figure 6A) demonstrated a decrease in Arg1 expression in TMEM119+F4/80+ microglia in the AS1517499 treated group compared to the vehicle control group (p < 0.05; Figure 6B). Arg1 expression in total F4/80 and BDM also demonstrated a similar trend (p = 0.0667 for both). No significant changes were observed in iNOS expression (Figure 6C) or the ratio of iNOS : Arg1 expression (Figure 6D) in each cell population. Tumour burden was found to be significantly lower in the AS1517499 treated group (3000 ± 800 µm2/mm2) compared to the vehicle controls (5600 ± 550 µm2/mm2; p < 0.05; Figure 6E). Whilst the average lesion area was not significantly different between groups (Figure 6F), a trend towards a decrease in the number of lesions per mm2 was evident (p = 0.075, Figure 6G).




Figure 6 | Effect of STAT6 Inhibition in BALB/c mice injected intracardially with 4T1-GFP cells. (A) Representative immunofluorescence images from vehicle and AS1517499 treated mice depicting co-expression of F4/80 (red, left panel) with Arg1 and iNOS (blue), and TMEM119 (green, right panel) with Arg1 and iNOS (blue). Scale bar = 40 µm. (B–D) Graphs showing (B) expression of Arg1, (C) expression of iNOS and (D) the ratio of iNOS : Arg1 expression in all F4/80+ cells (dark grey bars), microglia (TMEM119+F4/80+ cells, light grey bars) and BDM (TMEM119-F4/80+ cells, white bars) for vehicle (n = 6) and AS1517499 (n = 5) treated mice. (E–G) Graphs showing (E) tumour burden measured as total area of metastases divided by total tissue area analysed, (F) average tumour area, and (G) average number of metastases per square mm of tissue analysed. Data shown as box and whisker plots depicting full range of data points. *p < 0.05.






4 Discussion

Macrophages are known to impact systemic tumour progression and extracranial metastasis, and have also been implicated in glioma and breast cancer brain metastasis (4, 7, 13, 37, 38). There is mounting evidence that macrophages/microglia, and their different phenotypes, play an important role in brain metastasis progression, with an increasing number of studies suggesting a role for the anti-inflammatory phenotype specifically. In this study, initial in vitro experiments demonstrated that macrophage phenotype affects migration of metastatic breast cancer cells, with anti-inflammatory phenotype (IL-4-stimulated) leading to increased migration compared to pro-inflammatory phenotype (LPS-stimulated). Subsequent in vivo studies demonstrated that infiltration of blood-derived myeloid cells (predominantly macrophages; BDM) into brain metastases increased over time, and with an increasingly anti-inflammatory phenotype. Moreover, suppression of the anti-inflammatory phenotype in BDM, either through BDM specific KLF4 knock-out or antibody blockade of CSFR1, resulted in a significant reduction in brain metastasis growth. Finally, inhibition of the anti-inflammatory microglial phenotype via STAT6 inhibition, in a model of haematogenously disseminated brain metastases, also significantly reduced brain tumour burden. Together these data suggest that modulation of both BDM and microglial phenotype towards a pro-inflammatory profile has substantial therapeutic potential in brain metastasis.

Our in vitro work has demonstrated that an anti-inflammatory macrophage phenotype promotes breast cancer cell invasiveness. Previous work by Green et al. demonstrated an increase in colorectal (CT26) tumour cell migration and invasiveness in the presence of unstimulated RAW 264.7 macrophages or their conditioned media, as well as increases in transcription of genes associated with increased tumour aggressiveness (39). However, no information on the phenotype of the macrophages was reported. Macrophage TNF and TGFβ1 present within co-cultures have also been shown to increase the migration of MDA-231 breast cancer cells in a 3D culture model through MMP1 and MT1-MMP, respectively (40). This finding conflicts with our results as TNF is known to be a pro-inflammatory cytokine. However, the phenotype of activated macrophages is complex, potentially expressing a combination of pro- and anti-inflammatory markers and cytokines, dependent upon the specific environment surrounding the macrophages (10).

Our initial in vivo studies indicated significant recruitment of BDM to brain metastases, which not only increased over time but also became more anti-inflammatory in phenotype, with a decrease in the expression of iNOS relative to Arg1. It is important to recognise, however, that the phenotype of macrophages/microglia do not fall into discrete classes of pro-inflammatory or anti-inflammatory, but exist on a spectrum where both pro- and anti-inflammatory phenotype markers may be expressed within the same cell, or population of cells, but to differing degrees (10, 41). Our previous work demonstrated that anti-inflammatory macrophages and microglia, expressing Arg1 and the mannose receptor MRC-1 (CD206), are present within brain metastases and that these markers also tend to increase as the metastases progress (13). The current study builds on that work by differentially looking at the phenotype of BDM specifically, rather than the mixed population of BDM/microglia. Rippaus et al. previously evaluated the phenotype of macrophages and microglia in parenchymal and dural brain metastases. Their findings showed that BDM and microglia in parenchymal metastases have a more anti-inflammatory phenotype with a decrease in iNOS expression and an increase in CD206 expression, and that there is a phenotypic difference in BDM between dural and parenchymal metastases (12). In that study, microglia and BDM were identified based on relative expression of macrophage specific markers, which may not stratify BDM and microglia entirely. To address this potential limitation, and further assess the phenotype of BDM recruited to metastases, we have used a model that specifically expresses GFP in myeloid cells. Whilst the GFP expression occurs in all myeloid cells, we have found that in the brain metastasis model used here the contribution of non-BDM cells (GFP+F4/80-) to the overall GFP+ infiltrating population was <10%. Thus, our results predominantly reflect infiltrating BDM, although we cannot exclude a minor contribution from granulocytes. This finding is consistent with previous studies, in which the major infiltrating population in parenchymal brain metastases were CD11b+F4/80+ cells (12, 42). Overall, the results of this study are consistent with previous reports and demonstrate increasing infiltration of anti-inflammatory BDM, specifically, over time.

Given the increasingly anti-inflammatory phenotype of recruited BDM in the above study, our next aim was to determine the impact of this phenotype on brain metastasis growth. The transcription factor KLF4 has been shown to be a key regulator of macrophage polarization in models of both prostate (43) and breast cancer (6), and is activated through STAT6 signaling; this, in turn, is triggered through IL-4 signaling and participates in limiting the pro-inflammatory response (44). Here, we have shown that in KLF4 knock-out animals the anti-inflammatory response of BDM, but not brain-resident microglia, is significantly suppressed, and that this is associated with a reduction in brain metastasis growth. Subsequent studies, using the more clinically relevant antibody-mediated inhibition of anti-inflammatory BDM, further confirmed the above finding, and together these data support the notion that anti-inflammatory BDM recruited to brain metastases are pro-tumorigenic. These results are in accord with our previous work, in which mannosylated clodronate liposomes were used to deplete the total anti-inflammatory BDM/microglia population in an intracerebral brain metastasis model, using 4T1-GFP cells in BALB/c mice. In that work, we observed a significant decrease in anti-inflammatory BDM/microglia, together with a reduction in tumour growth (13).

In accord with our findings, the antibody used in our studies, M279, which does not readily cross the BBB, has previously been shown not to alter the resident microglial phenotype when administered systemically (26, 27), and to inhibit anti-inflammatory monocyte/macrophage activation without affecting pro-inflammatory activation (26). The above findings are also in agreement with previous studies showing that inhibition targeting the CSF-1R pathway shifted the phenotype of activated tumour-associated macrophages (TAMs) towards a more pro-inflammatory phenotype, resulting in reduced tumour growth in glioblastoma models (7, 8), as well as in extracranial models of breast and cervical cancer (45). Moreover, it has also been shown that the addition of CSF-1R pathway inhibition to adoptive cell therapy in preclinical melanoma models can improve the anti-tumour response (46). However, those studies used small molecule inhibitors of CSF-1R, such as BLZ495 and PLX3397, which are known to be BBB penetrant. Interestingly, in contrast to the current work, studies with such molecules have shown an overall decrease in macrophage and/or microglial recruitment (7, 47), although a decrease in M2 (anti-inflammatory) genes has also been observed, which is consistent with our work (7). As M279, could not act directly on microglia in our study, the observed increase in microglial recruitment may reflect paracrine signaling from other cells within the microenvironment (48, 49).

Interestingly, whilst others have shown that TKP is capable of attenuating activation of both BDM and microglia (24, 25), in the current study we found no significant changes in either BDM/microglia numbers or phenotype following TKP treatment. These differences may reflect the models used in those previous studies, which were predominantly pro-inflammatory (e.g. experimental autoimmune encephalomyelitis (EAE), spinal cord injury and intracerebral ischemic hemorrhage) (24, 25, 50) and, consequently, represent an entirely different immune environment to cancer. At the same time, the relatively short time-course of the treatment and inter-animal variability may have reduced sensitivity to the effects of TKP in the current study; there is some minor suggestion of a movement towards reduced numbers of both BDM/microglia and pro-inflammatory phenotype in the TKP treated group when compared to the controls, and a possible increase in tumour volume. Nevertheless, none of these changes reach significance and further work would be required to confirm or refute these observations.

Finally, we wanted to test the hypothesis that inhibition of the anti-inflammatory macrophage/microglial phenotype reduces brain metastasis volume in a more physiologically representative model, induced via haematogenous tumour cell dissemination to the brain. In this study, treatment with the STAT6 inhibitor AS1517499 was associated with a significant decrease in Arg1 expression in microglia and a significant reduction in brain tumour burden. Notably, AS1517499 did not reduce 4T1-GFP cell proliferation or viability in vitro (Figure S7), indicating that the observed reduction in tumour growth does not reflect a direct effect of AS1517499 on the tumour cells’ viability themselves. Nevertheless, we cannot exclude an effect of AS1517499 on the tumour cells’ transcriptional profile, which could in turn impact tumour progression through changes in secreted factors and paracrine interactions with the microenvironment. Although there was also a trend towards reduced Arg1 expression in BDM, this did not quite reach significance. Together, these data suggest that the anti-inflammatory phenotype of brain-resident microglia may also be pro-tumorigenic and, hence, contribute to brain metastasis progression. Similarly, previous studies have demonstrated that STAT6 inhibition with AS1517499 suppresses the anti-inflammatory macrophage phenotype in vitro, whilst leading to reduced primary breast tumour volume and lower incidence of liver metastasis in vivo (6).

Together the above findings suggest that targeting the anti-inflammatory phenotype of microglia/macrophages may provide an effective treatment strategy for brain metastasis, most likely in combination with other currently available therapies. Drugs targeting the CSF-1 signalling pathway are currently in development and many are in clinical trial. Several of these drugs have shown great promise, but are susceptible to acquiring tumour resistance (51). Inhibition of the CSF-1 pathway can be overcome by IL-4 stimulation of TAMs within the tumour microenvironment. Quail et al. have demonstrated that this IL-4 stimulation leads to IGF-1 secretion by TAMs, which in turn activates IGF-1R and PI3K signalling in tumour cells driving tumour relapse (8). Those authors also demonstrated that regrowth could be curbed by adding inhibitors that target the IGF-1R and PI3K pathways as well as targeting STAT6 directly after the initial CSF-1R targeted therapy (8). Moreover, studies by Pradel et al. of Emactuzumab (Humanized IgG1 anti-CSF-1R antibody) have shown that in vitro IL-4 stimulation can overcome CSF-1R inhibition in macrophages (52). Thus, combining CSF-1 and IL-4 pathway inhibition with additional therapies may be important and have a synergistic effect. CSF-1/CSF-1R blockade has also been shown to reprogram tumour associated macrophages, and enhance the response to checkpoint immunotherapy in a pancreatic ductal adenocarcinoma model (53). A preclinical study of CSF-1R inhibition with BRAF inhibitors demonstrated that these therapies complement each other and produce a robust anti-tumour effect (46). Finally, Quail et al. have shown that AS1517499 inhibition of STAT6 in combination with CSF-1R inhibition reduces CSF-1R resistant glioblastoma regrowth (8).

The current work has focused predominantly on systemically derived BDMs. However, the results of the final study suggest that microglia may also influence metastasis progression. In support of this notion, whilst not significant, we did note trends towards changes in inflammatory marker expression in microglia that followed those observed in BDM in both the KLF4 knockout and pharmacological inhibition studies. These observations may reflect paracrine signalling between BDM and microglia, and possibly other cells within the environment, such as astrocytes and endothelial cells. The microenvironment of brain metastases is complex, with many different cell types potentially contributing to, or inhibiting, progression (48, 49). Additional studies where both populations are inhibited, as well as microglia specifically, will be invaluable in determining the exact contributions of each macrophage population, and how they interact with other components of the tumour microenvironment.

In conclusion, inhibition of the anti-inflammatory phenotype in blood-derived macrophages and/or brain-resident microglia, through targeting of CSF-1R or STAT6/KLF4, reduces metastasis growth in the brain. This work provides strong support for the concept that modulating the inflammatory phenotype of both blood-derived macrophages and microglia towards a more pro-inflammatory phenotype may have significant therapeutic benefits in brain metastasis, particularly in combination with other therapies, and may significantly improve prognosis for patients with brain metastasis.
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Yes
No
Site of BM
Supratentorial only
Subtentorial only
Supra and subtentorial
Number of brain metastases
Single
Multiple
Interval between primary tumor and BM diagnosis
Synchronous
Metachronous
Interval between BM and extracranial disease
(n=75)
Synchronous
Metachronous
Molecular characteristics
RAS: Wild-type/Mutated/Missing data

BRAF: Wild-type/Mutated/Missing data
MMR status: MSI/MSS/Missing data

66.8 (36.8-87.1)

53 (63.9%)
30 (36.1%)

19 (22.9%)

26 (31.3%)

34 (41.0%)
4(4.8%)

24 (33.8%)

38 (53.5%)

9(12.7%)
12

4.(4.9%)
13 (15.9%)
28 (34.1%)
37 (45.1%)

1
73 (88.0%)

14 (17.5%)
28 (35.0%)
21 (26.3%)
17 (21.2%)
0
3

59 (71.1%)
24 (28.9%)

36 (43.4%)
47 (56.6%)

48 (57.8%)
17 (20.5%)
18 (21.7%)

42 (50.6%)
41 (49.4%)

6 (7.2%)
77 (92.8%)

15 (20.0%)
60 (80.0%)

30 (38.5%)/48 (61.5%)/
5

73 (93.6%)/5 (6.4%)/5

4 (5.5%)/69 (94.5%)/10

CRC, colorectal cancer; BM, brain metastases; PT, primary tumor; SD, standard
deviation; MMR, mismatch repair; MSS, microsatelite stable; MSI, microsatellite

instability; ECOG, Eastern Cooperative Oncology Group.
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Age (continuous variable)

Gender (male vs female)

Site of primary tumor (ascending colon vs descending colon vs rectum)
Tumor grade (well and moderately differentiated vs poorly differentiated)
Stage at initial CRC diagnostic (I vs Il vs lll vs IV)

T stage (T1 and T2 vs T3 vs T4)

N stage (NO vs N1 vs N2)

Interval between metastases diagnosis and PT (continuous variable)
Interval between BM diagnosis and PT (continuous variable)

Interval between BM and ECM (continuous variable)

RAS status (mutated vs wild-type)

BRAF status (mutated vs wild-type)

MMR status (MSS vs MSI)

CD3 area

Primary tumor
(p value)

0.81
0.37
0.53
0.08
0.74
0.43
0.39
0.29
0.17
0.27
0.68
0.87
0.68

Brain metastasis
(p value)

0.09
0.58
0.42
0.10
0.94
0.31
0.22
0.73
0.36
0.16
0.43
0.58
0.35

DGMate score

Primary tumor
(p value)

0.84
0.22
0.11
0.21
0.99
0.44
0.24
0.59
0.27
0.19
0.70
0.79
0.80

Brain metastasis
(p value)

0.41
0.92
0.54
0.26
0.43
0.65
0.55
0.16
0.16
0.28
0.30
0.11
0.08

vs, versus; ECM, extracranial metastases; PT, primary tumor; BM, brain metastases; MMR, mismatch repair; MSI, microsatellite instability; MSS, microsatellite stability.
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Study name (phase, dominant ~ Tumor  Line of Intervention (No.) Control Age,median  Follow-up, ~ Randomization ~ BMs Jadad

ethnicity) type therapy treatment (No) ~ (Range or median stratifiedby ~ status score
IQR),y  (Range orIQR),  BMs status (No,)
mo )
No Yes
CheckMate 057 (4), (3, White) NSCLG >1 Nivolumab (n = 292) Docetaxel (n=290) 62 (21-85) 132(NR)  No 514 68 3
KEYNOTE-024 (23), (3, White) NSCLC 1 Pembrolzumab (n = 154) CTx (n=151) 65(33-90)  252(204-33.7) No 217 28 3
JAVELIN Lung 200 (21), (3, White) ~ NSCLC >1 Avelumab (n = 396) Docetaxel (1=396) 63 (57-69)  18.3(12.9-229) No 713 79 3
OAK (6), (3, White) NSCLG >1 Atezolizumab (n = 613) Docetaxel (n=612) 64 (25-85) 26 (NR) No 1,107 118 3
KEYNOTE-189 (7), (3, White) NSCLC 1 Pembrolizumab+CTx (n = 410) CTx (n = 206) 64(34-84)  23.1(186-30.9) No 508 108 5
CheckMate 227 (22), (3, White) ~ NSCLC 1 Nivolumab+ ipilimumab (n = 583) CTx (n = 583) 64 (26-87) 293(NR)  No 1051 115 3
CheckMate 078 (24), (3, Asian) NSCLC >1 Nivolumab (n = 338) Docetael (n = 166) 60 (27-78) 88(\NR)  No 432 72 3
SHR-1210-303 (25), (3, Asian) NSCLC 1 Camrelizumab+CTx (n = 205) CTx (n=207) 60 (24-71) 119(\NR)  No 395 17 3
Checkmate OLA (27), (3, White) ~ NSCLC 1 Nivolumab+ ipilimumab +CTx (n = 361) CTx (n = 358) 65 (26-86) 127(NR)  No 597 122 3
IMpower133 (8), (3, White) scLe 1 Atezolizumab+ CTx (n = 201) CTx (n=202) 64 (26-90) 139(NR)  Yes 368 35 5
CASPIAN (26), (3, White) scLe 1 Durvalumab+ CTx (268) CTx (n = 269) 63(28-88)  251(0.1-337) No 482 55 3
Durvalumab+ tremelimumab+ CTx (n = 268) 4712 65
Keynote 604 (28), (3, White) scLe 1 Pembrolizumab + CTx (n = 228) CTx (n=225) 65(24-83  216(16.1-30.6) No 398 55 5
ORIENT-11 (30), (3, Asian) NSCLC 1 Sintiimab +CTx (n = 266) CTx (n=131) 61(30-75) 89(NR)  No 339 58 5
EMPOWER-Lung 1 (29), (3, Asian)  NSCLC 1 Cemiplimab (n = 356) CTx (n = 356) 63 (31-84) 131(NR) No 627 83 3

Data are presented as n (%), and median (range), unless otherwise stated.
BMs, brain metastases: CTx, chemotherapy: NR, not reported; IQR, interquartile range; NSCLC, non-small-cell lung cancer: SCLC, small-cell lung cancer: HR, hazard ratio; Cl, confidence interval,
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Variables

Overall
Tumor type
NSCLC
scLC
Study design
immunotherapy vs SOC
immunotherapy + SOC vs SOC
Line of therapy
first-line
second- or later-line
Immunotherapy type
anti-PD-1
anti-PD-L1
BMs proportion
<10
=10

Study, No. (%)

Participants, No.

Pooled HR (95% ClI) for immunotherapy vs SOC

BMs

976

793
183

563
413

639
387

651
325

375
601

non-BMs
7,304

5,826
1,478

4,721
2,583

4,538
2,766

4,404
2,900

3,516
3,788

BMs
0.72 (0.58-0.90)

0.63 (0.49-0.82)
0.99 (0.72-1.34)

0.74 (0.60-0.91)
0.71 (0.46-1.09)

0.67 (0.49-0.90)
0.83 (0.62-1.10)

0.66 (0.47-0.92)
0.81(0.63-1.03)

0.73 (0.57-0.93)
0.70 (0.50-0.98)

non-BMs
0.76 (0.71-0.80)

0.75 (0.69-0.81)
0.76 (0.68-0.85)

0.77 (0.71-0.83)
0.73 (0.67-0.80)

0.73 (0.68-0.78)
0.80 (0.72-0.89)

0.71 (0.66-0.77)
0.81 (0.74-0.88)

0.78 (0.71-0.86)
0.73 (0.67-0.79)

P value for
interaction

0.72

0.19
0.13

0.73
0.91

0.54
0.75

0.66
0.97

0.52
0.87

NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1; SOC, standard of care chemotherapy; BMs,

brain metastases: OS, overall survival: HR, hazard ratio: Cl, confidence interval.
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Variables

Overall
Tumor type
NSCLC
SCLC
Study design
immunotherapy vs SOC
immunotherapy + SOC vs SOC
Line of therapy
first-line
second- or later-line
Immunotherapy type
anti-PD-1
anti-PD-L1
BMs proportion
<10
>10

Study, No. (%)

4 (40)
6 (60)

Patients, No. Pooled HR (95% ClI) for immunotherapy vs SOC
BMs non-BMs BMs non-BMs
603 4,571 0.68 (0.52-0.87) 0.68 (0.56-0.82)
518 3,805 0.61 (0.46-0.79) 0.67 (0.52-0.85)
90 766 1.03 (0.66-1.61) 0.72 (0.62-0.84)
330 2,563 0.71 (0.54-0.93) 0.78 (0.59-1.02)
273 2,008 0.65 (0.40-1.06) 0.60 (0.49-0.72)
384 2912 0.61 (0.43-0.87) 0.59 (0.51-0.68)
219 1,659 0.80 (0.58-1.10) 0.95 (0.77-1.18)
489 3,490 0.61 (0.47-0.79) 0.63 (0.53-0.75)
114 1,081 1,04 (0.66-1.63) 0.94 (0.61-1.44)
159 1,753 0.83 (0.51-1.37) 0.73 (0.50-1.05)
444 2,818 0.62 (0.47-0.83) 0.65 (0.52-0.80)

P value for
interaction

0.78

0.25
0.13

0.25
0.47

0.74
0.87

0.61
0.77

0.97
0.70

NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1; SOC, standard of care chemotherapy; BMs,
brain metastases; PFS, progression-free survival; HR, hazard ratio; Cl, confidence interval.
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Primary cancer Ki-67 proliferation index (%) Correlation with maximum '®F-FDG uptake ratio Correlation with mean '®F-FDG uptake ratio

rho (95% ClI) p-value rho (95% ClI) p-value
Total 35.0 +26.9 -0.21 (-0.56 to 0.06) 0.112 -0.25 (-0.57 to 0.05) 0.094
Lung 326 +21.1 -0.14 (-0.62 to 0.42) 0.637 -0.13 (-0.61 to 0.43) 0.670
Breast 182+ 18.9 -0.27 (-0.49 to 0.16) 0.721 -0.18 (-0.75 to 0.20) 0.491
Gl tract and others 55.3 +£29.6 -0.24 (-0.66 to 0.09) 0.581 -0.26 (-0.77 t0 0.38) 0.423

Cl. Confidence Interval.
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Paper PMID Context Cell type Gene Up/Down Validated in Notes

patients
Masudaeta. 30760929 Health Microgia TMEM119, P2RY12, CX3CR1, P2RY13, SLC2A5 Defining signature Yes (Human
samples)
Zeisel et al. 25700174 Health Microglia Aif1 (Ibat), Cx3cr1 Defining signature No
Zeisel et al. 25700174 Health ey A1 (Iba-1), Cx3CRI, Mrc1 (CD206), Lyvel, Lyl1, Spic  Defining signature No
Goldmann etal. 27135602 Health PP Af1 (Iba-1), CX3CRI, Csflr, CD45 (Plprojhigh, Mrc1,  Defining signature No
c36
Goldmannetal. 27135602 Health Microglia A¥f1 (Iba-1), Cx3CRI1, Csf1r, CD45low, P2ry12 Defining signature No
Jordao et al. 30679343 Health Microglia P21y12, Tmem119, Sparc, Ofimi3, Salll Defining signature No
Jordao et al. 30679343 Health BAMs/CAMs Mrc1, Pf4, Ms4a7, Cbr2 Defining signature No
Jordao et al. 30679343 Health mMd Mrc1, Pf4,Ms4a7, Stab1, Cbr2, Cd163, Ferl, Siglec Defining signature No
Van Hoveetal. 31061494 Health BAMS/CAMs Apoe, Msda7, Msda6, Lyz2, Tgi Defining signature No
Lietal. 30606613 Health Microgia Tmem119, P2ry12 Defining signature No
Mrdjen et al. 29426702 Aging Microglia CD11¢, CD14 (phagocytosis markers), CD44, CD86,  Up No
PDLT
Mrdjen et al. 29426702 Aging Microgia CX3CR1, MerTK, and Siglec-H (core microgia genes)  Down No
Hammond etal. 30471926 Aging Microglia OA2: Lgals3, Cst7, Ccl3, Ccld, Il1b (pro-inflammatory) ~ Up No
2) OA3: Iftm3, Tip4, Oasi2 (IFN-response genes)
Keren-Shaul et al. 28602351 Alzheimer Microgia (DAM)  Apoe, Ctsd, Lpl, Tyrobp, Trem2, CD11c (tgax) W No
Keren-Shaul et al. 28602351 Alzheimer Microgia (DAM)  P2ry12/P2ry13, Cx3cr1, Tmem119 (core microglia Down No
genes)
Mathys et al. 29020624 Alzheimer Microgiia (ate-  Apoe, Ax, Lgals3bp + H2-Ab1, H2-D1, CD74 (antigen  Up No
response) presentation-related genes)
Mathys et al. 29020624 Alzheimer Microgia Cx3cR1, P2ry12, TMEM119 (core microglia genes) Down No
Mrdjen et al. 29426702 Alzheimer Microgia CD11c, CD14 (phagocytosis markers), CD44, CD86,  Up No
PDLT
Mrdjen et al. 29426702 Alzheimer Microgia CX3CR1, MerTK, and Siglec-H (core microgia genes)  Down No
Habib et al. 32341542 Alzheimer Microgia Apoe, Ctsd, Ctsb, Ctsl [ No
Mathys et al. 31042697 Alzheimer Microgiia (DAM)  Apoe, Trem2, CD74, Hia-drb1/5 [ Yes
Olah et al. 33257666 Alzheimer Microgia CD74, ISG15, CD83 U Yes Several microglia clusters,
each one characterized (and
validated) with these genes
Keren-Shaul et al. 28602351 Amyotrophic Lateral Microgia Tmem119, P2ry12 (core microglia genes) Down No
Sclerosis
Masudaeta. 30760929 Muliple scierosis Microgia TMEM119, P2RY12, P2RY13, CX3CRI1, SLC2AS (core Down Yes
microgia genes)
Masudaeta. 30760929 Muliple scierosis Microglia APOE, MAFB [ Yes
Mrdjen et al. 29426702 Multiple sclerosis (EAE) Microgia CX3CRI, MerTK and Siglec-H (core microglia genes)  Down No
Mrdjen et al. 29426702 Multiple sclerosis (EAE) Microgia MHCII, Sca-1, PDL1, CD11c, CD44, CD86 U No
Mrdjen et al. 29426702 Multiple sclerosis (EAE) Microglia co14 Down No
Jordzo et al. 30679343 Multile sclerosis (EAE) Microgia P21y12, Tmem119, Selplg, Siglech, Gpr34, Sal1 (core  Down No
microglia genes)
Jordao et al. 30679343 Multiple sclerosis (EAE) Microgia Ly86, CCE2, Cxcl10, Mkis7 [ No
Jordao et al. 30679343 Multple sclerosis (EAE) Microgia Sparc, Olfmi3 U No
Jordzo et al. 30679343 Multiple sclerosis (EAE) Microgia 1) damicrogla2: Ca74, Ctsb, Apoe 2) damicrogliad:  Up No 3 clusters
Cxcl10, Tf, Ccld 3) damicrogliad: Ccl5, Css, ltm2b
Jordao et al. 30679343 Multiple sclerosis (EAE) BMDM Mertk, Mrc1, Zbth46, Co209a W No
Ajarii et al. 20507414  Muliple sclerosis (EAE) CNS-resident MHCI, CD86, CD8O, Ax, Tim4, CD274 (Pd-11), CD195  Up No
myeloid cells (Cers), CD194 (Cerd), CD11c (itgax)
(microgla, pyMd,
mMa)
Ajami et al. 29507414 Multiple sclerosis (EAE) BMDM CD80, CD86, CD38, CD39, MerTK, Axi, CD206, Up No
TREM2, CD274
Ajarni et al. 29507414  Muliple sclerosis (EAE) BMDM PSTAT3 Up No
Ajami et al. 29507414 Multiple sclerosis (EAE) BMDM PCREB, NFKB Down No
Ajami et al. 29507414 Multiple sclerosis (EAE) BMDM CD49e (itgas) Up No
Hammond etal. 30471926 Muliple sclerosis (LPC- Microglia P2ry12, Cx3erl (core microgla genes) Down No
induced demyeiination)
Hammond etal. 30471926 Multiple sclerosis (LPC- Microglia CxCI10, Ccld, 204, Apoe, Lpl, Spp1 Up No
induced demyeiination)
Rothhammer 20769726 Muliple sclerosis (EAE) Microglia AHR Up Yes Functional validation
etal.
Rothhammer 29769726 Multiple sclerosis (EAE) Microglia TGF-alpha Up Yes Functional validation
et al.
Rothhammer 20769726 Multiple sclerosis (EAE) Microglia VEGF-8 Up Yes Functional validation
et al.
Clark et al. 33888612 Multiple sclerosis (EAE) Microglia Semaddd Expressed in EAE Yes Functional validation
Clark et al 33888612 Multiple sclerosis (EAE) Microglia Ephb3 Expressed in EAE Yes Functional validation
Friebel et al. 32470397 Glioma Microglia and CD64, CD11c, HLA-DR, CD14 Up Yes
BMDM
Friebel et al. 32470397 Gloma BMDM CD45RA, CD141, lcam Up Yes
Friebel et al. 32470397 Glioma BMDM CDas, PD-L1, PD-L2 Up Yes
Darmanis etal. 29091775 Gioma Microglia CCL3, CCL4, CCL2,TNF (Cks). ILA/B, IL6R (pro-  Up Yes
inflammatory)
Darmanis etal. 29091775 Gloma BMDM VEGFA, VEGFB (angiogenesis), IL1AN, TGFB (anti-  Up Yes
inflammatory)
Ochockaetal. 33809675 Gloma Microglia and H2-Aa, H2-Ab1, H2-D1, H2K1(MHCI), Iftm3 Up No
BMDM
Ochockaetal. 33800675 Gloma Microglia Cal3, Col, Cel2 Up No
Ochockaetal. 33800675 Gloma BMDM Cdz274, iltm, i18b, Up No
Sankowski et al. 31740814 Gloma Microglia CX3CR1, CSFIR Down Yes
Sankowski etal. 31740814 Gloma Microgia CD163, APOE, SPP1, TREM2 LPL, IFI27, IFITM3, Up Yes
HIF1A, VEGFA
Friebel et l. 32470397 Brain Metastasis CONS resident CD64, CD11c, HLA-DR, CD14 Up Yes
(microglia) and
BMDM
Friebel et l. 32470397 Brain Metastasis BMDM CD45RA, CD141, ICAV Up Yes
Friebel et l. 32470397 Brain Metastasis BMDM CD3s, PD-L1, PD-L2 Up Yes
Guidner etal. 33113353 Brain Metastasis CNS-myeloids ~ S100a1, Lgals, I11b Up No
(microglia+BAMs)
Guidnereta. 33113353 Brain Metastasis CNS-myeloids  Cx3or1, P2ry12, Hexb (core microglia genes) Down No
(microglia+BAMs)
Guidnereta. 33113353 Brain Metastasis CNS-myeloids Vi, Ca274 Up No
(microglia+BAMs)
Guldner et al. 33113353 Brain Metastasis BMDM Tspo, 1515, itm2, Anxa2, Ir7 Up No
(inflammation), ffitm1, II1b, S$100a10, Lgals1
Guidneretal. 33113353 Brain Metastasis BMDM Hob-bs, Serinc3, CD81, Kif2 Down No
Korin et al. 28758994 Health Brain infilrated ~ CXCR1 Up (compared with blood) ~ No
leukocytes
Korin et al. 28758994 Health Brain infiltrated CD44 Up (compared with blood) ~ No
leukocytes
Korin et al. 28758994 Health CD8+ T cells c8s Up (compared with blood) ~ No
Golombeta. 33264626 Ageing CD4+/CD8+ T memory stemness (Tscrm) signature: Up (compared with young ~ No
T cells CD3+ and Thy1+/itga2+/Kirb1- mRNA mice)
Caruso et al. 33155039 Glioma CD8+ T cells CRTAM Up Patients data
Friebel et al. 32470397 Brain Metastasis CD8+ T cells cpag Up (compared with the ~~ Patients data
cluster of low immune
infitrates and worse
survival)
Friebel et al. 32470397 Brain Metastasis CD8+ T cells Co-stimulatory receptors: lcos, CD27 Up (compared with the Patients data
and CD137 cluster of low immune
infitrates and worse
survival)
Friebel et al. 32470397 Brain Metastasis CD8+ T cells Co-inhibitory receptors: 284, Up (compared with the Patients data
Tigit and Pa-1 cluster of low immune
infitrates and worse
survival)
Friebel et al. 32470397 Brain Metastasis CD8+ T cells Effector function: CD57 and gzmB Up (compared with the Patients data
cluster of low immune
infitrates and worse
survival)
Friebel et al. 32470397 Brain Metastasis CD8+ T cells Ki67 Up (compared with the ~ Patients data
cluster of low immune
infitrates and worse
survival)
Boisverteta. 29298427 Aging Astrocytes Casp1 Up No
Boisvert et al. 29298427 Aging Astrocytes Casp12 Up No
Boisverteta. 20208427 Aging Astrocytes Cxels Up No
Boisverteta. 29298427 Aging Astrocytes T2 Up No
Boisverteta. 29298427 Aging Astrocytes Trd Up No
Lau et al 32089152 Alzheimer Astrocytes ADGRV1 Defining signature Yes
Lau et al. 32089152 Alzheimer Astrocytes GPC5 Defining signature Yes
Lau et al. 32089152 Alzheimer Astrocytes RYR3 Novel gene signature Yes
identifying astrocytes
Lau et al 32980152 Alzheimer Astrocytes NRXN1 Down Yes
Lau et al 32089152 Alizheimer Astrocytes NRXNG Down Yes
Leng et al. 33432193 Alzheimer Astrocytes HsPB1 Up Yes Expression validated in a
mouse model of spinal cord
injury
Leng et al. 33432193 Alzheimer Astrocytes e Up Yes Expression valdated in a
mouse model of spinal cord
injury
Leng et al. 33432193 Alzheimer Astrocytes HSP90AAT Up Yes Expression valdated in a
mouse model of spinal cord
injury
Leng et al. 33432193 Alzheimer Astrocytes Glutamate/GABA-signaling Down Yes Expression valdated in a
associated genes mouse model of spinal cord
injury
Al-Dalahmah et al. 32070434 Huntington disease Astrocytes MT-genes Up Yes
A-Dalahmah et al. 32070434 Huntington disease Astrocytes Protoplasmic genes Down Yes
Rothhammer 29760726 Multiple sclerosis (EAE) Astrocytes Cei2 Upregulated upon AHR ~ No Functional validation
etal. deletion
Rothhammer 29769726 Multiple sclerosis (EAE) Astrocytes b Upregulated upon AHR ~ No
etal. deletion
Rothhammer 29760726 Multiple sclerosis (EAE) Astrocytes Nos2 Upregulated upon AHR ~ No
et al. deletion
Sanmarco etal. 33408417 Multiple sclerosis (EAE) Astrocytes CD107a (Lamp?) Upregulated upon CNS  Yes Functional validation
inflammation
Sanmarcoetal. 33408417 Multiple sclerosis (EAE) Astrocytes Tnfsf10 (TRAIL death receptor ligand) Upregulated upon CNS ~ Yes Functional validation
inflammation
Clark et al 33888612 Multiple sclerosis (EAE) Astrocytes PlexinB2 Expressed in EAE Yes Functional validation
Clark et al 33888612 Multile sclerosis (EAE) Astrocytes Emb3 Expressed in EAE Yes Functional validation
Heiland et al. 31186414 Glioblastoma Reactive CD274 Up Yes (human
astrocytes samples)
Priego et al 29921958  Brain Metastasis Reactive STATS (phosphoriation) Up Yes Functional validation
astrocytes
Ebert et al. 33082953 Giioblastoma Pericytes CD73 CD105 Up Yes (human
samples)
Ebert et al. 33082953 Giioblastoma Tumor associated  Fab Up Yes (human
endothelial cells samples)
Carison et al. 33367832 Glioblastoma Tumor associated  Jead, Spop and Ctnnb1 (in all clusters), Up No Validation in patient derived
endothelal cells  clusters 2-5: Malat1, Jun and Arhgap, cluster 3: Mgp, orthotopic xenograft
Stmn2, Sema3g and Gjad, cluster 4: Nr2f2, Vwf,
Aldh1a1 and Junb, cluster 5: CD74 and Cxcl10
Carlson et al. 33367832 Giioblastoma Tumor derived  Pdpn and Fitd Up No Valdation in patient derived
endothelal cells  Lymphatic endothelial cells: Icam1, Den, Tofbi and orthotopic xenograft

cp74

BAWM, Barrier-associated macrophages; GAM, Central Nervous System (CNS)-associated macrophages; BMDM, Bone Marrow-Derived Macrophages; DAM, Disease-associated microglia; mMg, meningeal macrophages; pvMg,
periascular Macrophages.
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OPS/images/fonc.2021.618705/table2.jpg
Expression of
CD68
Grade 1
(n=13)
Grade 2
(n=10)
Grade 3
(n=6)
Grade 4
(n=5)
Expression of
CD163
Grade 1
(n=9)
Grade 2
(n=12)
Grade 3
(n=8)
Grade 4
(n=5)
Expression of
MPO
Grade 1
(n=13)
Grade 2
(n=10)
Grade 3
(n=9)
Grade 4
(n=2)
Expression of
CD3
Grade 1
(n=18)
Grade 2
(n=14)
Grade 3
(n=1)
Grade 4
(n=1)
Expression of
CD8s
Grade 1
(n=27)
Grade 2
(n=5)
Grade 3
(n=2)

Maximum '®F-FDG
uptake ratio

3.02 £ 1.54
3.35+1.09
2.63 +1.09

2.80 +0.98

321+ 1.74
3.24+ 1.10
274 £1.00

258 £1.01

3.46 + 1.59
2.44 + 0.68
323 +1.01

2,02 £0.07

325 +1.39
2.85+1.06
2.02

2.05

3.01+1.29
3.47 £1.06

2.08 £0.02

p-value for difference of maximum '®F-FDG uptake
ratio between groups

0.384"

0.865"

0271t

0.350"

0.312"

Mean "®F-FDG
uptake ratio

1.62 +0.70
1.98 +0.77
1.36 +0.44

1.72+0.79

1.63+0.77
193 +0.72
1.40 £ 0.49

1.71+£0.79

2.03 +0.83
142 +0.38
1.66 + 0.66

1.09 £0.12

178 +0.74
1.64 +0.69
1.40

1.26

1.68 + 0.68
1.93 £ 0.92

1.83 +0.09

p-value for difference of mean '°F-
FDG uptake ratio between groups

0.216"

0.748"

0.074"

0.279"

0.529"

tadjusted values for covariates; MPO, Myeloperoxidase, marker for neutrophils; CD3/CD8, Marker for T cells: CD68/CD163, Marker for macrophages.
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Primary cancer

Immune cell markers

Maximum '®F-

p-value for difference of maximum

Mean "°F-

p-value for difference of mean'®F-

FDG uptake '®F-FDG uptake ratio between FDG uptake FDG uptake ratio between groups
ratio groups ratio
Lung Expression of CD68
Grade 1 (n=4) 3.03 + 1.04 1.64 +0.51
Grade 2 (n=2) 2,28 +0.61 0.909" 1.24 +0.45 0.688"
Grade 3 (1=3) 2.56 +1.31 117 +0.29
Grade 4 (n=5) 2.80+0.98 1.72+0.79
Expression of CD163
Grade 1 (n=2) 3.19+0.74 1.56 + 0.06
Grade 2 (n=3) 253 +1.28 0.764" 1.45+0.77 0.632"
Grade 3 (n=4) 2.88 +1.02 1.27 +0.31
Grade 4 (n=5) 2.58 £ 1.01 1.71 £ 0.79
Expression of MPO
Grade 1 (n=3) 280+ 1.14 1.65 + 0.63
Grade 2 (n=5) 247 £0.77 0.722" 1.35+0.27 0.767"
Grade 3 (n=5) 311 £1.15 1.65 +0.86
Grade 4 (n=1) 2.08 1.18
Expression of CD3
Grade 1 (n=5) 279+1.04 1.49 + 0.55
Grade 2 (n=7) 2.91+1.02 0.253" 157 £0.72 0.452"
Grade 3 (n=1) 2.02 1.40
Grade 4 (n=1) 2.05 1.26
Expression of CD8
Grade 1 (n=9) 2.57 £0.88 1.39+0.45
Grade 2 (1=3) 372088 0.190" 1.98 + 0.98 0.307"
Grade 3 (n=2) 2.03 +0.02 1.33+0.09
Breast Expression of CD68
Grade 1 (n=6) 2.36 + 0.40* 1.47 + 0.60"
Grade 2 (n=4) 4.27 +0.28" 0.0021* 2.75 £ 0.29* 0.036™
Expression of CD163
Grade 1 (n=4) 239+ 042 1.45+0.73
Grade 2 (n=6) 3.61+1.06 0.818" 233+072 0.927"
Expression of MPO
Grade 1 (n=8) 337 +1.01 2.08 +0.87
Grade 2 (n=1) 2.32 0.348 2.03 0.628
Grade 3 (1=1) 1.95 1.16
Expression of CD3
Grade 1 (n=7) 3.02+1.03 1.94 +0.88
Grade 2 (n=3) 337 £1.28 0.659 2.08 £0.81 0.827
Expression of CD8
Grade 1 (n=9) 3.00 +1.02 1.90 + 0.82
Grade 2 (n=1) 4.22 0.295 272 0.377
Gl tract and others  Expression of CD68
Grade 1 (n=3) 4.32 £2.90 1.92+1.18
Grade 2 (n=4) 297 £1.13 0.974" 1.68 +0.49 0.980"
Grade 3 (n=3) 271111 1.55 +0.54
Expression of CD163
Grade 1 (1=3) 4.32 +2.90 1.92+1.18
Grade 2 (n=3) 3.19+1.03 0.967" 161+ 1.1 0.970"
Grade 3 (1=4) 261+ 1.11 1.53 + 0.66
Expression of MPO
Grade 1 (n=2) 4.82 +£3.97 241122
Grade 2 (n=4) 245077 0.400 1.35+0.46 0.262
Grade 3 (n=3) 3.86 +0.16 1.84 +0.34
Grade 4 (n=1) 197 1.00
Expression of CD3
Grade 1 (1=6) 391 +191 1.84+0.76
Grade 2 (n=4) 237111 0.487" 1.42 + 0.59 0.504"
Expression of CD8
Grade 1 (n=9) 3.44 £1.79 1.75 £ 0.69
Grade 2 (n=1) 1.97 0.459 1.00 0.262

*adjusted values for covariates, *p < 0.05; Gl tract: Gastrointestinal tract; MPO, Myeloperoxidase, marker for neutrophils; CD3/CD8, Marker for T cells; CD68/CD163, Marker for

macrophages.
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Biomarkers (study reference) Potential radionuclides for ~ Therapeutic  Radionuclide allowing Advantages Limitations
RIT (type of emission)  particle range  biodistribution/dosimetry
evaluation?
RADS1, HDGF and TPR gene 129, 10 e-/y) 2:5nm yes *No need to pass throught the BBB  *Need to be intemaiized into the cells
overexpression in primary cancer cells *Early stage of BM eLow energy deposition
© «Possible biodistributiorvdosimetry
evaluation

Tyrosine kinase inhibitors (2) 212pp, 225p¢, 211As, 219 (o 40-100um no oEarly stage of BM *Need to pass throught the BBB

B «Difficult biodistribution/dosimetry evaluation
ov-integrin (%) 212pp, 2290, '1As, 7B (@ 40-100um no <Early stage of BM Need to pass throught the BBB

B/ «Diffiult biodistribution/dosimetry evaluation
VEGF (12) 212pp, 25p¢, 211Ag, 219 (o 40-100um no Early stage of BM Difficult biodistribution/dosimetry evaluation

B «No need to pass throught the BBB  #VEGF expression in healthy tissue could

induce radiotoxicity

VCAM-1 (21) 212pp, 2255¢, 211As, 21%B; (o 40-100pm no *Early stage of BM Difficult biodistribution/dosimetry evaluation

B/

*No need to pass throught the BBB

*VCAM-1 expression in kidney, spleen and
bone marrow could induce radiotoxicity






OPS/images/fonc.2021.618705/table1.jpg
Characteristics Number Maximum *®F-  p-value for difference of maximum '®F- Mean ®F-FDG  p-value for difference of mean "®F-
FDG uptake ratio FDG uptake ratio between groups uptake ratio FDG uptake ratio between groups

Age (years) 63.70 + 9.90 3.02+1.24 NA 1.70£0.70 NA
Sex
Male 20 3.08 £1.39 0.743 1.68 + 0.65 0.261
(58.8%)
Female 14 293+1.05 1.86 + 0.76
(@1.2%)
Primary cancer sites
Lung 14 274 £0.95 0.547 1.51 +0.58 0.273
(41.2%)
Breast 10 3.12+1.04 1.98 + 0.82
(29.4%)
Gl tract and others 10 329+175 1.67 +0.70
(29.4%)
Number of metastatic sites in the brain
Single 21 2.87 £0.96 0.375 1.64 + 0.68 0.530
(61.8%)
Multiple 13 3.28 + 1.66 1.80 +0.75
(38.2%)
Presence of extracranial metastasis
Yes 15 3.35+1.42 0.165 1.783+0.78 0.756
(44.1%)
No 19 275+1.05 1.65 + 0.60
(55.9%)
Histologic type of metastatic lesions
Adenocarcinoma’ 29 3.08 +1.28 0.371 1.71 £ 0.69 0.118
(85.4%)
Squamous cell 3(8.8%) 2.03+£0.16 117 £0.25
carcinoma
Small cell 1(2.9%) 2.67 1.52
carcinoma
Large cell 1(2.9%) 4.38 3.1
neuroendocrine
carcinoma
Correlation with maximum '®F-FDG uptake ratio Correlation with mean '®F-FDG uptake ratio
rho (95% Cl) p-value rho (95% CI) p-value
Size of brain 3.10 £ 0.94 0.27 (0.07 to 0.114 0.03 (-0.31 to 0.879
metastasis (cm) 0.56) 0.36)
VOl size of brain 13.08 £ 9.94 0.23 (0.1 to 0.175 0.02 (-0.35 to 0.896
metastasis (cm®) 0593) 0.32)

*Category of adenocarcinoma included adenocarcinoma of the lung and gastrointestinal tracts, as well as ductal and lobular carcinoma of the breast.
Gl tract, Gastrointestinal tract: NA, Not available.
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Category Target (depending
onstudy, referedtp ——————————————— OO0
gene or protein) TAM-MDM TAM-MDM

Microglia lneage ~ CX3CR1
P2RY12

SALL1
TMEM119

CCR2

CD4gd

H2-Aa (only mouse)
H2-Ab (only mouse)
H2-Eb (only mouse)

H2-D1 (only mouse)

B2M
HLA-A (only human)
HLA-DR (only human)

CD74

cellinteraction ~ CD275/1COSLG/B7-
H2
PD-L1

cia
c3

TNF
AMsignaling  AXL
MERTK

GASE

Growth factor APOE
and EOM
organizer cTsB

LGALS3

SEMA4B
SPARC

VEGFA
CD33/SIGLEC3

CDB4/FCGR1
CD163

MARCO
NR4A2
CD206/MRC1

P2RX4
TREM2
(CD209/CLECAL

MS4A family
‘members
MS4A4C
MS4A6C
MS4AT

S100A family
members

S100A16

SPP1

Red cel, upreguiated; blue cel, downregulated grey cel, comment within the corresponding cell. In adtion, each cel contains information of the respective reference. Note that ifnot stated otherwise, up/downreguiation is referring to the
comparison of Br-associated cals ve. thair normal counten
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Target

C3AR

CSF1R

CXCR4

TREM2

VEGF

VISTA

Tumor/model

Leptomeningeal
metastasis (LeptoM)
models from breast and
lung cancer

Glioma

Glioma

Glioma

Intracerebral induced
melanoma BrM

Different primary tumors,
including glioma

Adult glioblastoma (and
other primary CNS
tumors)

Different primary solid
tumors

Different primary solid

tumors
Glioma

Breast cancer BrM
Breast cancer BrM
Solid tumor BrM
Breast cancer BrM
Various types of solid

tumors, however
exclusively without BrM

Species

M. musculus

M. musculus

M. musculus

M. musculus
M. musculus

H. sapiens

H. sapiens

M. musculus

H. sapiens

M. musculus

M. musculus
H. sapiens
H. sapiens
M. musculus

H. sapiens

Treatment/drug/resource

Nonpeptide antagonist SB290157/Santa Cruz

BLZ945/Novartis

BLZ945/Novartis + Pi3K inhibition
BLZ945/Novartis + IGF-1R inhibition
BLZ945/Novartis + 5 x 2 Gy WBRT
PLX3397/Selleck Chemicals

Cabiralizumab (anti-CSF-1R mAB)/Five Prime
Therapeutics (+ nivolumab)
AMD3100/Plerixafor/

Anti-TREM2 mAB clone 178

PY314/mAB against TREM2 on myeloid cells in
the TME/Pionyr Immunoherapeutics
Aflibercept/VEGF-trap/Sanofi (in combination
with antiangiogenic therapy, Ang-1/Ang-2
peptibody, and immunotherapy, anti-PD-1/
BioXCell)

Bevacizumab/anti-VEGF mAB (in combination
with anti-Ang2 L1-10)
Bevacizumab/anti-VEGF mAB (in combination
with carboplatin)

Bevacizumab/anti-VEGF mAB (after failure of
WBRT)

Anti-VISTA/13F3, mAB//BioXCell (in combination

with anti-PD-L1)
Cl-8993/anti-VISTA mAB/CURIS, Inc.

Maijor effects

Prolonged survival and reduced LeptoM
burden

Improved survival of glioma-bearing mice,
tumor regression, TAM repolarization, tumor
relapse observed after the period of tumor
stasis

Combination delays glioma relapse

Combination delays glioma relapse
Reduction of BrM burden and BrM size

Ongoing study

Improved local tumor recurrence control
Reduced tumor growth and remodeling of
myeloid landscape within the TME, enhanced

immunotherapy (e.g., anti-PD-L1)
Ongoing study

Improved survival, tumor vessel normalization,

immunostimulatory reprogramming

Reduced BrM burden and permeability of
blood vessels associated to BrM
High rate of durable objective CNS response

About 80% of patients showed disease
response, defined as stable disease or better

Reduction of BrM burden and increase of CD3

+ cell abundance
Ongoing study

Study
reference

(70)

(18)

(@]

89)
72)

NCT02526017

(73)
(NCTO1977677)

(74)

NCT04691375

(75)

(76)

@7
(NCT01004172)
78)
(NCT01898130)
@8)

NCT04475523

H. sapiens, Homo sapiens; M. musculus, Mus musculus; BrM, brain metastases; mAB, monoclonal antibody; WBRT, whole brain radiotherapy. Information on National Clinical Trial (NCT)
data can be found at: www.clinicaltrials.gov.
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Reference Species Tumor Main methodology TAM differentiation Treatment of individuals Main

targets
Prior Post
Friebel et al. (27) H. sapiens Various Single-cell mass cytometry No Yes Treated various (CT, RT, IT) Protein
Guldner et al. (28) M. musculus  Syngeneic, B2B  CyTOF, CITE-Seq, scRNAseq No Yes  Major analyses from untreated ~ Gene/protein
Klemm et al. (29) H. sapiens Various Sorted bulk RNA seq, FCM Yes, FCM, CD49d Untreated and treated (CT, RT,  Gene
IT, others)

Niesel et al. (30) M. musculus  Syngeneic, B2B  Sorted bulk RNA seq, FCM Yes, FCM, CD49d Untreated Gene
Rubio-Perez et al. (31) H. sapiens Various ScRNA seq, TCR seq No Yes Treated various (CT, RT, IT) Gene

Schulz et al. (32) M. musculus  Xenograft, L2B  Sorted bulk RNA seq, scRNA  Yes, FCM, CD49d Untreated and treated (RT) Gene

seq, FCM

H. sapiens, Homo sapiens; M. musculus, Mus musculus; FCM, flow cytometry; CT, chemotherapy; IT, immunotherapy; RT, radiotherapy; B2B, breast-to-brain; L2B, lung-to-brain.





