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Glioblastoma is the most common and aggressive brain tumor, which is uniformly lethal due to its extreme invasiveness and the absence of curative therapies. Immune checkpoint inhibitors have not yet proven efficacious for glioblastoma patients, due in part to the low prevalence of tumor-reactive T cells within the tumor microenvironment. The priming of tumor antigen-directed T cells in the cervical lymph nodes is complicated by the shortage of dendritic cells and lack of appropriate lymphatic vessels within the brain parenchyma. However, recent data suggest that naive T cells may also be primed within brain tumor-associated tertiary lymphoid structures. Here, we review the current understanding of the formation of these structures within the central nervous system, and hypothesize that promotion of tertiary lymphoid structures could enhance priming of tumor antigen-targeted T cells and sensitize glioblastomas to cancer immunotherapy.
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Introduction

Glioblastoma (GBM) is a grade IV astrocytoma with dismal prognosis. The overall survival is only 12-15 months despite conventional therapy, which includes maximal surgical resection, adjuvant temozolomide chemotherapy and radiotherapy (1). Immunotherapy using immune checkpoint inhibitors (ICI) has revolutionized cancer treatment but GBM patients have not yet benefited from this breakthrough (2). Adjuvant α-PD-1 therapy has not proven effective and neoadjuvant α-PD-1 therapy results in only a modest improvement in immune activation (3, 4). ICI therapy ‘releases the brakes’ on T cell activity, and therefore strictly relies on a preexisting T cell response towards the tumor. The lack of response in GBM is likely due to the scarcity of tumor antigen-directed T cells within the tumor microenvironment (TME).

Priming of naïve tumor antigen-directed T cells in lymphoid organs occurs when their cognate antigens are presented on the surface of professional antigen-presenting cells (APCs). While lymphatic vessels have been found within the meninges (5), there are no lymphatic vessels present within the brain parenchyma. Instead, fluid transport is mediated by the glymphatic system, a waste clearance system consisting of perivascular tunnels formed by astroglial cells, which does not allow for the migration of APCs (6). As such, the mechanisms that enable the priming of glioma antigen-directed T cells have not yet been elucidated, but likely rely on the transportation of antigens via the glymphatic system to the meningeal lymphatics. The antigens can then be taken up by meningeal APCs, which migrate through the dural lymphatics to cervical lymph nodes for priming of naïve T cells (5, 7, 8). Brain tumor immunity and the response to ICI can be improved through ectopic expression of vascular endothelial growth factor (VEGF)-C, which enhances lymphangiogenesis in the dura mater and thereby antigen transport to cervical lymph nodes in mouse models of glioma (9, 10). T cells primed against tumor-associated antigens then travel through the blood circulation and extravasate into the TME via activated tumor vasculature (11). This process, referred to as the cancer-immunity cycle, is less efficient in the central nervous system (CNS) than in the periphery.

The presence of tertiary lymphoid structures (TLS) in association with brain tumors (12, 13) suggests that these structures may serve as alternative sites for antigen presentation and T cell priming. Since the formation of TLS is a dynamic process that can be manipulated, this offers exciting new possibilities for enhancing the priming of brain tumor-reactive T cells. In this review, we briefly summarize the current understanding of the immunosuppressive GBM microenvironment, the formation and function of TLS in the CNS, and the putative implications for GBM immunity and immunotherapy.



The Immune Microenvironment of GBM

The brain as an immune-privileged organ is a notion of the past: it is rather an actively regulated site of immune surveillance maintained by the meningeal lymphatic system (5, 14). Communication with the immune system differs significantly between the various CNS compartments, which are separated by specific brain barriers [reviewed in (15)]. Immune cells can readily enter the CNS through the subarachnoid space via the leptomeningeal vessels as well as the highly vascularized choroid plexus (16, 17). However, the immune trafficking in and out of the brain parenchyma is strictly controlled by the blood-brain barrier (BBB). The BBB consists of specialized brain microvascular endothelial cells and pericytes as well as the astrocyte endfeet and basal lamina, which comprise the glia limitans (15). This tight regulation is necessary to protect the brain from damaging inflammation, but it is also a significant hurdle for efficient immune responses against brain cancer.

Tumors can be classified as immune ‘desert’, ‘excluded’ or ‘inflamed’ based on the extent of infiltrating cytotoxic CD8+ T lymphocytes (CTLs) (18). Inflamed tumors are more likely to respond to ICI therapy, and accordingly a higher abundance of tumor-infiltrating CD8+ T cells is associated with improved prognosis and is a predictor of clinical outcome in GBM (19). However, the majority of GBM tumors are ‘immune-desert’ and essentially lack CTLs due to a number of tumor-related factors. Indeed, these tumors are poorly immunogenic as a result of low mutational burden and a scarcity of professional APCs in the GBM TME, which leads to decreased tumor antigen presentation (20). Furthermore, downregulation of MHC-I expression on the tumor cells limits their recognition by cytotoxic T cells (20). Newly diagnosed GBM patients may exhibit lymphopenia (21) due to the sequestration of T cells in the bone marrow (22). This results from GBM-induced downregulation of the G protein-coupled receptor S1P1, which controls egression of T cells from the secondary lymphoid organs (22). Low T cell levels are further exacerbated by conventional GBM treatments (21, 23).

The vasculature plays a critical role in immune cell extravasation into tissues. Infiltration of T cells across the BBB depends on the multistep process of lymphocyte diapedesis, mediating capture, rolling, adhesion and transendothelial migration, and subsequent re-activation of T cells by APCs in the perivascular space in order to cross the glia limitans [reviewed in (24)]. In GBM, the inflammatory milieu compromises the integrity of the BBB (25) but the vasculature is highly abnormal, which is in part due to pro-angiogenic factors such as VEGF in the TME (26, 27). This likely contributes to the poor T cell infiltration observed in GBM, as increased VEGF signaling in endothelial cells can reduce leukocyte recruitment by inhibiting the expression of adhesion molecules and chemokines required for T cell recruitment (28–30). Notably, vessel phenotype is heterogeneous in GBM and varies both between patients and within a single tumor (31). Single cell mRNA sequencing of endothelial cells isolated from human GBM demonstrated that while activated endothelial cells are detected in some patients, the majority of endothelial cells within the tumor are angiogenic and express low levels of adhesion molecules and chemokines (31).

In addition to their low abundance, T cells in GBM patients typically have a lower activation and proliferation status (32), are profoundly exhausted (33) and frequently express natural killer (NK) cell-related inhibitory receptors that further suppress their anti-tumor activity (23). Myeloid cells also contribute to T cell dysfunctionality in GBM. The immune-microenvironment of GBM is composed predominantly of highly plastic glioma-associated macrophages, which increase in number with tumor grade and are associated with poor prognosis (34, 35). Glioma-associated macrophages promote T cell anergy in GBM due to deficits in expression of costimulatory molecules and cytokines (36). Furthermore, professional APCs such as dendritic cells (DCs) are few in number in the CNS (37, 38), and their function can be impaired by tumor-derived factors in the GBM microenvironment. Fibrinogen-like protein 2 and other glioma-derived factors can impair differentiation of DCs in both the GBM microenvironment and tumor-draining lymph nodes by multiple mechanisms, including the overexpression of Nrf2 (39, 40). Furthermore, prostaglandin E2 produced by glioma cells can enhance interleukin (IL)-10 production in DCs, leading to increased immunosuppression (41). Each of these mechanisms ultimately leads to reduced effector T cell activation.

Overall, by establishing such a complex immunosuppressive ecosystem, GBMs can effectively evade immune recognition.



Tertiary Lymphoid Structures in Association With Brain Tumors

TLS are ectopic aggregates of lymphoid and stromal cells that are transiently formed in non-lymphoid environments in association with chronic inflammatory conditions, including autoimmunity and cancer (42). The definition of a TLS is not conclusive and varies across studies, but they are generally accepted to be non-encapsulated aggregates of B cells and T cells. The maturity of TLS is believed to range from loose lymphoid clusters to highly organized structures resembling secondary lymphoid organs (SLOs), containing defined B cell follicles with active germinal centers as well as T cell zones (43). Other components of TLS can include DCs, follicular DCs (fDCs) and high endothelial venules (HEVs) which specialize in the recruitment of naïve lymphocytes (43). The mechanisms of TLS formation may vary in different biological systems. Similar to SLOs, the formation of TLS can be initiated by immune cells which take on the role of lymphoid tissue inducer cells (LTis), such as B cells and Th17 cells (44, 45). These cells secrete factors such as lymphotoxin-αβ and stimulate lymphotoxin-β-receptor (LTβR)-expressing cells that function as lymphoid tissue organizer cells (LTos). As a result, cytokines and chemokines are secreted that attract immune cells and induce angiogenesis (46). Once organized and mature, TLS encompass all cell types that are necessary for the priming of lymphocytes.

TLS are present in many types of solid tumors and are generally associated with positive prognosis and improved response to immunotherapy (42, 47, 48). Furthermore, they have recently been observed in treatment-naïve human gliomas (12). TLS were also found in untreated glioma-bearing mice, and their formation was augmented by agonistic CD40 antibody therapy (αCD40) (12). Similarly, the delivery of an adenovirus expressing the CD40 ligand to murine brainstem tumors resulted in B cell aggregation in the surrounding meninges which was reminiscent of TLS (13). In orthotopic CT-2A and GL261 models, TLS were found close to the meninges or ventricles of the tumor-bearing hemisphere, but not always in direct contact with the tumor mass (12) (Figure 1A). Glioma-associated murine TLS contained B cells, T cells, DCs and fDCs, similar to those found in peripheral tumors, but were uniquely encapsulated by extracellular matrix molecules such as collagen and fibronectin, and exhibited an elongated morphology, likely due to the anatomical location (12) (Figure 1). TLS were also present in a subset of human WHO grade II-IV gliomas, not only in meningeal regions but also in the white matter proximal to the tumor as well as within the tumor tissue itself (12) (Figure 2). The TLS in human gliomas formed around peripheral node addressin (PNAd)-expressing vessels resembling HEVs (Figure 2). Interestingly, the presence of TLS in human gliomas correlated with higher infiltration of T cells (12), which may suggest local TLS-associated priming and expansion of tumor-infiltrating lymphocytes.




Figure 1 | Known location and composition of TLS in murine glioma. (A) The image shows a schematic representation of the location and composition of TLS in murine glioma models (12). TLS form in the meningeal and ventricular regions of the tumor-bearing hemisphere, either in direct contact with the tumor or in its proximity. These structures form around blood vessels and are composed of B cells, T cells, dendritic cells (DCs), follicular DCs (fDCs) and a few plasma cells. Interestingly, murine glioma-associated TLS are surrounded by a network of extracellular matrix. (B) A 3D rendering of a cortical TLS (identified by B220+ B cells in red and CD3+ T cells in green) formed in a treatment-naïve GL261 glioma-bearing mouse, indicating how the structure is surrounded by a network of collagen IV (Col IV) in grey (scale bar 30 µm).






Figure 2 | Known location and composition of TLS in human glioma. (A) The image shows a schematic representation of the known location of TLS in human glioma. To date, TLS have been identified in three main locations in glioma patients: (1) in direct proximity of the meningeal tissue, (2) in the white matter close to the tumor and (3) within the tumor tissue. A representative image of a TLS (identified by CD20+ B cell staining) is shown for each of the three locations. Scale bars: 2 mm. (B–O) illustrate the main cellular components of immature and organized TLS, respectively. While immature TLS contain dispersed B cells, organized TLS are characterized by a tight B cell core. Both immature and organized TLS contain CD8+ and CD4+ T cells and CD35+ follicular dendritic cells (fDCs), include proliferating cells, and form around PNAd+ high endothelial venules. Scale bars: 50µm. All images shown in this figure are reproduced from the original publication - van Hooren, Vaccaro et al., Nature Communications, 2021 (12) under the terms of the Creative Commons Attributions License (CC BY).





TLS in CNS Autoimmunity – Similarities and Differences

TLS observed in autoimmune diseases of the CNS show some similarities and differences to those discovered in glioma, which may provide insight into their development and function in the brain cancer setting.

Multiple sclerosis (MS) is a neuroinflammatory autoimmune disease in which TLS have been described and are thought to exacerbate the characteristic autoreactive immune responses against CNS self-antigens. TLS containing B cell follicles, T cell zones and a network of fDCs have been observed in about 40% of secondary-progressive MS patients (49, 50). Interestingly, patient samples from earlier MS stages exhibited no TLS-like structures, emphasizing that chronic inflammatory signals are required for their development. Meningeal immune infiltrates containing both B cells and T cells were identified, but had no defined zones, follicles or fDC networks (45, 51). The presence of this infiltration correlated with increased levels of neurite loss and demyelination (45, 51), just as the presence of TLS in secondary-progressive MS patients was associated with underlying cortical damage and accelerated clinical disease (49, 50). This supports the popular hypothesis that TLS act as local sites for reinforcement of autoreactive immune responses in MS patients.

TLS were also observed in experimental autoimmune encephalomyelitis (EAE), the murine model of MS, where their formation was induced by Th17 cells (52). As with TLS in murine glioma, those in EAE were encapsulated by collagen fibers that extended into the structure, resembling the collagen-lined passages within lymph nodes (52). TLS in MS patients were observed exclusively in the meninges and were not found in the healthy or diseased parenchyma (49, 50), suggesting that proximity to the meningeal layer may be required for these structures to form. The MS TLS were closely associated with inflamed blood vessels which were not positive for the HEV marker PNAd (49, 53), while HEVs are largely unreported in EAE. An exception to this is a study on a B cell-dependent model of EAE in which both PNAd+ and MAdCAM-1+ HEVs were reported in TLS, however the majority of these structures formed in the cerebellum and the few within the cerebrum were confined to the ventricles (54). Therefore, it is of note that PNAd+ HEVs were present in cerebral human glioma TLS, which formed not only in the meninges but also in the white matter and tumor tissue (12) (Figure 2). This contrasts with the hypothesis that TLS can only form in the meninges and suggests that there may be multiple mechanisms for the formation and maintenance of TLS in the brain.

Ocular lymphoid clusters have been characterized in spontaneous murine and equine models of autoimmune uveitis, an autoimmune disease involving the attack of the healthy neuroretina (55–57). In the murine setting, distinct zones of B cells and T cells as well as the presence of fDC networks defined these clusters as TLS (55, 56). The structures were B cell-dominated (55, 56), but did not consistently associate with more severe disease as they do in MS (49, 50, 55). In earlier disease stages, the presence of organized TLS correlated with retained visual acuity (55). Interestingly, the TLS became more diffuse and disorganized as the disease progressed, and mice with these structures had poorer visual function than those without (55). This indicates that TLS may not uniformly function to progress autoimmune diseases, but that functional, well-organized TLS may hold autoimmune attacks at bay. In comparison, lymphocytic aggregates in the equine setting were T cell-rich and contained very few B cells, but were still defined by the authors as TLS (57). The relation between presence of these structures and disease severity was not determined, and the functions of different types of ectopic lymphoid clusters including TLS and other lymphoid aggregates should be further elucidated.



The Potential Role of Stromal Niches in CNS TLS Formation

To date, it remains unclear which cells initiate and maintain TLS development in the inflamed CNS, and why they form in close proximity to meningeal tissues. The answers to these questions may be intertwined and connected to the unique organization of stromal cells in the CNS.

CNS stromal cells include fibroblasts, lymphatic endothelial cells (LECs), blood endothelial cells, pericytes and choroid epithelial cells, which are uniquely compartmentalized within specific stromal niches (58). Fibroblasts and LECs are selectively present within the meninges, indicating that they could be involved in the induction or maintenance of meningeal TLS. Both cell types have been implicated in TLS establishment during chronic inflammation in other organs (59–61). A recent study showed that dural LECs are involved in the regulation of brain tumor immunity (10), however their potential role in the formation of CNS TLS has not yet been investigated. The presence of TLS in a murine model of MS was associated with an increased proportion of meningeal PDPN+PDGFRα+PDGFRβ+ fibroblastic reticular cells, which expressed LTβR and CXCL13 (62), localized within meningeal TLS and were closely connected to a network of fibronectin and reticular fibers, similar to in lymph nodes. Likewise, it was demonstrated that these mice formed spinal cord TLS which were encapsulated by collagen (52). This data suggests that meningeal fibroblasts may produce lymphoid chemokines and extracellular matrix networks that support meningeal TLS formation during chronic inflammation.

CNS immune responses are generally initiated in the meninges, which are rich in immune cells, have access to the lymphatic system through the dura mater, and contain postcapillary venules that support immune cell trafficking (63). Vessels of the choroid plexus, which comprise the blood-CSF barrier, can also be readily activated upon systemic inflammation and participate in recruiting immune cells into the CNS (64). This may explain why CNS TLS are mostly found in the meninges or choroid plexus but not within the parenchyma, where immune cell recruitment is more strictly regulated by the BBB (12, 49, 50, 62). An exception to this is TLS in human glioma, which can also form in the cortical space close to the tumor around HEVs (12). Thus, it is possible that the formation of HEVs can allow TLS to form in locations other than the meninges. HEV formation has been associated with an active ongoing immune response, and can be enhanced by Treg depletion in peripheral tumors (65, 66). In murine glioma, HEV formation was induced by treatment with a vascular targeting peptide delivering LIGHT/TNFSF14 or when using a lymphotoxin β receptor agonist, and was further enhanced by anti-VEGF and ICI therapy (67, 68). HEV formation was associated with an accumulation of T cells, however it was not investigated whether these lymphoid aggregates included other TLS-related cell types, or if they were reminiscent of the antigen-presenting niches recently described to maintain stem-like T cells in tumors (69). The relative importance of HEV formation and different lymphoid niches for immune response in glioma is an important area of further investigation. Another possibility is that the cortical TLS have a direct connection to meningeal tissue through Virchow-Robin spaces, which are perivascular spaces lined by pia mater and fibroblastic cells that originate in the leptomeninges and penetrate the cortex surrounding venules or arterioles (70–72).

Altogether, current experimental evidence indicates that multiple CNS stromal cell types could be involved in the formation of meningeal and cortical TLS. Elucidating their specific functions may offer new targets for regulation of TLS induction in CNS pathologies.



Future Directions – Can TLS Induction in the CNS Improve Anti-Tumor Immunity?

The correlation of intratumoral TLS formation with positive prognosis and patient survival in many forms of cancer (42) has led to attempts to induce TLS as a form of immunotherapy (73, 74). TLS are associated with enhanced T cell presence in human tumors, and similar observations in GBM patients indicate that TLS induction may be beneficial in this setting. Notably, enhanced TLS formation was observed in glioma-bearing mice treated with αCD40, confirming that induction of TLS is feasible in brain cancer (12). However, αCD40 also induced T cell hypofunction. This was associated with a systemic upregulation of regulatory B cells, which was not related to TLS induction. Therefore, the potential benefit of TLS induction in GBM should be investigated using other inducers. Moreover, it is possible that not only the presence but also the composition of TLS is important for guiding the immune response. Indeed, the existence of regulatory T cells within TLS has been associated with suppression of anti-tumor immunity (75). A deeper knowledge of how TLS composition affects anti-GBM immune responses is necessary to enable the development of therapies that can efficiently induce TLS and consequently boost T cell priming and activation.

Strong immune activation within the CNS is associated with certain risks, including oedema and autoimmunity. CNS oedema is limited by the cranium and can have devastating effects: the swelling can lead to raised intracranial pressure, impaired function and even death. CNS tumors such as GBM display increased vascular permeability, giving rise to peritumoral oedema (76) which would likely be enhanced by strengthening immune activation. Additionally, immunotherapy aiming for TLS induction in the meningeal space may lead to local activation of autoreactive lymphocytes and thus the attack of normal CNS tissue. Such adverse events could resemble MS, where formation of TLS has been associated with subpial cortical damage and disease progression (77). Similarly, TLS formation is often observed in affected organs in other autoimmune diseases and has been associated with both autoantibody production and disease progression (78), but this has not been studied in glioma. Corticosteroids can be used to reduce symptoms of oedema, inflammation and autoimmune attack in the CNS, but can also dampen the effects of immunotherapy and TLS formation. For GBM patients who received ICI therapy, the use of dexamethasone was associated with shorter survival (79). Furthermore, corticosteroid treatment during chemotherapy negatively affected the development of TLS and abrogated their prognostic value in lung cancer patients (43). Therefore, treatment with corticosteroids should be used with caution in association with immunotherapy as this may counteract TLS formation and result in reduced anti-tumor immune responses.

In conclusion, GBM-associated TLS correlate with an influx of T cells in the tumors, indicating that adaptive immune responses can form locally in the CNS in this setting. However, many questions remain to be answered. Is TLS formation in GBM associated with a survival benefit? Which are the molecular cues for TLS formation in GBM? How does this connect with immune activation and T cell infiltration in the tumors? The answers to these questions can enable the development of new strategies to enhance immune responses in brain cancer.



Author Contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was supported by grants from the Swedish Cancer Society [20 1008 PjF], [20 1010 UsF], [190184Pj]; the Swedish Childhood Cancer Fund [PR2018-0148], [PR2020-0167]; the Swedish Research Council [2020-02563], [2019-01326]; Knut and Alice Wallenberg foundation [KAW 2019.0088]. MR was supported by a postdoctoral grant from the Swedish Childhood Cancer Fund [TJ 2019-0014]. AD was supported by a Senior Investigator Award from the Swedish Cancer Society [CAN 2015/1216].



Acknowledgments

We apologize to the authors of original work that was not cited in this mini-review due to space constraint.



References

1. Stupp, R, Mason, WP, van den Bent, MJ, Weller, M, Fisher, B, Taphoorn, MJ, et al. Radiotherapy Plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N Engl J Med (2005) 352(10):987–96. doi: 10.1056/NEJMoa043330

2. Khasraw, M, Reardon, DA, Weller, M, and Sampson, JH. PD-1 Inhibitors: Do They Have a Future in the Treatment of Glioblastoma? Clin Cancer Res (2020) 26(20):5287–96. doi: 10.1158/1078-0432.CCR-20-1135

3. Cloughesy, TF, Mochizuki, AY, Orpilla, JR, Hugo, W, Lee, AH, Davidson, TB, et al. Neoadjuvant Anti-PD-1 Immunotherapy Promotes a Survival Benefit With Intratumoral and Systemic Immune Responses in Recurrent Glioblastoma. Nat Med (2019) 25(3):477–86. doi: 10.1038/s41591-018-0337-7

4. Schalper, KA, Rodriguez-Ruiz, ME, Diez-Valle, R, Lopez-Janeiro, A, Porciuncula, A, Idoate, MA, et al. Neoadjuvant Nivolumab Modifies the Tumor Immune Microenvironment in Resectable Glioblastoma. Nat Med (2019) 25(3):470–6. doi: 10.1038/s41591-018-0339-5

5. Louveau, A, Smirnov, I, Keyes, TJ, Eccles, JD, Rouhani, SJ, Peske, JD, et al. Structural and Functional Features of Central Nervous System Lymphatic Vessels. Nature (2015) 523(7560):337–41. doi: 10.1038/nature14432

6. Mestre, H, Mori, Y, and Nedergaard, M. The Brain's Glymphatic System: Current Controversies. Trends Neurosci (2020) 43(7):458–66. doi: 10.1016/j.tins.2020.04.003

7. Jessen, NA, Munk, AS, Lundgaard, I, and Nedergaard, M. The Glymphatic System: A Beginner's Guide. Neurochem Res (2015) 40(12):2583–99. doi: 10.1007/s11064-015-1581-6

8. Rustenhoven, J, Drieu, A, Mamuladze, T, de Lima, KA, Dykstra, T, Wall, M, et al. Functional Characterization of the Dural Sinuses as a Neuroimmune Interface. Cell (2021) 184(4):1000–16.e27. doi: 10.1016/j.cell.2020.12.040

9. Song, E, Mao, T, Dong, H, Boisserand, LSB, Antila, S, Bosenberg, M, et al. VEGF-C-Driven Lymphatic Drainage Enables Immunosurveillance of Brain Tumours. Nature (2020) 577(7792):689–94. doi: 10.1038/s41586-019-1912-x

10. Hu, X, Deng, Q, Ma, L, Li, Q, Chen, Y, Liao, Y, et al. Meningeal Lymphatic Vessels Regulate Brain Tumor Drainage and Immunity. Cell Res (2020) 30(3):229–43. doi: 10.1038/s41422-020-0287-8

11. Chen, DS, and Mellman, I. Oncology Meets Immunology: The Cancer-Immunity Cycle. Immunity (2013) 39(1):1–10. doi: 10.1016/j.immuni.2013.07.012

12. van Hooren, L, Vaccaro, A, Ramachandran, M, Vazaios, K, Libard, S, van de Walle, T, et al. Agonistic CD40 Therapy Induces Tertiary Lymphoid Structures But Impairs Responses to Checkpoint Blockade in Glioma. Nat Commun (2021) 12(1):4127. doi: 10.1038/s41467-021-24347-7

13. Wongthida, P, Schuelke, MR, Driscoll, CB, Kottke, T, Thompson, JM, Tonne, J, et al. Ad-CD40L Mobilizes CD4 T Cells for the Treatment of Brainstem Tumors. Neuro Oncol (2020) 22(12):1757–70. doi: 10.1093/neuonc/noaa126

14. Aspelund, A, Antila, S, Proulx, ST, Karlsen, TV, Karaman, S, Detmar, M, et al. A Dural Lymphatic Vascular System That Drains Brain Interstitial Fluid and Macromolecules. J Exp Med (2015) 212(7):991–9. doi: 10.1084/jem.20142290

15. Engelhardt, B, Vajkoczy, P, and Weller, RO. The Movers and Shapers in Immune Privilege of the CNS. Nat Immunol (2017) 18(2):123–31. doi: 10.1038/ni.3666

16. Korin, B, Ben-Shaanan, TL, Schiller, M, Dubovik, T, Azulay-Debby, H, Boshnak, NT, et al. High-Dimensional, Single-Cell Characterization of the Brain's Immune Compartment. Nat Neurosci (2017) 20(9):1300–9. doi: 10.1038/nn.4610

17. Wilson, EH, Weninger, W, and Hunter, CA. Trafficking of Immune Cells in the Central Nervous System. J Clin Invest (2010) 120(5):1368–79. doi: 10.1172/JCI41911

18. Chen, DS, and Mellman, I. Elements of Cancer Immunity and the Cancer-Immune Set Point. Nature (2017) 541(7637):321–30. doi: 10.1038/nature21349

19. Han, S, Zhang, C, Li, Q, Dong, J, Liu, Y, Huang, Y, et al. Tumour-Infiltrating CD4(+) and CD8(+) Lymphocytes as Predictors of Clinical Outcome in Glioma. Br J Cancer (2014) 110(10):2560–8. doi: 10.1038/bjc.2014.162

20. Facoetti, A, Nano, R, Zelini, P, Morbini, P, Benericetti, E, Ceroni, M, et al. Human Leukocyte Antigen and Antigen Processing Machinery Component Defects in Astrocytic Tumors. Clin Cancer Res (2005) 11(23):8304–11. doi: 10.1158/1078-0432.CCR-04-2588

21. Kim, WJ, Dho, YS, Ock, CY, Kim, JW, Choi, SH, Lee, ST, et al. Clinical Observation of Lymphopenia in Patients With Newly Diagnosed Glioblastoma. J Neurooncol (2019) 143(2):321–8. doi: 10.1007/s11060-019-03167-2

22. Chongsathidkiet, P, Jackson, C, Koyama, S, Loebel, F, Cui, X, Farber, SH, et al. Sequestration of T Cells in Bone Marrow in the Setting of Glioblastoma and Other Intracranial Tumors. Nat Med (2018) 24(9):1459–68. doi: 10.1038/s41591-018-0135-2

23. Mathewson, ND, Ashenberg, O, Tirosh, I, Gritsch, S, Perez, EM, Marx, S, et al. Inhibitory CD161 Receptor Identified in Glioma-Infiltrating T Cells by Single-Cell Analysis. Cell (2021) 184(5):1281–98.e26. doi: 10.1016/j.cell.2021.01.022

24. Marchetti, L, and Engelhardt, B. Immune Cell Trafficking Across the Blood-Brain Barrier in the Absence and Presence of Neuroinflammation. Vasc Biol (2020) 2(1):H1–H18. doi: 10.1530/VB-19-0033

25. Arvanitis, CD, Ferraro, GB, and Jain, RK. The Blood-Brain Barrier and Blood-Tumour Barrier in Brain Tumours and Metastases. Nat Rev Cancer (2020) 20(1):26–41. doi: 10.1038/s41568-019-0205-x

26. Ahir, BK, Engelhard, HH, and Lakka, SS. Tumor Development and Angiogenesis in Adult Brain Tumor: Glioblastoma. Mol Neurobiol (2020) 57(5):2461–78. doi: 10.1007/s12035-020-01892-8

27. Dieterich, LC, Mellberg, S, Langenkamp, E, Zhang, L, Zieba, A, Salomaki, H, et al. Transcriptional Profiling of Human Glioblastoma Vessels Indicates a Key Role of VEGF-A and TGFbeta2 in Vascular Abnormalization. J Pathol (2012) 228(3):378–90. doi: 10.1002/path.4072

28. Lanitis, E, Irving, M, and Coukos, G. Targeting the Tumor Vasculature to Enhance T Cell Activity. Curr Opin Immunol (2015) 33:55–63. doi: 10.1016/j.coi.2015.01.011

29. Huang, H, Langenkamp, E, Georganaki, M, Loskog, A, Fuchs, PF, Dieterich, LC, et al. VEGF Suppresses T-Lymphocyte Infiltration in the Tumor Microenvironment Through Inhibition of NF-kappaB-Induced Endothelial Activation. FASEB J (2015) 29(1):227–38. doi: 10.1096/fj.14-250985

30. Griffioen, AW, Damen, CA, Blijham, GH, and Groenewegen, G. Tumor Angiogenesis Is Accompanied by a Decreased Inflammatory Response of Tumor-Associated Endothelium. Blood (1996) 88(2):667–73. doi: 10.1182/blood.V88.2.667.bloodjournal882667

31. Xie, Y, He, L, Lugano, R, Zhang, Y, Cao, H, He, Q, et al. Key Molecular Alterations in Endothelial Cells in Human Glioblastoma Uncovered Through Single-Cell RNA Sequencing. JCI Insight (2021) 6(15):150861. doi: 10.1172/jci.insight.150861

32. Friebel, E, Kapolou, K, Unger, S, Nunez, NG, Utz, S, Rushing, EJ, et al. Single-Cell Mapping of Human Brain Cancer Reveals Tumor-Specific Instruction of Tissue-Invading Leukocytes. Cell (2020) 181(7):1626–42.e20. doi: 10.1016/j.cell.2020.04.055

33. Woroniecka, K, Chongsathidkiet, P, Rhodin, K, Kemeny, H, Dechant, C, Farber, SH, et al. T-Cell Exhaustion Signatures Vary With Tumor Type and Are Severe in Glioblastoma. Clin Cancer Res (2018) 24(17):4175–86. doi: 10.1158/1078-0432.CCR-17-1846

34. Komohara, Y, Ohnishi, K, Kuratsu, J, and Takeya, M. Possible Involvement of the M2 Anti-Inflammatory Macrophage Phenotype in Growth of Human Gliomas. J Pathol (2008) 216(1):15–24. doi: 10.1002/path.2370

35. Wei, J, Chen, P, Gupta, P, Ott, M, Zamler, D, Kassab, C, et al. Immune Biology of Glioma-Associated Macrophages and Microglia: Functional and Therapeutic Implications. Neuro Oncol (2020) 22(2):180–94. doi: 10.1093/neuonc/noz212

36. Matyszak, MK, Denis-Donini, S, Citterio, S, Longhi, R, Granucci, F, and Ricciardi-Castagnoli, P. Microglia Induce Myelin Basic Protein-Specific T Cell Anergy or T Cell Activation, According to Their State of Activation. Eur J Immunol (1999) 29(10):3063–76. doi: 10.1002/(SICI)1521-4141(199910)29:10<3063::AID-IMMU3063>3.0.CO;2-G

37. Ochocka, N, Segit, P, Walentynowicz, KA, Wojnicki, K, Cyranowski, S, Swatler, J, et al. Single-Cell RNA Sequencing Reveals Functional Heterogeneity of Glioma-Associated Brain Macrophages. Nat Commun (2021) 12(1):1151. doi: 10.1038/s41467-021-21407-w

38. Srivastava, S, Jackson, C, Kim, T, Choi, J, and Lim, M. A Characterization of Dendritic Cells and Their Role in Immunotherapy in Glioblastoma: From Preclinical Studies to Clinical Trials. Cancers (Basel) (2019) 11(4):537. doi: 10.3390/cancers11040537

39. Yan, J, Zhao, Q, Gabrusiewicz, K, Kong, LY, Xia, X, Wang, J, et al. FGL2 Promotes Tumor Progression in the CNS by Suppressing CD103(+) Dendritic Cell Differentiation. Nat Commun (2019) 10(1):448. doi: 10.1038/s41467-018-08271-x

40. Wang, J, Liu, P, Xin, S, Wang, Z, and Li, J. Nrf2 Suppresses the Function of Dendritic Cells to Facilitate the Immune Escape of Glioma Cells. Exp Cell Res (2017) 360(2):66–73. doi: 10.1016/j.yexcr.2017.07.031

41. Akasaki, Y, Liu, G, Chung, NH, Ehtesham, M, Black, KL, and Yu, JS. Induction of a CD4+ T Regulatory Type 1 Response by Cyclooxygenase-2-Overexpressing Glioma. J Immunol (2004) 173(7):4352–9. doi: 10.4049/jimmunol.173.7.4352

42. Sautes-Fridman, C, Petitprez, F, Calderaro, J, and Fridman, WH. Tertiary Lymphoid Structures in the Era of Cancer Immunotherapy. Nat Rev Cancer (2019) 19(6):307–25. doi: 10.1038/s41568-019-0144-6

43. Silina, K, Soltermann, A, Attar, FM, Casanova, R, Uckeley, ZM, Thut, H, et al. Germinal Centers Determine the Prognostic Relevance of Tertiary Lymphoid Structures and Are Impaired by Corticosteroids in Lung Squamous Cell Carcinoma. Cancer Res (2018) 78(5):1308–20. doi: 10.1158/0008-5472.CAN-17-1987

44. Lochner, M, Ohnmacht, C, Presley, L, Bruhns, P, Si-Tahar, M, Sawa, S, et al. Microbiota-Induced Tertiary Lymphoid Tissues Aggravate Inflammatory Disease in the Absence of RORgamma T and LTi Cells. J Exp Med (2011) 208(1):125–34. doi: 10.1084/jem.20100052

45. Lucchinetti, CF, Popescu, BF, Bunyan, RF, Moll, NM, Roemer, SF, Lassmann, H, et al. Inflammatory Cortical Demyelination in Early Multiple Sclerosis. N Engl J Med (2011) 365(23):2188–97. doi: 10.1056/NEJMoa1100648

46. Neyt, K, Perros, F, GeurtsvanKessel, CH, Hammad, H, and Lambrecht, BN. Tertiary Lymphoid Organs in Infection and Autoimmunity. Trends Immunol (2012) 33(6):297–305. doi: 10.1016/j.it.2012.04.006

47. Helmink, BA, Reddy, SM, Gao, J, Zhang, S, Basar, R, Thakur, R, et al. B Cells and Tertiary Lymphoid Structures Promote Immunotherapy Response. Nature (2020) 577(7791):549–55. doi: 10.1038/s41586-019-1922-8

48. Cabrita, R, Lauss, M, Sanna, A, Donia, M, Skaarup Larsen, M, Mitra, S, et al. Tertiary Lymphoid Structures Improve Immunotherapy and Survival in Melanoma. Nature (2020) 577(7791):561–5. doi: 10.1038/s41586-019-1914-8

49. Serafini, B, Rosicarelli, B, Magliozzi, R, Stigliano, E, and Aloisi, F. Detection of Ectopic B-Cell Follicles With Germinal Centers in the Meninges of Patients With Secondary Progressive Multiple Sclerosis. Brain Pathol (2004) 14(2):164–74. doi: 10.1111/j.1750-3639.2004.tb00049.x

50. Magliozzi, R, Howell, O, Vora, A, Serafini, B, Nicholas, R, Puopolo, M, et al. Meningeal B-Cell Follicles in Secondary Progressive Multiple Sclerosis Associate With Early Onset of Disease and Severe Cortical Pathology. Brain (2007) 130(Pt 4):1089–104. doi: 10.1093/brain/awm038

51. Choi, SR, Howell, OW, Carassiti, D, Magliozzi, R, Gveric, D, Muraro, PA, et al. Meningeal Inflammation Plays a Role in the Pathology of Primary Progressive Multiple Sclerosis. Brain (2012) 135(Pt 10):2925–37. doi: 10.1093/brain/aws189

52. Peters, A, Pitcher, LA, Sullivan, JM, Mitsdoerffer, M, Acton, SE, Franz, B, et al. Th17 Cells Induce Ectopic Lymphoid Follicles in Central Nervous System Tissue Inflammation. Immunity (2011) 35(6):986–96. doi: 10.1016/j.immuni.2011.10.015

53. Dang, AK, Tesfagiorgis, Y, Jain, RW, Craig, HC, and Kerfoot, SM. Meningeal Infiltration of the Spinal Cord by Non-Classically Activated B Cells Is Associated With Chronic Disease Course in a Spontaneous B Cell-Dependent Model of CNS Autoimmune Disease. Front Immunol (2015) 6:470. doi: 10.3389/fimmu.2015.00470

54. Kuerten, S, Schickel, A, Kerkloh, C, Recks, MS, Addicks, K, Ruddle, NH, et al. Tertiary Lymphoid Organ Development Coincides With Determinant Spreading of the Myelin-Specific T Cell Response. Acta Neuropathol (2012) 124(6):861–73. doi: 10.1007/s00401-012-1023-3

55. Kielczewski, JL, Horai, R, Jittayasothorn, Y, Chan, CC, and Caspi, RR. Tertiary Lymphoid Tissue Forms in Retinas of Mice With Spontaneous Autoimmune Uveitis and Has Consequences on Visual Function. J Immunol (2016) 196(3):1013–25. doi: 10.4049/jimmunol.1501570

56. Heng, JS, Hackett, SF, Stein-O'Brien, GL, Winer, BL, Williams, J, Goff, LA, et al. Comprehensive Analysis of a Mouse Model of Spontaneous Uveoretinitis Using Single-Cell RNA Sequencing. Proc Natl Acad Sci U S A (2019) 116(52):26734–44. doi: 10.1073/pnas.1915571116

57. Kleinwort, KJ, Amann, B, Hauck, SM, Feederle, R, Sekundo, W, and Deeg, CA. Immunological Characterization of Intraocular Lymphoid Follicles in a Spontaneous Recurrent Uveitis Model. Invest Ophthalmol Vis Sci (2016) 57(10):4504–11. doi: 10.1167/iovs.16-19787

58. Pikor, NB, Cupovic, J, Onder, L, Gommerman, JL, and Ludewig, B. Stromal Cell Niches in the Inflamed Central Nervous System. J Immunol (2017) 198(5):1775–81. doi: 10.4049/jimmunol.1601566

59. Barone, F, Gardner, DH, Nayar, S, Steinthal, N, Buckley, CD, and Luther, SA. Stromal Fibroblasts in Tertiary Lymphoid Structures: A Novel Target in Chronic Inflammation. Front Immunol (2016) 7:477. doi: 10.3389/fimmu.2016.00477

60. Buckley, CD, Barone, F, Nayar, S, Benezech, C, and Caamano, J. Stromal Cells in Chronic Inflammation and Tertiary Lymphoid Organ Formation. Annu Rev Immunol (2015) 33:715–45. doi: 10.1146/annurev-immunol-032713-120252

61. Ruddle, NH. Lymphatic Vessels and Tertiary Lymphoid Organs. J Clin Invest (2014) 124(3):953–9. doi: 10.1172/JCI71611

62. Pikor, NB, Astarita, JL, Summers-Deluca, L, Galicia, G, Qu, J, Ward, LA, et al. Integration of Th17- and Lymphotoxin-Derived Signals Initiates Meningeal-Resident Stromal Cell Remodeling to Propagate Neuroinflammation. Immunity (2015) 43(6):1160–73. doi: 10.1016/j.immuni.2015.11.010

63. Rua, R, and McGavern, DB. Advances in Meningeal Immunity. Trends Mol Med (2018) 24(6):542–59. doi: 10.1016/j.molmed.2018.04.003

64. Solar, P, Zamani, A, Kubickova, L, Dubovy, P, and Joukal, M. Choroid Plexus and the Blood-Cerebrospinal Fluid Barrier in Disease. Fluids Barriers CNS (2020) 17(1):35. doi: 10.1186/s12987-020-00196-2

65. Hindley, JP, Jones, E, Smart, K, Bridgeman, H, Lauder, SN, Ondondo, B, et al. T-Cell Trafficking Facilitated by High Endothelial Venules Is Required for Tumor Control After Regulatory T-Cell Depletion. Cancer Res (2012) 72(21):5473–82. doi: 10.1158/0008-5472.CAN-12-1912

66. Milutinovic, S, Abe, J, Godkin, A, Stein, JV, and Gallimore, A. The Dual Role of High Endothelial Venules in Cancer Progression Versus Immunity. Trends Cancer (2021) 7(3):214–25. doi: 10.1016/j.trecan.2020.10.001

67. Allen, E, Jabouille, A, Rivera, LB, Lodewijckx, I, Missiaen, R, Steri, V, et al. Combined Antiangiogenic and Anti-PD-L1 Therapy Stimulates Tumor Immunity Through HEV Formation. Sci Transl Med (2017) 9(385):eaak9679. doi: 10.1126/scitranslmed.aak9679

68. He, B, Jabouille, A, Steri, V, Johansson-Percival, A, Michael, IP, Kotamraju, VR, et al. Vascular Targeting of LIGHT Normalizes Blood Vessels in Primary Brain Cancer and Induces Intratumoural High Endothelial Venules. J Pathol (2018) 245(2):209–21. doi: 10.1002/path.5080

69. Jansen, CS, Prokhnevska, N, Master, VA, Sanda, MG, Carlisle, JW, Bilen, MA, et al. An Intra-Tumoral Niche Maintains and Differentiates Stem-Like CD8 T Cells. Nature (2019) 576(7787):465–70. doi: 10.1038/s41586-019-1836-5

70. Brinker, T, Stopa, E, Morrison, J, and Klinge, P. A New Look at Cerebrospinal Fluid Circulation. Fluids Barriers CNS (2014) 11:10. doi: 10.1186/2045-8118-11-10

71. Vanlandewijck, M, He, L, Mae, MA, Andrae, J, Ando, K, Del Gaudio, F, et al. A Molecular Atlas of Cell Types and Zonation in the Brain Vasculature. Nature (2018) 554(7693):475–80. doi: 10.1038/nature25739

72. Hannocks, MJ, Pizzo, ME, Huppert, J, Deshpande, T, Abbott, NJ, Thorne, RG, et al. Molecular Characterization of Perivascular Drainage Pathways in the Murine Brain. J Cereb Blood Flow Metab (2018) 38(4):669–86. doi: 10.1177/0271678X17749689

73. Aoyama, S, Nakagawa, R, Mule, JJ, and Mailloux, AW. Inducible Tertiary Lymphoid Structures: Promise and Challenges for Translating a New Class of Immunotherapy. Front Immunol (2021) 12:675538. doi: 10.3389/fimmu.2021.675538

74. Filderman, JN, Appleman, M, Chelvanambi, M, Taylor, JL, and Storkus, WJ. STINGing the Tumor Microenvironment to Promote Therapeutic Tertiary Lymphoid Structure Development. Front Immunol (2021) 12:690105. doi: 10.3389/fimmu.2021.690105

75. Joshi, NS, Akama-Garren, EH, Lu, Y, Lee, DY, Chang, GP, Li, A, et al. Regulatory T Cells in Tumor-Associated Tertiary Lymphoid Structures Suppress Anti-Tumor T Cell Responses. Immunity (2015) 43(3):579–90. doi: 10.1016/j.immuni.2015.08.006

76. Qin, X, Liu, R, Akter, F, Qin, L, Xie, Q, Li, Y, et al. Peri-Tumoral Brain Edema Associated With Glioblastoma Correlates With Tumor Recurrence. J Cancer (2021) 12(7):2073–82. doi: 10.7150/jca.53198

77. Pikor, NB, Prat, A, Bar-Or, A, and Gommerman, JL. Meningeal Tertiary Lymphoid Tissues and Multiple Sclerosis: A Gathering Place for Diverse Types of Immune Cells During CNS Autoimmunity. Front Immunol (2015) 6:657. doi: 10.3389/fimmu.2015.00657

78. Pipi, E, Nayar, S, Gardner, DH, Colafrancesco, S, Smith, C, and Barone, F. Tertiary Lymphoid Structures: Autoimmunity Goes Local. Front Immunol (2018) 9:1952. doi: 10.3389/fimmu.2018.01952

79. Iorgulescu, JB, Gokhale, PC, Speranza, MC, Eschle, BK, Poitras, MJ, Wilkens, MK, et al. Concurrent Dexamethasone Limits the Clinical Benefit of Immune Checkpoint Blockade in Glioblastoma. Clin Cancer Res (2021) 27(1):276–87. doi: 10.1158/1078-0432.CCR-20-2291




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


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 van de Walle, Vaccaro, Ramachandran, Pietilä, Essand and Dimberg. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-724739-g001.jpg
Tertiary Lymphoid Structure

Copur— AR
caffosum |

Extracellulor
\ Lateral Rt
ventriles





OEBPS/Images/fimmu.2021.724739_cover.jpg
, frontiers
in Immunology

Tertiary Lymphoid Structures in the
Central Nervous System: Implications
for Glioblastoma





OEBPS/Images/fimmu-12-724739-g002.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Tertiary Lymphoid Structures in the Central Nervous System: Implications for Glioblastoma

      

        		

          Introduction

        



        		

          The Immune Microenvironment of GBM

        



        		

          Tertiary Lymphoid Structures in Association With Brain Tumors

        



        		

          TLS in CNS Autoimmunity – Similarities and Differences

        



        		

          The Potential Role of Stromal Niches in CNS TLS Formation

        



        		

          Future Directions – Can TLS Induction in the CNS Improve Anti-Tumor Immunity?

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





