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Editorial on the Research Topic 


Tertiary Lymphoid Structures: From Basic Biology to Translational Impact in Cancer


Tertiary lymphoid structures (TLSs) are organized lymphoid aggregates developing in inflamed tissues upon infection, auto-immune reactions, and in tumors. As potential biomarkers of response to antibodies against immune checkpoints, TLSs have recently become prominent, highlighting the need to increase basic knowledge of these structures. This Research Topic presents 14 articles covering TLS heterogeneity and relationships with tumor mutational burden (TMB) as well as strategies for their induction in mouse models and in artificial scaffolds.


The Early Events Triggering TLS Formation

The question regarding the early events that lead to TLS formation has been addressed in mouse models. Johansson-Percival and Ganss highlight that development of lymphoid tissue involves a crosstalk between Podoplanin+ICAM+/αSMA+ stromal cells expressing LTβR and TNFR [LT organizer cells (LTo)] and immune cells including macrophages, dendritic cells (DCs), and T and B cells [LT inducer cells (LTi)]. This interaction sustains the production of CCL19/21/CXCL13 by stromal cells through production of TNFα, LTα and β, LIGHT, IL1β, and CCL21. They discuss the LTi role of each of the immune cell types to support mature TLS formation. They hypothesize that CCL19-secreting cancer-associated fibroblasts, TNFα-secreting macrophages, and LTβ-secreting DCs could be the originators of TLSs in human cancers. Filderman et al. cite the role of interferon (IFN) and IL1 family members (ILF9/IL36γ), in association with activation of T cell-mediated anti-tumor functions for TLS induction.

TLSs are surrounded by high endothelial venules (HEV). Filderman et al. provide a comprehensive review on the chemokines and cytokines involved in HEV formation and TLS induction from studies in mouse models. TNFR- over LTβR-mediated signaling is dominant for HEV and TLS neogenesis (Filderman et al.), both pathways being necessary for acquisition of a fully mature HEV phenotype (Vella et al.). HEVs can be modulated by immune cells, DCs favor their formation and Tregs suppress it. Vella et al. provide evidence suggesting that altered HEVs could allow formation of a pre-metastatic niche permissive for tumor cells, and allow tumor cell intravasation into the bloodstream.



TLSs: A Set of Structures With Distinct Cellular Composition and Functions

By analogy with secondary lymphoid organs (SLOs), three classes of TLSs are being considered (1): primary follicle-like TLSs with CD21+ follicular dendritic cells (FDCs) (2), mature TLSs with CD23+CD21+ FDC within germinal centers (GC) and lymphoid aggregates of T and B cells, and (3) so-called, although not demonstrated, “early-TLSs” or “immature TLSs”.

One of the current key issues is to deeply characterize these distinct TLSs and understand their relationships with the immune infiltrate and the surrounding tissue. Two papers address these questions in urothelial cancers (UCs). UCs develop below inflamed areas of the bladder and can become invasive in the muscle. By analyzing 40 tumor samples of muscle invasive bladder cancer patients (MIBC), Pagliarulo et al. show that immature TLSs have an increased proportion of T cells and reduced proportion of total B cells when compared to mature TLSs. Presence of mature TLSs correlates with higher lymphocytic infiltration in many cancer types. Analyzing the TME, Pagliarulo et al. find that the majority of TLS-high tumors show B and T cell co-infiltration harboring naïve (PD1-TCF7+) and progenitor-like (PD1+TCF7+) CD8 T cells and activated B cells (PD1+), whereas only a minority of TLS-low tumors present this type of infiltration. These differences are independent of TLS maturation stages. Pagliarulo et al. therefore suggest a role of B cells and CD8 T cell interactions sustaining the presence of PD1+ TCF1+ T cells in the TME. Trüb and Zippelius also discuss the mechanisms underlying the potential crosstalk between B cells and CD8 T cells, either direct as suggested by Pagliarulo et al. or through DCs or CD4 T cells, leading to optimal cancer immunosurveillance. Which molecules are involved in a potential direct B cell-CD8 T cell crosstalk need to be further explored.

Van Dijk et al. compare TLSs in cystectomy specimens and in superficial transurethral resection (TUR) biopsies of 31 UC patients. TLSs located in TUR biopsies display higher numbers of CD4 T cells, a higher fraction of early TLS, and lower germinal center (GC+) TLS than submucosal ones. TUR specimens contain superficial tissue that is highly exposed to inflammation stimuli, urinary toxins, and microbial pathogens. The Van Dijk et al. report is reminiscent of studies showing that the early hepatic lesions that precede transformation to hepatocellular carcinoma (HCC) also display immature TLS and show elevated expression of immune inhibitory molecules that may favor immune evasion (1). Further experiments are needed to investigate the prognostic impact of these distinct entities and the antigens recognized. In the same line, Werner et al. investigate TLS composition and location by seven-color multiplex staining of whole tissue sections in 48 patients with primary cutaneous melanoma and 39 distant/late metastases. Whereas only early TLSs were found in one third of primary tumors, half of the metastases contained secondary follicle-like TLSs most of which were located in the extratumoral compartment within 1 mm distance to the invasive tumor. Most of these TLSs lack BCl6+ lymphatic cells and canonic GC polarity. This paper shows that the “mature TLS” stage defined using CD21+CD23+FDC may, depending on the tumor site, include heterogeneous phenotypes with variable BCl6 expression levels in B cells, likely reflecting the strength of B cell signaling and of T cell help, and thus the fate of B cell differentiation into antibody secreting cells. Other types of TLS heterogeneity could influence the impact of mature TLS on prognosis. Johansson-Percival and Ganss mention that TLSs with high densities of M2 macrophages and T helper cells expressing GATA3, a master regulator of Th2 differentiation, were found to contribute to immune suppression and correlate with relapse in colorectal cancer (2). Domblides et al. and Kang et al. also discuss the negative impact of Tregs on functions of mature TLSs.

In conclusion, 1) “early TLSs” or “immature TLSs” exhibit distinct cellular composition and functions compared to “mature TLSs”, 2) “mature TLSs” are heterogenous and need to be defined by additional markers other than CD21+CD23+ FDC. The role of TLSs in maintaining immune niches for TCF1+PD1+ stem cells needs to be further investigated (3).



TLS Formation Exhibits No Strict Dependence on Tumor Mutational Burden (TMB)

By analyzing diagnostic hematoxylin and eosin (H&E) images and genetic features of MIBC tumors in TCGA data, Pagliarulo et al. show that TLS density is a significant favorable prognostic factor without direct correlation with TMB. Both favorable prognosticators synergize. They propose a joint TLS-TMB score independent of tumor stage and vascular invasion. Domblides et al. also address this question and present a comprehensive analysis of the literature comparing genomic instability, oncogenic drivers, as well as viruses and TLS presence in human tumors. Presence of TLS in transcriptomic data could be assessed using the 12-chemokine (12-CK) score (4). Li et al. performed a pan-cancer comparison between the expression levels of the 12-CK score in tumors and normal samples with the TMB in tumors from TCGA. They found that 12-CK scores generally corresponded with the median tumor mutational burden (TMB) (r=0.46, p=0.01). However, mutationally silent testicular seminoma as well as several tumors with low mutational burden such as soft tissue sarcoma (5) and melanoma (6) exhibit TLSs confirming that other antigenic stimuli than TMB may be involved in TLS formation. High 12-CK scores were seen amongst cancers with high TMB, presumably with high neoantigenic stimuli to trigger a strong immunogenic response, high immune infiltrate, and presence of mature TLS, and were associated with favorable outcome for the patients. Li et al. also provide arguments supporting the use of the 12-CK score to predict response to immune checkpoint blockade. Whether the score can be refined further to take into account the TLS heterogeneity described above is an open question.



Therapeutic Induction of TLS

The presence of intratumoral TLSs in many cancer forms are predictive of a positive response to cancer immunotherapies (Trüb and Zippelius), sparking an interest in inducing TLSs as a means to improve immunotherapy responses. Van de Walle et al. hypothesize that this may be of special benefit in CNS tumors, where TLSs could provide a local site for T cell priming. That would circumvent the need for transport of tumor antigens and trafficking of antigen-presenting cells from the CNS into cervical lymph nodes. Several papers cite the importance of vascular normalization for TLS induction in tumors (Johansson-Percival and Ganss; Vella et al.; Filderman et al.). STING (STimulator of INterferon Genes) agonists originally developed as anti-angiogenic agents induce immature TLSs in mice. Their use in therapy would require activation of CXCL13 production to induce TLS maturation, that could be provided upon stimulation of stromal cells (Filderman et al.). Cytokine fusion compounds which deliver TNF or IFNβ to tumor vessels, do not induce mature TLSs as monotherapies, but could be used in combination with antibodies targeting immune checkpoint molecules as immunotherapeutic tools (Johansson-Percival and Ganss). Kang et al. propose to combine the induction of HEVs and inhibition of local immunosuppression using anti-checkpoint antibodies to induce TLSs, arguing for a better knowledge of the mechanisms of regulation of HEV formation.

Domblides et al. comprehensively review the syngeneic, humanized, carcinogen-induced, and genetically engineered tumor models to induce TLSs as well as artificial approaches using organoids or spheroids. Aoyama et al. focus on approaches to artificially induce TLS formation using the LTβR-chemokine axis embedded in a variety of three-dimensional materials that are permissible to cellular infiltration and that may allow for cell-scaffold interactions. They compare the use of collagen-based matrices, hydrogels or cryogels, silica-based scaffolds, and liposome based-micro and nanoparticles with delayed release of soluble factors. Some of these materials can induce an inflammatory response due to local activation of neutrophils and macrophages, which may interfere with formation of TLSs with anti-tumor function. Aoyama et al. anticipate the challenges to translate such approaches to the clinic given the multimodal processes involved in their development.

Altogether, this Research Topic emphasizes the importance of intrinsic and cancer-dependent TLS heterogeneity, unveiling the need for their detailed and robust characterization. It also highlights the need for nomenclature adjustment in order to allow an integration of reports, and facilitate the development of new concepts and strategies for their induction.
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Tertiary lymphoid structures (TLS) are ectopic lymphoid formations which are formed under long-lasting inflammatory conditions, including tumours. TLS are composed predominantly of B cells, T cells and dendritic cells, and display various levels of organisation, from locally concentrated aggregates of immune cells, through clearly defined B cell follicles to mature follicles containing germinal centres. Their presence has been strongly associated with improved survival and clinical outcome upon cancer immunotherapies for patients with solid tumours, indicating potential for TLS to be used as a prognostic and predictive factor. Although signals involved in TLS generation and main cellular components of TLS have been extensively characterised, the exact mechanism by which TLS contribute to the anti-tumour response remain unclear. Here, we summarise the most recent development in our understanding of their role in cancer and in particular in the response to cancer immunotherapy. Deciphering the relationship between B cells and T cells found in TLS is a highly exciting field of investigation, with the potential to lead to novel, B-cell focused immunotherapies.
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B Cells in the Cancer Immunotherapy Spotlight

Immunotherapy is a recent breakthrough in oncology treatment which focuses on harnessing the power of the immune system to fight cancer. Immune checkpoint blockade (ICB) therapy mainly targets PD-(L)-1 and CTLA-4 receptors and provides durable responses in cancer patients. T cells have been at the forefront of research surrounding ICB but other immune cells are also increasingly being found to take part in the response (1, 2). Recent studies from human patients (and also mouse models) have put the spotlight on B cells as additional important players in immunotherapy. For example, the presence of B cells and TLS is associated with favourable response to immune checkpoint blockade in patients with soft tissue sarcomas (3), metastatic melanoma (4, 5) and renal cell carcinoma (5). While the field has been so far primarily focused on T cells, these findings call for further investigation into the active role of TLS and B cells in ICB treatment. This review aims to summarise our understanding of the role of B cells and TLS in immunotherapy response and mechanisms in the cellular network of the tumour microenvironment with a focus on the potential cross-talk between B cells and cytotoxic T cells.



TLS Composition

Orchestrated immune response to cancer is elicited systemically in secondary lymphoid organs (SLO, such as lymph nodes and spleen) and locally, in ectopic lymphoid formations called tertiary lymphoid structures (TLS) found at the tumour site. TLS are composed predominantly of aggregates of B cells and T cells displaying various stages of organisation. Immature TLS present clearly visible foci of immune cells with segregated B and T cell zones, but lack follicular dendritic cells (FDCs) and germinal centres (GCs), with the latter being sites of active B cell proliferation and affinity maturation (6). In the intermediate maturation stage, B and T cell areas are enriched by FDCs but not GCs. Finally, mature TLS contain both FDCs and GCs (7). In general, mature TLS resemble well structure of SLO (8). Of note, TLS are also known to be formed and play role in other chronic inflammatory conditions, such as viral infections (9–11), autoimmune disorders (11–13) and after tissue transplantation (14, 15). Alongside B cells, other immune cells found in the TLS include dendritic cells [DCs (16–18)], CD4+ T follicular helper cells [Tfh (19)], CD4+ regulatory T cells [Tregs (20)], CD8+ cytotoxic T cells (21–23) and macrophages (16), as well as innate lymphoid cells (24). Importantly, TLS are also accompanied by lymphatic and blood vessels (including high endothelial venules), which aid in immune cell trafficking into the tumour (25). Therefore, TLS create the niche which provides opportunity for immune cell interaction in the inflammatory tumour environment.



The Prognostic Value of TLS in Cancer

The prognostic potential of TLS structures was described for many tumours, including non-small cell lung cancer [NSCLC (26)], colorectal cancer (18, 27), breast (19, 28), pancreatic and gastric cancers (29, 30), melanoma (17) as well as ovarian (31) and oral cancer (32). The presence of TLS carries therefore a positive prognostic value in most solid tumours (33, 34). It is important to keep in mind that different studies used varying methods for TLS quantification, such as the presence of CD208+ DCs found exclusively in TLS (in lung cancer), presence of FDC markers CD21 and CD23 or co-localisation of CD3+ T cells and CD20+ B cells. TLS can be nowadays investigated by state-of the art digital and computational pathology utilizing methods incorporating deep-learning and artificial intelligence (35). Additionally, it is vital to consider other patient-related factors while assessing TLS presence, since co-morbidities (such as chronic inflammation) or treatments (e.g. with corticosteroids) impact TLS formation and maturation (7). Importantly, TLS presence was shown to be independent of tumour mutational burden (which influences immune response to tumours) in several tumour entities (4, 22).

B cells found in tumours display wide variety of phenotypes, ranging from naïve B cells, through actively proliferating GC B cells to memory B cells and terminally differentiated plasma cells. It is important to distinguish between investigations assessing the prognostic role of TLS or individual B cell subsets. For example, presence of memory B cells was associated with poorer survival prognosis in pan-cancer analysis of many solid tumours [including lung squamous cell carcinoma, colon and gastric cancers (36)], although these tumour entities show improved prognosis upon TLS assessment (7, 27). Additionally, in pancreatic cancer, high density of B cells was associated with improved survival prognosis but only if the cells were forming TLS (30). Therefore, it is important to characterise B cell organisation while assessing their prognostic potential. Of note, considering the presence of B cells and TLS often strengthens the prognostic potential of CD8 T cells (4, 37, 38). In ovarian cancer patients, CD8 intratumoral T cells only carried prognostic value in the presence of CD20+ B cells and plasma cells, with the latter population associated with the most robust responses (22).

In conclusion, presence of B cells and TLS is a strong prognostic factor for cancer patient survival on its own and in combination with CD8 T cells, which may suggest an active cooperation of these cell subsets in eliciting successful anti-tumour immune response.



B Cells in Tumours: Heterogeneity of Phenotypes Leads to Pleiotropic Function

The heterogeneity of B cell phenotypes has functional consequences, as B cell subsets display pleiotropic character. B cell functions fall into two broad categories, namely humoral and non-humoral responses. The humoral responses are consequences of GC reaction and extrafollicular plasma cell activity within TLS and have been extensively reviewed elsewhere (39). Meta-analysis showed positive association of plasma cell signature in most of solid tumours [except for the brain and large cell carcinoma (39)]. Antigen specificity of intratumoral B cells is an emerging topic of interest. Alongside B cells specific for tumour antigens [such as e.g. aberrantly glycosylated mucin 1 (40)], recent studies in patients with head and neck cancer infected with human papilloma virus (HPV) provided evidence of HPV-specific antibody production at the tumour site (41, 42). Whether B cells specific for tumour-derived antigen, self-peptides or viral proteins display different phenotypical and functional state remains to be established.

The non-humoral activities of B cells encompass functions which require direct cell to cell contact, such as antigen presentation (via MHC class II and class I molecules) and engagement of co-stimulatory molecules (such as CD40, CD80, CD86, ICOS-L, CD27 and 4-1BBL) or co-inhibitory receptors (including PD-L1 and PD-L2) to CD4 and CD8 T cells. Additionally, B cells secrete a wide range of cytokines, which have potential to influence multiple cell types, including T cells, NK cells and myeloid cells. This includes, again, cytokines with anti-tumoral effects [such as IL-6, IL-12, IL-13, TNF-α and IFN-γ (43)] as well as pro-tumoral character [such as IL-10, IL-35 and TGF-β (44)]. Regulatory B cell subsets (Bregs) which play a tumour-promoting role have also been identified in tumours (45, 46).

Summing up, intratumoral B cells are a multifaceted subset and even though they can display both pro- and anti-tumoral roles (43), there is overwhelming evidence of improved prognosis for cancer patients when B cells form TLS (34). A major challenge is to link B cell phenotypes to effector functions, so that precise therapies aiming at depleting or promoting certain populations can be developed. Additionally, B cell plasticity between different subsets and intra-subset heterogeneity are not fully understood. Whether function of individual cells changes over time depending on tumour stage, microenvironment, TLS formation or applied therapies (including immunotherapy) remains to be explored.



TLS are A Predictive Factor in The Response to Immunotherapy

Study of TLS in response to immunotherapy in sarcoma, melanoma and renal cell carcinoma patients showed strong associations between presence of TLS at the baseline and positive outcome of the ICB treatment (3–5). Whether TLS density increases in ICB-responding patients during the treatment is currently not clear. CD20 density (assessed by histology) was higher at the baseline for ICB responding patients and, crucially, was further increased after ICB therapy, while non-responding patients had low CD20 density before and after treatment (5). However, evaluation of TLS by histology did not show statistically significant increase in TLS density in ICB responders (compared to non-responders) although increased ratio of TLS to tumour was found for the former group (5). Studies with prospective validation with larger and more homogenous patient cohort will help to establish whether ICB therapy actively induces TLS formation, and if confirmed it will provide further strong evidence of active and beneficial role of TLS in immunotherapy.

Further evidence for positive role of TLS in immunotherapy comes from the analysis of sarcoma patients treated with anti-PD-1 blockade (3). Petitprez et al. divided sarcoma tumours into 5 different classes (based on the tumour microenvironment signature derived from RNA sequencing) and showed that tumours with high level of infiltration by immune cells (including B and T cell populations) carried strong prognostic value for improved patients’ survival prior to the ICB treatment. Interestingly, when response to anti-PD-1 immunotherapy was analysed, tumours with high immune cell infiltration lost their predictive value, unless they contained TLS. This study argues that what matters in response to immunotherapy is not only the presence of immune cells, but also their organisation into TLS.



Humoral B Cell Responses in Immunotherapy

It is currently not clear whether B cells play an active role in anti-tumour responses e.g. via antibody-mediated mechanisms. Increased BCR diversity and expansion of memory B cells within the tumour was associated with the response to ICB in melanoma patients (5). However, no differences in the populations of GC-like B cells and plasma cells were found between responders and non-responders to ICB (5). Another study showed, however, expansion of CD69+ B cells with transcriptional signature resembling GC B cells in ICB-responding melanoma patients (4). More evidence is therefore needed to understand the extent to which the humoral functions of B cells contribute to immunotherapy response.



Cross Talk Between B Cells and CD8 T Cells: An Exciting and Unexplored Avenue

One of the important unanswered questions surrounding response to ICB is whether there is a direct cross-talk between main subsets forming TLS (B cells) and effector cells directly involved in eliminating tumour response (e.g. CD8 T cells or natural killer cells).

There are several arguments speaking for a strong possibility of CD8 and B cell communication. The colocalization of B cells and CD8 T cells within the TLS is well established by numerous studies assessing TLS presence in several tumour entities [(37, 38, 43), reviewed in (34)]. Secondly, there is some evidence that CD8 T cells can actively recruit B cells to the tumours. Cabrita et al. (4) divided metastatic melanoma tumours in three groups (based on their T and B cell content), namely tumours with no T cells or B cells, containing T cells only or with both T and B cells present. The fact that no tumour group with B cells only was identified may suggest that T cells appear early at the tumour site and subsequently facilitate B cell recruitment. This is corroborated by several studies which identity CD8 T cells as a source of CXCL13 (47–49), a potent B cell chemoattractant. It is therefore reasonable to speculate that T cells possibly take active part in B cell recruitment and TLS formation, although that hypothesis remains to be vigorously tested.

The potential advantages for CD8 T cells resulting from B cell recruitment are not fully understood. B cells exhibit a variety of functions, which can affect CD8 T cells directly or indirectly (Figure 1). Direct effects include antigen presentation, delivery of co-stimulatory or co-inhibitory receptors and cytokine secretion (38, 50), which can ultimately guide CD8 T cell activation, differentiation and effector function (as discussed above). An alternative explanation for TLS facilitating T cell-mediated ICB response is that it provides favourable niche for T cells to acquire their functional role, without direct role for B cell-mediated activation. As mentioned, other immune cell populations capable of antigen presentation are found within the TLS, such as mature CD208+ DCs (39, 51, 52). This mature DC subset was found to locate almost exclusively to TLS in lung cancer and is often used as a TLS marker (51). However, this phenomenon is limited to lung cancer and does not explain the supportive role of TLS in other tumour entities. Whether different antigen presenting cell populations support particular subsets of T cells, act at different stages of immune response to tumours or play interchangeable roles, remains to be seen. Additionally, B cells may support CD8 T cells indirectly via CD40-CD40L interactions with CD4+ T follicular helper cells, which would then provide enhanced help to effector T cells (53).




Figure 1 | Interactions potentially occurring between the B cell and CD8 T cells located in the TLS (1). B cells secrete cytokines such as IFN-γ and IL-2, which can then bind to appropriate receptors on CD8 T cells (2). Antigen presentation on MHC class I molecule expressed by B cell triggers signalling from TCR receptor on T cell. Engagement of receptors on B cells and corresponding T cell receptors delivers co-stimulatory (3, white font) or co-inhibitory (4, grey font) signals to T cells (5). CD8 T cells secrete CXCL13, a B-cell chemoattractant which binds to CXCR5 receptors on B cells. Antigen cross-presentation by intratumoral B cells requires further experimental validation.



Furthermore, TLS creates microenvironment with a unique cytokine milieu (34). Apart from abundance of transcripts encoding cytokines involved in TLS generation (such as CXCL13, CCL19 and CCL21 (34, 50) many cytokines and chemokines involved in improving anti-tumour function and trafficking of T cells and DCs [eg. CXCR1, CCL20, IL-12, IFN-γ (38, 39)] and affecting other immune cells [e.g. macrophage chemoattractants CCL3, CCL4, CCL5 and neutrophil chemoattractant IL-8 (50)] are also found within the TLS.

Careful analysis of CD3 T cells (with both CD4 and CD8 populations included) revealed that T cells isolated from tumours with TLS have different transcription signature from T cells isolated from tumours without TLS, and this also differs to T cells isolated from TLS themselves (4). T cells isolated from B cell-rich tumours expressed more mRNA for Tcf7 and Tcf1 (involved in maintenance of stem-like T cell population), Il7r and Sell (encoding CD62L) as well as lower levels of transcripts for granzyme-encoding genes and Ptpn22 (54), a negative regulator of TCR signalling (4). Additionally, analysis of CD8 T cells positioned within the TLS revealed elevated expression of activation markers compared to CD8 T cells placed outside TLS (5). This strongly supports the fact that there are significant differences in the gene and protein expression profile of T cells based on their location with respect to TLS. Interestingly, tumour-reactive, exhausted CD8+ T cell subset was found to locate predominantly in the TLS in lung cancer patients (47). Whether all CD8 T cells found within TLS are specific for tumour antigens and actively primed within the TLS remains an important and open question. Phenotypical, transcriptional and functional comparison of CD8 T cells positioned inside and outside TLS would reveal valuable insights about potential influence of TLS on cytotoxic effector T cells.



Conclusions and Future Directions in TLS Investigation

Investigations of intratumoral T cells have paved the way in immunotherapy and their exploitation brought great clinical benefit to cancer patients. Currently the field is dynamically broadened to include other immune cells types and alternative immunotherapy approaches, including DC vaccinations (55), adoptive T cell and NK cell transfers (56) and agents targeting myeloid cell populations (57). Whether immunotherapeutic strategies can be tailored to target B cells remains to be determined, and the exact design of such therapies will depend on which B cell subset and function can be harnessed for the optimal clinical benefit. For example, it would be interesting to establish whether adoptive B cell transfer can lead to TLS induction (and recapitulate its complex spatial arrangement) to evoke durable immune response in cancer patients.

Future research will surely make most of the cutting-edge technologies, already employed for T cell-focused investigations, to characterise B cells and TLS. Although RNA sequencing [including single cell sequencing (58)] is an extremally useful tool for unbiased characterisation of intratumoral B cells, it does not contain information on spatial positioning of the cell within the tumour. On the other hand, multiplex imaging technologies are getting advanced at great speed to enable visualisation of up to 50-60 markers from a single tissue slide (59, 60). This is a very useful approach for thorough analysis of TME, and especially immune compartment, with the limitations of its biased approach (as analysis is restricted to antibodies available for imaging). Spatial sequencing, with provides information on transcriptome composition together with tissue coordinate of each cell, is a perfect tool for TLS-based investigation. However, in this case transcriptome analysis is derived from a cluster of cells rather than a single cell [although resolution of this technology is increasing rapidly (61)], which can lead to difficulties in deciphering gene expression profiles from adjacent T and B cells. Therefore, combination of unbiased and targeted experimental approach (62, 63) is an exciting direction for deciphering role of TLS in cancer immunotherapy.

Our appreciation of TLS and their active role in immunotherapy is continuously growing, but the phenomenon is still far from being completely understood. It would be of great importance to the scientific community to address the question of ICB treatment on phenotype and function of B cell populations. Studies addressing functional connections to CD8 T cells in ICB would optimally guide the treatment strategies targeting selected aspects of TLS and B cell biology. Identification of mechanistic insights will provide an exciting and immediate avenue for translation of B cell-based immunotherapies into clinics, complementary to existing T cell-centric strategies.
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Tertiary lymphoid structures (TLS), also known as ectopic lymphoid structures (ELS) or tertiary lymphoid organs (TLO), represent a unique subset of lymphoid tissues noted for their architectural similarity to lymph nodes, but which conditionally form in peripheral tissues in a milieu of sustained inflammation. TLS serve as regional sites for induction and expansion of the host B and T cell repertoires via an operational paradigm involving mature dendritic cells (DC) and specialized endothelial cells (i.e. high endothelial venules; HEV) in a process directed by TLS-associated cytokines and chemokines. Recent clinical correlations have been reported for the presence of TLS within tumor biopsies with overall patient survival and responsiveness to interventional immunotherapy. Hence, therapeutic strategies to conditionally reinforce TLS formation within the tumor microenvironment (TME) via the targeting of DC, vascular endothelial cells (VEC) and local cytokine/chemokine profiles are actively being developed and tested in translational tumor models and early phase clinical trials. In this regard, a subset of agents that promote tumor vascular normalization (VN) have been observed to coordinately support the development of a pro-inflammatory TME, maturation of DC and VEC, local production of TLS-inducing cytokines and chemokines, and therapeutic TLS formation. This mini-review will focus on STING agonists, which were originally developed as anti-angiogenic agents, but which have recently been shown to be effective in promoting VN and TLS formation within the therapeutic TME. Future application of these drugs in combination immunotherapy approaches for greater therapeutic efficacy is further discussed.
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Chronic Inflammation and TLS Organogenesis: General Overview and Cancer Indications

TLS are non-encapsulated aggregates of lymphoid cells that form at sites of sustained inflammation, including tissues impacted by autoimmune disease, chronic infection, and cancer (1, 2). Recent findings suggest that the presence of TLS within tumor lesions positively correlates with favorable prognosis in most forms of solid cancer (1–4). TLS are associated with specialized vascular structures (i.e. HEV) that differentiate from CD31+ VEC or endothelial progenitor cells under pro-inflammatory, pro-angiogenic conditions (5–7). HEV express the cell surface marker peripheral node addressin (PNAd, a binding partner for CD62L expressed on lymphocytes) and produce chemokines (CCL19, CCL21, CXCL13), which facilitate the recruitment of naïve/central memory CD62L+CCR7+ T cells, naïve CD62L+CXCR5+ B cells, CXCR5+ T follicular helper (Tfh) cells and mature CCR7+ DC into the TME (1). In this context, it is believed that TLS serve as local sites for the de novo (cross)priming, expansion, and differentiation of tumor-specific T and B cells, leading to more efficient/effective anti-tumor responses within sites of active disease (2, 8–13). TLS also appear to define an operational site in which the T cell and B cell repertoires may expand their specificity against a broadened range of tumor antigenic targets, via the paradigms of epitope spreading or determinant spreading (14). Notably, TLS exhibit heterogeneity in their cellular composition and in the organization of their integrated cell subsets, which is believed to be reflective of their maturational status (2, 15). Classical (mature) TLS are characterized by the presence of i.) PNAd+ HEV surrounded by ii.) aggregates of T cells and mature DCs and iii.) distinct B cell zones containing naïve B cells around germinal center (GC)-like structures (1–3, 16, 17). Non-classical (immature) TLS contain some but not all of these three characteristics (i.e. typically lacking B cells/GC) (16). Strikingly, the presence of either classical TLS or non-classical TLS in TME portends superior prognoses in cancer patients (1–3, 10, 16–27).



TLS Homeostatic Cytokines/Chemokines Are Modulated by Agents That Promote Vascular Normalization (VN) in Tumors

An important component of TLS formation in peripheral tissues is sustained local production of homeostatic chemokines that recruit immune cells into affected tissue sites and serve as cues for establishing organized interactions between infiltrating lymphocytes and antigen presenting cells (APC). This topic has been well-described in other publications (28, 29) and elsewhere in the current volume and is therefore only briefly discussed below.

One key homeostatic chemokine associated with TLS development is CXCL13 (also known as B lymphocyte chemoattractant [BLC] or B cell-attracting chemokine 1 [BCA-1]), the ligand for CXCR5 (28). The production of CXCL13 by tumor-associated fibroblasts, Tfh cells, follicular dendritic cells (FDC) and HEV is positively-correlated with the formation of GC that contain CXCR5+ B cells (29, 30). While not yet investigated in the tumor setting, forced expression of CXCL13 in normal pancreatic β cells leads to the formation of TLS containing HEV, B cells and T cells via a process dependent on the initial infiltration of B cells into tissue and the activation of the lymphotoxin (LT)αβ-LTβR signaling cascade (31). Two additional major TLS-associated homeostatic chemokines produced by mature DC and HEV are CCL19 and CCL21, both of which serve as ligands for CCR7 (28). In normal mouse pancreatic tissue, ectopic overexpression of CCL19 or CCL21 induces the formation of TLS containing CD4+ T cells, CD11c+ DCs, and B220+ B cells surrounding HEV via a process dependent on CCL19/21-induced expression of LTα1β2 complexes on CD4+ T cells (32). Although TLS were not formally evaluated in their endpoint analyses, several studies have shown that treatment of murine tumors by injection with recombinant CCL19, viruses encoding CCL19 or CCL21, or DC engineered to express CCL21 results in robust tumor infiltration by T cells and DC in association with slowed tumor growth and extended overall survival (33–36).

In addition to these chemokines, tumor necrosis factor (TNF), interferon (IFN) and interleukin (IL)-1 superfamily cytokines also play major roles in TLS neogenesis. Lymphotoxins (LTα/TNFSF1 and LTβ/TNFSF3) and LIGHT/TNFSF14 produced by immune cells play canonical roles in the formation of TLS (29, 37). Lymphotoxins form bioactive heterotrimers (LTα3, LTα1β2, LTα2β1) that bind to LTβR/TNFRSF3, with LTα3 also binding and mediating signals through the TNFR1/TNFRSF1A, TNFR2/TNFSF1B and herpesvirus entry mediator (HVEM)/TNFRSF14 receptors (38). LIGHT also binds to HVEM/TNFRSF14 (39). TNF receptors represent important signaling receptors for endothelial cell function and proliferation and they facilitate TLS neogenesis. TNFR1/2 expression on endothelial cells has been shown to be necessary for HEV formation and T cell infiltration into murine melanoma (40). Mice lacking TNFR1/2 on the endothelium or LTα on CD8+ T cells have significantly decreased PNAd expression, demonstrating that LTα3 engagement of TNFR1 induces PNAd expression on the tumor vascular endothelium (40). In kidney and pancreatic tissues, the forced overexpression of LTα promotes lymphoid aggregate formation (containing T cells, B cells, and APCs) and tumor vascular reprograming, as indicated by increased expression of VCAM-1, ICAM-1, MAdCAM, and PNAd on VEC/HEV (41). Additionally, combined overexpression of LTα and LTβ further enhances infiltration of naïve lymphocytes and expression of homeostatic chemokines when compared to LTα overexpression alone, suggesting the synergistic action of these cytokines in TLS formation (42). In line with such findings, B16.F10 melanoma-bearing mice treated with a tumor-targeted GD2 scFv-LTα fusion protein demonstrate increased densities of intratumoral HEV and develop a diverse T cell repertoire in association with TLS neogenesis (43). Remarkably, recent reports in murine transplantable and carcinogen-induced tumor models support the operational dominance of TNFR- over LTβR-mediated signaling for HEV/TLS neogenesis in the TME (40, 44), findings which contrast with the canonical importance of LTβR-mediated signaling for HEV/TLS formation in normal tissues and in ontogenic secondary lymphoid organogenesis (1, 29, 30, 40, 44). Beyond lymphotoxins, LIGHT activation of VEC has also been shown to play a role in TLS formation in cancer models. C57BL/6 mice bearing intracranial NSCG glioblastomas treated with a fusion protein encoding LIGHT and a vascular targeting peptide (LIGHT-VTP) displayed VN and induction of classical TLS within the TME (45). In murine fibrosarcoma models, forced expression of LIGHT prompted naïve T cell infiltration and local production of homeostatic chemokines, leading to tumor rejection in the therapy setting (8, 46).

Type I IFNs have also been reported to drive TLS formation in normal tissues (47, 48). In murine models, a subset of PDGFRα+ lung fibroblasts produce CXCL13 in response to infection with influenza virus or intranasal administration of IFNβ (48). IFN-I receptor (IFNAR) activation in these cells results in increased recruitment of CXCR5+ B cells and ectopic germinal center formation in the lungs, which in turn promotes the development of a broadly neutralizing repertoire of antiviral antibodies conferring cross-strain protection (48). In a hydrocarbon (TMPD)-induced model of autoimmune SLE, mice with intact IFN-I signaling had worse clinical scores and increased lupus-specific autoantibody production compared to IFNAR-deficient mice (49). It was shown that IFN-I produced by activated DCs in this model was associated with the formation of classical TLS containing B cells, CD4+ T cells, and DC along with coordinate expression of TLS homeostatic chemokines (CCL19, CCL21, CXCL13) and their receptors (CCR7, CXCR5) (50). Sustained IFN-I/IFNAR signaling in tissues has similarly been shown to promote TLS formation in additional studies via local production of pro-inflammatory CXCR3 ligand chemokines (CXCL10/11) and lymphotoxins (51, 52).

Furthermore, gene therapy delivering IL-1 family member IL-F9/IL-36γ induces HEV and TLS formation in mouse colon carcinomas in association with the development of superior T cell-mediated anti-tumor immunity and tumor growth suppression (11). Notably, the activation of IL-36R on immune and stromal cell populations has been shown to upregulate local production of pro-inflammatory, pro-TLS factors including CXCL10, LTα and IFNs (53). In humans, IL-36γ is expressed by the tumor vasculature in colorectal cancers and has been correlated with an increased density of CD20+ B cells localized in TLS in these tumors (54).



STING Signaling Enforces a Pro-Inflammatory, Pro-TLS TME

STING (STimulator of INterferon Genes) is a cytosolic DNA sensing protein that is activated upon binding to cGAMP, a catalyzed dsDNA product of cytosolic GMP/AMP synthase (cGAS) (55). Activation of STING leads to secondary activation of transcription factor IRF3 by facilitating IRF3 interaction with Tank Binding Kinase 1 (TBK1), phosphorylation of IRF3 (pIRF3), pIRF3 dimerization and translocation into the nucleus where it transactivates IFNβ and other pro-inflammatory genes (55).

As a consequence of defects in the expression/functionality of DNA repair proteins, tumors are commonly characterized by genetic instability (56, 57) and contain high concentrations of cytoplasmic DNA leading to intrinsic cGAS/STING activation and secretion of proinflammatory mediators (58–60). Progressively growing tumors have been reported to develop defects in the STING signaling pathway to avoid STING-induced apoptosis and immune surveillance (60–62). Nevertheless, dying tumor cells still release dsDNA (and/or 2’3’ cGAMP, its cGAS catalyzed product) into the TME, which may result in the activation of STING+ cells in the tumor stroma, including DC and VEC (63–65). This intrinsic inflammatory process may be therapeutically enhanced by local or systemic delivery of synthetic STING agonists (66, 67).

Activation of STING in tumor-associated VEC leads to VN (67, 68) characterized by increased vascular perfusion and upregulated expression of E-selectin/CD62E, VCAM-1 and ICAM-1 which facilitates circulating immune cell adhesion to the endothelium and consequent recruitment of tumor-infiltrating lymphocytes into the TME (63, 67, 68). This operating paradigm may underlie observations of cancers with reduced DNA repair proficiency and high comparative mutational burden presenting with brisk proinflammatory immune cell infiltrates (i.e. “hot tumors”) that are more prone to develop TLS (69, 70) and to be more responsive to interventional immunotherapy (71, 72). Notably, provision of low doses of STING agonists cGAMP and ADU-S100 (aka ML-RR-S2-CDA, MIW815) coordinately promote VN and CD8+ T cell-dependent control of tumor growth in murine models of breast carcinoma, lung carcinoma and melanoma (67, 68, 73). Yang et al. (68) further confirmed the importance of STING agonist-induced Type-I IFN produced by tumor VEC with the therapeutic benefits associated with this treatment approach. Most recently (Figure 1), Chelvanambi et al. has demonstrated that VN induced by intratumoral administration of low doses of the STING agonist ADU-S100 results in sustained inflammation within the TME of B16 melanomas and local production of homeostatic cytokines/chemokines (LTα, LTβ, LIGHT, CCL19 and CCL21, but remarkably not CXCL13) and pro-inflammatory/pro-TLS mediators (CXCL10, IL-36β, IFNβ) (67). These therapy-associated changes were associated with coordinate neogenesis of non-classical TLS and the development of a unique tumor-infiltrating T cell receptor (TCR) repertoire in the TLS+ TME that was not detectable in the peripheral immune cell compartment (67). Parallel studies using STING-KO mice confirmed the strict requirement for STING expression in host but not tumor cells for therapeutic response to intratumoral administration of ADU-S100, including TLS formation and slowed tumor growth (67).




Figure 1 | Treatment of tumors with STING agonists induces vascular normalization (VN), increased inflammatory immune cell infiltration and TLS formation. Untreated tumors exhibit dysfunctional blood vessels that limit immune cell entry into the tumor microenvironment (TME) in support of tumor progression (left). Provision of STING agonists (1, right) into the TME leads to the activation of STING+ stromal cells (2), including dendritic cells (DC) and vascular endothelial cells (VEC), leading to enhanced endothelial cell expression of adhesion molecules, improved vascular integrity/perfusion, and pro-inflammatory immune cell infiltration. A subset of therapeutically-conditioned VEC may differentiate into PNAd+ high endothelial venules (HEV). STING activated DC and HEV produce TLS-promoting cytokines/chemokines CCL19, CCL21, lymphotoxins, CXCL10 and IFNβ, which serve to recruit T cells and DC into the TME in support of non-classic, immature TLS formation proximal to HEV (3). CXCL13, required for optimal B cell recruitment into the TME and for germinal center (GC) formation within TLS, is only poorly produced in the STING agonist-conditioned tumors, precluding formation of classical, mature TLS. Combination protocols will likely be required for conversion of immature TLS into B cell/GC-rich classical, mature TLS (4) and/or to improve the therapeutic benefits associated with treatment-induced TLS formation (5). Image created with BioRender.com.





Combination STING Agonist Therapies May Be Required to Promote the Neogenesis of Classical, Mature TLS in the TME

The finding that STING agonists promote the formation of non-classical/immature TLS is consistent with the inability of these agents to augment production of CXCL13 within the treated TME, a prerequisite for CXCR5+ B cell/Tfh cell recruitment and the formation of GC within classical/mature TLS (67). While the exact mechanism underlying this deficiency in CXCL13 production remains unclear, it could relate to the known regulatory action of STING signaling in B cells. For instance, the activation of STING in B cells via genetic engineering to express a constitutively activated form of STING or by treatment of B cells with STING agonists results in endoplasmic reticulum (ER)-associated degradation of membrane-bound immunoglobulin, muted BCR signaling via enhanced SHP1 phosphatase activity and increased rates of B cell apoptosis (74–76).

Since STING agonist-associated treatment benefits occur in association with non-classical/immature TLS formation, with seemingly minimal input from B cells, these findings also reenergize discussions related to the operational importance of B cells in therapeutic anti-tumor immune responses. Despite several recent reports citing the association of B cells and GC within tumor-associated TLS and positive clinical prognosis and response to interventional immunotherapy (19, 77–80), the literature is balanced by observations for an immunosuppressive influence for intratumoral B cells in promoting tumor progression, poor patient prognosis and immune-related adverse events (irAEs) in response to immunotherapy (80–82). Translational modeling in murine tumor models has similarly provided equivocal findings. Hence, B cell deficiency (muMT) or B cell depletion (using anti-CD20 mAbs) has resulted in either decreased (83–86) or increased (87) tumor growth. In the former cases, B cells are hypothesized to serve as intrinsic immunoregulatory cells or facilitators of Treg recruitment/development/function (82–85), while in the latter situation, B cells are believed to serve as supportive antigen-presenting cells and/or producers of pro-TLS cytokines (i.e. LIGHT) and therapeutic anti-tumor antibodies (19, 78, 88–93).

In recent years, more attention has been devoted to discerning the impact of B cells in TLS that form in patients’ tumors with a generally beneficial role for B cells emerging. In both melanoma and renal cell carcinoma, B cell gene signatures are enriched in the tumors of patients who respond to immune checkpoint blockade with positive correlations observed at baseline and on-treatment (79). When tumor samples were histologically analyzed, TLS containing B cells were more commonly identified in tumor biopsies obtained from clinical responders vs. non-responders, and these mature TLS appeared more secondary-follicle-like and contained CD21+ follicular DC and CD23+ germinal center B cells (79). Furthermore, the presence of B cells in classical, mature TLS was associated with T cells exhibiting more activated, functional phenotypes and expanded repertoires (79, 94–96).

If these more recent observations can be generalized, they suggest that optimal benefits from interventional immunotherapies may require treatment-associated development of classic, mature TLS containing B cells. As such, STING agonist-based regimens should be combined (synchronously or potentially after STING agonists) with co-treatments that coordinately induce the entry of therapeutic B cells, as well as FDC and Tfh cells, into the TME to improve TLS-associated anti-tumor immune responses. Candidate co-therapies include a range of toll-receptor agonists (97–104), agonist anti-TNFR1 antibodies (105) and DNA methylase inhibitors (106) which have each been reported to augment production of CXCL13 by stromal cell populations. This augmentation would be expected to improve tumor infiltrating B cell content and GC formation within the TLS+ TME, conceivably improving immune-mediated control of tumor growth. Indeed, several recent reports support therapeutic synergy using treatment regimens combining STING agonists and TLR1/2 agonist Pam3Csk (97), TLR4 agonist monophosphoryl lipid A (102), TLR7/8 agonist MEDI9197 (103) or TLR9 agonist CpG (104). Although the impact of these interventional protocols on TLS formation within the TME and the evolving anti-tumor immune response remains unknown, these aspects are expected to be actively pursued in future studies.



Combining STING Agonists With Agents Capable of Antagonizing Compensatory Regulatory Pathways for Improved Therapeutic Efficacy

Given the ability of STING agonists to promote robust pro-inflammatory responses in tumor-associated stromal cells, it is perhaps not surprising that these agents are competent to initiate the development of non-classical, immature TLS within the TME (67). And even though treatment of tumor-bearing mice with STING agonists leads to reduced levels of tumor-associated myeloid-derived suppressor cells (MDSC) and Treg cells (107, 108), these regimens promote compensatory activation of immune regulatory pathways by augmenting expression of arginase-2 (ARG2), cyclooxygenase-2 (COX2/PTGS2), indoleamine 2,3 dioxygenase (IDO), programmed death-1 (PD-1), programmed death ligand-1 (PD-L1) and prostaglandin E synthase (PTGES) within the TME (67, 109–111). Hence, combined treatment protocols that include STING agonists and antagonists of these regulatory pathways would be anticipated to enhance/sustain inflammation within the TME in support of TLS formation/maintenance and improved host control of tumor growth. While the formation of TLS has yet to be investigated as a therapeutic endpoint in translational models of such combination treatment protocols, therapeutic synergy has been observed for regimens combining STING agonists with inhibitors of COX2 (Celecoxib) or IDO (BMS-986205), or antagonist anti-PD1 and/or anti-PD-L1 antibodies (107, 109, 112).



Discussion and Future Perspectives

TLS are increasingly viewed as important operational components supporting the development and maintenance of protective immune responses that impact patient prognosis and response to interventional immunotherapy. The ability to predictably and reproducibly promote or augment TLS formation in a patient’s tumor(s) via the administration of therapeutic agents may dramatically improve objective response rates over those currently observed for standard of care treatments, including immune checkpoint blockade antibodies. Although previous animal modeling of gene therapy and targeted antibody approaches to deliver individual TLS homeostatic cytokines/chemokines have proven successful in controlling tumor growth and promoting TLS formation in mice (113–115), these strategies have yet to be effectively translated into the clinic, and they rely on the biologic dominance of a single agent to initiate the complex biologic process of TLS formation. In this regard, STING agonism provides the opportunity to coordinately activate a range of tumor-associated stromal cell populations, including vascular endothelial cells and immune cells, leading to VN, enhanced immune cell infiltration, and the establishment of a pro-inflammatory TME in which TLS-associated homeostatic chemokines and cytokines are produced and TLS formation is facilitated. While provision of STING agonist ADU-S100 into B16 melanomas resulted in the development of a T cell repertoire unique to the therapeutic TLS+ TME and to some abscopal benefit in regulating the growth of distal, untreated tumor lesions, the current approach has several limitations.

First, the approach involves direct injection of a second-generation STING agonist (which can only be administered locally) into an accessible lesion, with the intent to treat disseminated disease. In this regard, while local injection of STING agonists [i.e. ADU-S100/MIW815 (NCT02675439), MK-1454 (NCT03010176)] as monotherapies has provided some evidence for pro-inflammatory changes in the TME or patient sera, therapeutic benefits have been minimal (i.e. < 5% objective response rate) in early phase clinical trials treating advanced-stage cancer patients (as described in greater detail in a series of recent outstanding reviews) (55, 116, 117). This deficiency may be circumvented by the provision of next-generation, systemic STING agonists for more effective treatment of patients with multifocal, disseminated disease in visceral tissue sites. Several of these agents (i.e. E7766 [NCT04109092], GSK-3745417 [NCT03843359], MSA-2, SB-11285 [NCT04096638], TAK-676 [NCT04420884]) (55, 118, 119) are planned for, or are currently being evaluated in, phase I clinical trials. Given the pro-apoptotic impact of high-doses of STING agonists on VEC (i.e. vasoablative) and immune cell populations (67, 73–76, 120, 121), but the ability of low-dose regimens to promote VN and enhanced pro-inflammatory immune function in pre-clinical models, it might be anticipated that low-dose protocols will provide optimal immunotherapeutic benefits in these trials. While it is not clear that the formation of TLS represents an exploratory endpoint in these ongoing trial designs, one might expect that low-dose regimens of these next-generation STING agonists will prove effective in inducing de novo development of TLS or expansion of existing TLS within the tumor of treated patients. It is also possible given enhanced autoimmune manifestations in older (cancer) patients (122), many of which have known associations with the formation of TLS in affected tissues (123), that treatment with systemic STING agonists may exacerbate the incidence and severity of irAEs.

Second, the TLS promoted by ADU-S100 in the TME appear rich in CD8+ T cells, DC and HEV, but they are poor in CXCL13 production and infiltrating B cell/GC content (67) [i.e. representative of non-classical, immature TLS (2, 16)]. If B cells are indeed crucial to superior therapeutic benefits associated with TLS formation in tumors, additional co-therapies that i.) reinforce local CXCL13 production, ii.) B cell, Tfh and FDC infiltration and iii.) GC formation, may need to be combined with STING agonists to achieve maximal interventional benefit.

Third, the natural checks and balances in evolving immune responses must be considered in conditionally optimizing STING agonist-based immunotherapies. The robust pro-inflammatory responses evoked by these agents result in an upregulation in immune regulatory pathways within the TME, including but not limited to prostaglandin E production and immune suppression mediated by arginase, IDO and co-inhibitory receptors (67, 68). These regulatory pathways may be antagonized (individually or collectively) in combination STING agonist protocols using available, in-clinic targeted inhibitors. Such approaches would be expected to augment and prolong inflammation within the TME in support of TLS formation and the mobilization of broadly-reactive anti-tumor immune responses in the therapy setting. However, as suggested above, such deregulated reinforcement of TLS formation in tumors and normal tissues carries increased risk for the evolution of severe (autoimmune) irAEs.

Finally, previous findings suggest that in certain cases, STING activation and the presence of HEV/TLS may be associated with tumor progression. Hence, in murine lung carcinoma models (109, 111), provision of STING agonists (i.e. CDA) initially slowed primary tumor growth but ultimately resulted in disease progression and metastasis due to treatment-associated enhancement in immune regulatory/tolerogenic pathways (COX2, IDO, PD-1), which could be mitigated using targeted inhibitors in combination protocols (109, 111). Furthermore, tumors with pronounced chromosomal instability and intrinsic STING signaling competency have been reported to exhibit STING-dependent metastatic potential (124), which might be envisioned to be further exacerbated by treatment with STING agonists. Additional reports caution that TLS enriched in Treg cells or immature (thin-walled) HEV may be associated with poor immune infiltration of tumors, poor patient prognosis and increased tumor metastasis (125). Therefore, baseline tumor STING signaling competency and the quality and cell composition of STING-agonized TLS should be carefully monitored for correlative impact on cancer patient outcome.
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Tertiary lymphoid structures (TLS) are ectopically formed aggregates of organized lymphocytes and antigen-presenting cells that occur in solid tissues as part of a chronic inflammation response. Sharing structural and functional characteristics with conventional secondary lymphoid organs (SLO) including discrete T cell zones, B cell zones, marginal zones with antigen presenting cells, reticular stromal networks, and high endothelial venues (HEV), TLS are prominent centers of antigen presentation and adaptive immune activation within the periphery. TLS share many signaling axes and leukocyte recruitment schemes with SLO regarding their formation and function. In cancer, their presence confers positive prognostic value across a wide spectrum of indications, spurring interest in their artificial induction as either a new form of immunotherapy, or as a means to augment other cell or immunotherapies. Here, we review approaches for inducible (iTLS) that utilize chemokines, inflammatory factors, or cellular analogues vital to TLS formation and that often mirror conventional SLO organogenesis. This review also addresses biomaterials that have been or might be suitable for iTLS, and discusses remaining challenges facing iTLS manufacturing approaches for clinical translation.
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Introduction

The presence of infiltrating immune cell populations is a prominent histological feature of most solid tumors that with some exceptions (1, 2), often confers positive prognostic significance across a wide spectrum of indications (3). This benefit is often contingent on the number and phenotypic makeup of the immune infiltrate, and on the ratios of beneficial effector cells to immune suppressive populations (3, 4). This may entail elevated numbers of activated CD8+ cytotoxic T cells (TC), type-I polarized CD4+ helper T (TH1) cells, and B cells, signifying an adaptive anti-tumor immune response (3, 5, 6). In a similar fashion, infiltrating antigen-presenting cells such as macrophage and dendritic cells (DC) confer positive prognostic value in many tumor types (7, 8), and in particular those antigen presenting cells with type I polarization attributes are especially equipped to support anti-tumor immunity (9, 10). It is an important understated fact that elements associated with antigen presentation and immune polarization are found inside solid tumors and confer prognostic benefit alongside effector lymphocyte populations. This infers that active antigen presentation, and the structural organization needed to support it, must occur at the tumor site; thus, an anti-tumor immune response is not limited to remote activation of effector lymphocytes in draining secondary lymphoid organs (SLO), but also occurs locally within and proximal to the tumor mass (4).

It is now understood that many tumors are associated with the presence of tertiary lymph node structures (TLS) (11). TLS consist of structural features analogous to conventional SLO, including discrete B cell zones, T cell zones, marginal zones with activated macrophage and DC, reticular fibroblast cell (RFC) networks (or RFC-like stromal networks), and vasculature permissive to immune cell extravasation (11–13). In mature TLS, this high level of organization can consist of networks of supportive infrastructure are compartmentalized just as they are in SLO, with activated mature DC supporting TH1 activation in T cell zones (14, 15), and follicular DC localizing to B cell zones in support of humoral immunity (16, 17). TLS form de novo in the microenvironment of solid tissues in response to protracted inflammatory stimuli, and may dissipate upon the resolution of inflammation (18). TLS can additionally foster tumor antigen presentation and T cell activation, including germinal centers (19, 20), B cell class switching (21), activated antigen presenting cells (22), and T cell clonal expansion (23, 24). In human cancers, TLS are associated with better disease outcomes across a broad spectrum of indications including ovarian (25, 26), metastatic melanoma (27, 28), breast (29, 30), colorectal (11, 31), and non-small cell lung cancers (7, 14), and can augment the efficacy of immunotherapies such as imune chackpoint inhibitors (28). In murine models, TLS can reduce orthotopic growth of colon carcinoma (32), melanoma (33), and fibrosarcoma (34). These associations and clear demonstrations of beneficial anti-tumor immunity by TLS embody a majority of scenarios that are overwhelmingly positive in nature and that provide a strong basis for pursuing the artificial induction of TLS as a therapeutic modality. However, there are reports in which TLS are associated with negative prognostication or disease progression. This is best exemplified in hepatocellular carcinoma (HCC) (35), and suggests that while TLS represent an integral part of the anti-tumor immune response, their function is likely influenced by a number of contextual signals, including those afforded by local stroma, secreted inflammatory factors, other resident immune populations, local vasculature, and epithelium (36). This may also indicate that different types of TLS exist that are susceptible to immune polarization or can even serve an immune suppressive role depending on and subsequent to microenvironmental context (37). This review will focus on approaches that can be taken to artificially induce TLS as a novel immunotherapy or as a means of augmenting immunotherapies. The prognostic value of TLS has been well reviewed (38, 39).

The clear benefit of TLS has prompted investigation into their potential therapeutic use, both as a standalone treatment or as an adjuvant to adoptive transfer-based cell therapies (40, 41). As such, artificial or inducible TLS (iTLS) hold great promise as a novel immunotherapy, but significant challenges must first be overcome that preclude their advent. These challenges range from knowledge gaps in basic TLS biology to complexities associated with clinical grade biomaterials and autologous cell processing. This review provides an overview of what strategies have been and might be employed to artificially induce TLS, how iTLS may be employed as a novel therapeutic, and what technical difficulties must be addressed prior to manufacturing iTLS at a clinical level.



Lessons From SLO Organogenesis: Strategies for Therapeutic TLS Induction

TLS formation is a complex process incorporating many processes that overlap conceptually with conventional SLO organogenesis (42), although multiple contextual and spacial constraints add complexity to TLS formation. In addition, not all TLS develop to the same level of structural and functional maturity. The level of TLS organization, what ectopic factors contribute to their function and development and how these factors play into prognostication have been well reviewed (36). In this review, we focus on approaches to artificially induce TLS formation, which have thus far been guided by our understanding of shared pathways between SLO organogenesis and natural TLS formation. Any successfully implemented iTLS will likely be subject to the same functional and organizational variations as seen in natural TLS caused by diverse microenvironmental cues present in different organs and indications. Thus, any clincial translation of iTLS must expect disease-specific challenges and variations regarding efficacy.

SLO initiate during embryogenesis following expression of lymphotoxin alpha-1, beta-2 (LTα1β2) on specialized lymphoid tissue inducer cells (LTi) (43) that binds to lymphotoxin beta receptor (LTBR) expressed on lymphoid tissue organizer cells (LTo), an early mesenchymal-derived fibroblast (42). Engagement of LTBR induces the expression of numerous NF-κB target genes (44, 45) that orchestrate the recruitment of different immune cells. NF-κB signals via two separate pathways, canonical and non-canonical. Canonical signaling leads to the translocation of p50/RelA dimers to the nucleus, where they induce CCL4, CXCL2, and CCL2 among other gene targets, while non-canonical NF-κB signaling leads to the translocation of p52/RelB dimers to the nucleus inducing CXCL13, CCL19, and CCL21 (44). This results in the recruitment of early CD11c+ myeloid populations followed by mass immigration of B and T cells which segregate into discrete T cell zones and B cell follicles (46, 47). This influx of lymphocyte subsets coincides with the LTBR-dependent development of high endothelial venules (HEV), and is followed by the LTBR-dependent appearance of antigen-presenting cells such as follicular DC (FDC) (48–50). As the SLO develops, LTo cells differentiate into RFC through continued LTBR signaling (51). Importantly, SLO formation requires both NF-κB signaling pathways to properly develop, although the non-canonical pathway appears more indispensable (45). In adults, there is no clear evidence that LTi or LTo cells persist, and so for TLS formation it is less clear which cell types fill these roles. However, overexpression of LTα1β2 markedly increase TLS (2), whereas LTBR blockade prevents TLS in murine models (52); this suggests that any cell expressing LTα1β2 has the potential to function as a LTi analogue, and any LTBR+ stromal cell capable of chemokine production has the potential to function as a LTo analogue. Importantly, most mesenchymal-derived stroma throughout the body expresses LTBR (53), including RFC (54). Additionally, LTα1β2 is expressed on activated T cells, B cells, and dendritic cells (55), giving this signaling axis wide-reaching potential for TLS induction if the correct environmental inflammatory cues are met. Importantly, engagement of LTBR on many types of mesenchymal-derived stroma induces analogous expression of both canonical and non-canonical NF-κB target genes as compared to LTo, including the lymphoid tissue homeostatic cytokines CXCL13, CCL19 and CCL21 necessary for SLO development (1). In addition to LTα1β2, another LTBR ligand, homologous to lymphotoxin, exhibits inducible expression and competes with HSV glycoprotein D for binding to herpesvirus entry mediator, a receptor expressed on T lymphocytes (LIGHT) effectively elicits chemokine gene targets on LTBR+ stroma through NF-κB (56). LIGHT signaling can also lead to TLS formation, and while also binding to other receptors such as Herpesvirus entry mediator (HVEM), LIGHT acts analogous to LTα1β2 in its capacity to induce TLS formation (34, 57).

The role of chemokines in both SLO organogenesis and in TLS formation cannot be understated. For SLO, the narrow set of homeostatic chemokines required for organogenesis reflects the chemokine receptor patterns expressed by naïve and resting memory T cells, and coincides with the chemokine receptors expressed by DC and macrophage (58). Activated lymphocytes follow different trafficking patterns throughout the periphery owing to the downregulation of SLO-homing chemokine receptors and the up-regulation of alternative chemokine receptor sets that allow for emigration from SLO and infiltration into inflamed peripheral sites (59). It is thus unsurprising that gene signatures associated with TLS formation in tumors encompass not only SLO-associated homeostatic chemokines, but many other chemokines capable of recruiting lymphocytes in various stages of activation and effector function and that are associated with peripheral lymphocyte trafficking (13). A TLS gene signature which incorporates 12 chemokines (12CK-GES) that was associated with better patient survival independent of tumor staging, was first identified in patients with colorectal carcinoma (11) and was soon after used to predict the presence of TLS in wide range of tumor types including melanoma, lung, breast, and colorectal (13, 29). Importantly, nine of the chemokines identified in the 12CK-GES have reported up-regulation by LTBR signaling in mesenchymal-derived stroma through canonical or non-canonical NF-κB signaling, whereas the remaining three are hallmark products of tumor-associated macrophages (TAM), or type-II polarized macrophages (60–64) which themselves are recruited by multiple members of the 12CK-GES (Table 1). Insights from the 12CK-GES, and the parallels to SLO organogenesis can easily lead one to speculate that TLS form via a sequential or semi-sequential recruitment of immune subsets in response to chronic LTBR stimulation, and that any chemokines in the 12CK-GES not directly produced by LTBR+ stroma might be indirectly accounted for by subsequently recruited immune populations. In addition to TLS-associated chemokines, LTBR signaling also regulates the expression of a number of homeostatic cytokines and growth factors important to SLO organogenesis and to TLS formation, including IL-7, IL-15, and B cell activating factor (BAFF) (44, 72). However, to prove that any components of TLS organization form through sequential recruitment steps requires an experimental model of TLS formation in which temporal data can be acquired. When considering TLS induction as an anti-cancer therapeutic, such models may be necessary to deduce which components of TLS formation are required for anti-tumor activity, and which component might be expendable for anti-tumor effect.


Table 1 | 12CK-GES and associated NF-κB signaling pathways.



Strategies for iTLS can either utilize methods to initiate sustained LTBR signaling, thereby taking advantage of the same cascade of events that leads to naturally occurring TLS, by introducing cellular components engineered with constitutively active LTBR or with transgenic expression of LTBR gene targets, by some combination of the above approaches, or by complete TLS manufacture ex vivo prior to adoptive transfer/retransfer (Figure 1). iTLS methods that involve the introduction of isolated or cultivated cellular components have an additional appeal beyond the iTLS itself. The central role that antigen presenting cells play in TLS formation and function (73) and the effector cell-recruiting potential TLS create in the tumor microenvironment (57) make iTLS an ideal platform for the delivery of DC-based anti-tumor vaccines or as an adjuvant for chimeric antigen receptor-transduced T cell (CAR-T) or tumor-infiltrating lymphocyte (TIL) adoptive transfer therapies. Given the breadth of possible approaches, novel iTLS-based therapies can be designed with goals ranging from early interventional to multi-modal combination therapies that bridge cellular therapies, immunotherapies, and/or chemotherapeutic and radiation therapies.




Figure 1 | A summary schematic of potential therapeutic use of inducible tertiary lymphoid structures (iTLS). iTLS preparations may include cellular components such as dendritic cells, or reticular fibroblasts modified to engage the LTBR pathway, or co-delivered with soluble LTBR-ligands via a delayed-release platform such as liposomes, nanoparticles, or micelles. Injectable or implantable iTLS preparations could be administered at the site of tumor resection to induce TLS and subsequently control residual disease or counteract reoccurrence.



Early demonstrations that the LTBR-chemokine axis can be utilized for iTLS occurred in transgenic model systems in which mice overexpressing chemokines or LTα developed lymph node-like structures in certain tissues (74). In mice expressing LTα under the rat insulin promoter, a promotor with transgene expression limited to pancreatic beta cells and proximal tubule of the kidney, TLS formation was observed in both the pancreas and kidney, especially in proximity to vasculature where the formation of HEV was evident (74). Under the same promoter, transgenic CCL21 induced HEV-containing TLS in the pancreas as well (75, 76), but using a promoter with skin-specific CCL21 expression did not result in TLS; these data suggest that additional cues or microenvironmental constraints are needed for TLS beyond CCL21 expression alone (75). Other examples include LTBR ligand targeting strategies, such as delivery of recombinant LIGHT tagged to vascular-targeting peptide. This chimeric compound induced TLS in pancreatic neuroendocrine tumors and in glioblastoma in areas surrounding dense vasculature that contain discrete B cell zones, T cell zones, macrophage, HEV, and DC (32, 77). Delivery of LTBR ligands to induce TLS is also possible via adoptive cell transfer of transgenic cells. DC transduced with the type-I polarizing transcription factor T-bet induced the expression of LIGHT and LTα, and subsequently CCL21, when injected into murine colon adenocarcinoma, slowing tumor growth (73, 78). Lastly, delivery of LTBR+ stroma demonstrates functional TLS formation when injected subcutaneously juxtaposed to established MC-38 murine colon carcinoma tumors, slowing tumor growth and actively priming T cell response (79). Despite the precedent that TLS can be induced by taking advantage of the LTBR-chemokine axis, the greatest benefit from iTLS will likely result from injectable or implantable preparations that do not require additional microenvironmental cues from the recipient host. This way, they may be applied to a wider range of tissues and organs as part of a microenvironment reprogramming strategy. Discussed below are biocompatible matrixes and micro/nanoparticles that may be suitable as scaffolding material for iTLS or for the sustained release of biologics aimed at TLS induction respectively.



Biomaterials With Proposed Suitability for iTLS

A variety of three-dimensional materials that are permissible to cellular infiltration and that may allow for cell-scaffold interactions have been used for tissue engineering, regenerative medicine, and ex vivo scientific investigation (80). Some bio-scaffolds derived from animal or cell-based products such as Matrigel® (Corning Life Sciences) have a decades-long precedent. These products isolate entire acid-soluble constituents of tumor cell line-derived extracellular matrix, and thus represent a more physiologically complete microenvironment than synthetic scaffolds. However, such products are not immunologically inert, and contain growth factors and biologically active components that have well described angiogenic, adipogenic, and inflammatory properties (81). This is even true of “growth factor reduced” product versions (albeit improved) (81, 82). As such, use of such cell or animal-derived matrixes often invites scientific scrutiny (83), and thus more advanced synthetic alternatives are typically sought for bioengineering endeavors which contain less lot-to-lot variation, display a more immunologically inert background, and lack any confounding variables caused by biologically active carryover components (81).


Collagen Matrixes

Collagens constitute the major framework of the extracellular matrix (ECM) with distinct primary, secondary, tertiary, and quaternary structures that create a range of ECM scaffold superstructures in different tissues and organs from rope-like fibrils to web-like networks, anchoring structures, and can even complex with transmembrane collagens (84). In vertebrates, at least 29 types of collagen are coded by at least 45 separate genes (85). Given the complexity of collagen, tissues from animals or human-sourced raw materials are often used to make collagen-based scaffolding materials (86). Recombinant sources of collagen monomers or peptides are commercially available (87) but small yields and the lack of the tertiary and quaternary structural complexity that would be afforded by multi-collagen type complexes limit their use as a scaffold for bioengineering (86). Most collagen products are manufactured in one of two ways: from decellularization of existing ECM, resulting in an intact ECM superstructure (88), or through the breakdown, solubilization, extraction, and reformulation of collagen, often with the addition of crosslinking agents such as glycosaminoglycans (89, 90), elastins (91, 92), or chitosans (93, 94). The precise methodologies used to manufacture commercial collagen matrix products should be carefully considered prior to implementation in iTLS approaches since most collagen-based matrixes are derived from animal or human tissues (86). While more purified than bulk ECM products like Matrigel®, biologically active impurities may still carry over from raw materials (95). A major strength of collagen-based matrixes is their versatility in available formats, including sheets, sponges, disks, granulated tablets, or even nano-scale spheres (96).

One of the first successful demonstrations of iTLS using implantable artificial matrix was performed by Suematsu and Wantanabe using a collagen sponge biomatrix impregnated with a thymus-derived stromal cell line modified to constitutively express LTα. Following implantation, functionality of iTLS was demonstrated by vaccination with 4-hydroxy3-nitrophenylacetyl-ovalbumin (NP-OVA). Three weeks after subcutaneous implantation, discrete B cell and T cell zones formed in the stromal cell-impregnated collagen sponge with interacting DC, as well as HEV-like structures. Recipient mice that were vaccinated with NP-OVA produced anti-NP-OVA IgG-producing B cells within iTLS. This effect was bolstered if NP-OVA-pulsed DC were included in preparations. Furthermore, these NP-OVA-primed iTLS could be resected after their formation, and transplanted to syngeneic recipient mice wherein they could mount effective secondary response to NP-OVA (97). These iTLS were later shown to be able to produce a potent secondary immune response when transplanted into severe combined immunodeficiency (SCID) recipient mice, repopulating SLO and bone marrow with anti-NP-OVA IgG-producing B cells (98). An alternative approach using chemokine and VCAM-1-loaded collagen matrix instead of stromal cells soon followed, recapitulating the successes of stromal-cell line-loaded collagen sponges. These chemokine-induced TLS incorporated B cell zones, T cell zones, and supporting DC and were able to prime a similar anti-NP-OVA response. HEV were not interrogated in these iTLS (99).



Hydrogels

Hydrogel refers to a large class of biomaterials that are made of three-dimensional crosslinked polymers with a large capacity for water uptake and retention that are prepared in aqueous solution (100). Depending on the types of polymers and crosslinking reagents used, a wide variety of hydrogels can be prepared that have different properties regarding biologic interactivity or inertness, physical rigidity or elasticity, temperature sensitivity, pH sensitivity, shape memory properties, or capacity to carry and deliver soluble drugs or cellular payloads (101–103). Hydrogels can be classified according to physical structure, charge, size or chemical properties (102). Of relevance to iTLS efforts, most hydrogel preparations can be injectable or transplantable depending on the timing and chemistries of the crosslinking steps, and can be formulated in large injection/implantation volumes or in micro or even nanoscale particle preparations (104). Because of their large capacity to hold aqueous solution, many hydrogel preparation methodologies are widely compatible with cell culture conditions so long as the chemistries required for crosslinking do not stray from physiologic pH, temperature, salinity, and other cell culture ranges (105–107). For this reason, crosslinking chemistries that utilize mild temperature or pH changes such as warming from 4°C to 37°C or changing from a slightly acidic solution to slightly basic are ideal for injectable preparations, as such hydrogels would crosslink after injection into living recipients (105, 107). When used as an in vitro model for iTLS, hydrogel preparations with BAFF-producing stromal cells and IL-4 support the compartmentalization, expansion, and class-switching of primary B cells (108, 109). When used as a model of cell therapy delivery, hydrogels have been successfully deployed to carry CAR-T cells in conjunction with delivering stimulator of IFN genes (STING) agonist cyclic di-GMP. This preparation was then placed in resection sites of murine pancreatic tumors, or alongside pancreatic tumors mimicking non-resectable masses. These implants produced a significant anti-tumor effect compared to intravenously delivered CAR-T, activated host DC, and induced significant infiltration of immune cells at the implantation sites (110).

Cryogels, a subset of hydrogels prepared at sub 0°C, may be of particular interest to iTLS efforts. Their preparation creates a larger pore size than typical hydrogels, which are typically measured in the nanometer range. Such a small pore size requires hydrogel breakdown or active turnover by infiltrating populations to emigrate or infiltrate transferred materials, significantly limiting cellular involvement (111, 112). Cryogels are formed when polymer and cross linkers are displaced by ice crystal formation, causing concentration spikes in localized spaces in between ice crystals. When the cryogels are subsequently thawed, the space occupied by the ice crystals leaves a porous network measured on a micron scale or larger (113, 114). Thus, cryogels provide a more cell-invasive alternative to conventional cryogels, although, their freeze/thaw preparation method requires any would-be cellular components to be loaded after formation and precludes any formation post injection, somewhat limiting their use to implantation. Cryogels have been be used to deliver chemotherapies and cancer vaccines (115), and when incorporated with DC activating components and tumor antigen vaccination strategies, induces the recruitment of DC and lymphocytes (113, 116, 117), although the organization of these infiltrates was not investigated.



Other Solid or Semi-Solid Bio-Scaffolds

A wide array of scaffolding material distinct from hydrogels or tissue-derived collagen matrixes have been derived for use in tissue repair, wound-healing, or other bioengineering endeavors (118). Among these are matrixes made from mesoporous silica rods, which have been used to boost the immunogenicity of tumor antigen peptide-based vaccine approaches in mice bearing B16F10 melanoma or CT26 colon carcinoma tumors. In these models, tumor associated antigen pools were loaded into mesoporous silica rod matrixes and injected subcutaneously. While the organization of infiltrates was not analyzed histologically, vaccination using this matrix approach greatly enhanced lymphocyte infiltration, and activation, as well as mediated anti-tumor effects on lung nodule growth (119). While not evidence of iTLS, this study does provide precedence for silica as a biomaterial supportive of lymphocyte recruitment, DC activation, and antigen priming. Another bio-matrix that may be permissive to iTLS are polyamide fiber preparations. In what represents one of the earliest attempt to manufacture iTLS entirely in situ, non-woven sheets of polyamide fibers were loaded with antigen-primed primed DC (in this case, cytomegalovirus lysate) and sealed inside a closed and chambered bioreactor system in which lymphocytes isolated from peripheral blood mononuclear cells (PBMC) were continuously circulated. After two weeks, this bioreactor approach resulted in TLS-like structures with discrete B cell and T cell clusters around DC inside the polyamide fiber sheets. Cytokine production suggests that these lymphocytes were activated by the primed DC (120).


Micro and Nanoparticles in iTLS

While bio-scaffolds can, in some instances, impart delayed release of soluble factors, another class of biomaterials has been refined over time with delayed-release of soluble factors as one of several defining characteristics. Microparticles or nanoparticles represent entire fields of materials science in their own right (121). Here, microparticles and nanoparticles are proposed as cooperative biomaterial elements that can be used as an incorporated element within bio-scaffolding to mediate controlled release of chemokines, LTBR ligands, or other TLS-inducing factors. Of these, liposomes represent the most studied and characterized class of micro or nanoscale biomaterials that can serve as carriers for a wide range of compounds. Liposomes form when lipid components assemble into spherical bilayers leaving an aqueous compartment that carry a water-soluble payload (122). The physical properties of liposomes can be easily controlled by altering the types of lipids used for incorporation (123–126), and their size can be controlled by deploying different production methods such as sonication, which delivers liposomes in the 20-40 nm range (127), microfluidic mixing in the 20-80 nm range (128, 129), high pressure homogenization in the 20-140 nm range (130), flow focusing in the 50-150 nm range (131), and extrusion in the 70-415 nm range (132). Many liposomes are already incorporated as part of FDA-approved drugs (133, 134) giving precedent to their clinical translatability and patient safety, and there are now multitudes of methodologies that can deliver on a wide range of specifications, cost, uniformity, and bulk manufacturing requirements (135).

Unmodified liposomes were first described 55 years ago (136), and while successful, have limitations due to their unprotected outer lipid surface, making them subject to fusion with other liposomes as natural result of surface tension reduction (137, 138). Unmodified liposomes are also susceptible to opsonization of serum protein following injection which can lead to phagocytic uptake, or clearance in the liver (139, 140). Any such alteration manipulates drug release kinetics or limits payload delivery to intended targets. A second generation of liposomes was created by modifying liposomal surfaces with integrated polymers, providing structural stabilization and interfering with serum protein binding (139, 141), the most successful of which has been polyethylene glycol (PEG) (142, 143). Additional modification strategies have been employed to liposomes within the last 20 years that not only aim to stabilize liposomal formulations, but to also impart drug target selectivity or more precisely control drug release. Examples of such modifications include liposomes with surface-attached bioactive ligands, such as aptamers, peptides, or most commonly immunoglobulin or immunoglobulin fragments (144). By incorporating moieties with known affinities for antigens expressed on target tissues (or tumors), liposomes can then specifically interact with intended targets. Such incorporations can be accomplished by including recombinant protein products in the initial lipid formulations that either naturally contain hydrophobic regions or that are themselves modified to contain hydrophobic regions, or by covalent binding to hydrophilic regions of incorporated lipids (145). Of particular relevance to iTLS, liposomes can offer extended release kinetics of their payloads, or even be designed for content release in response to an external trigger, such as temperature (146), magnetic fields (147), or light (148, 149). In addition, liposomes are compatible with other bio-scaffolding materials such as hydrogels, cryogels, or polymeric matrixes (150), and have a demonstrated ability for delayed release of chemokines such as CXCL13 (151).

Other nanoscale particles capable of delivering or releasing inflammatory mediators include micelles which are created by self-assembling amphiphilic polymers (152, 153). Micelles have proven capacity to deliver cytokines (154), antigens (155), and interfering RNAs (156, 157), and thus represent a plausible alternative to liposomes to deliver factors for iTLS. In addition, nanoparticles made from aliphatic polyesters (PLGA) are also an attractive option to incorporate delayed-release of soluble factors, and are already FDA-approved in many clinical contexts (158–160). PLGA nanoparticles are biodegradable, and like micelles, are capable of tumor antigen delivery (161, 162) and immunotherapeutic biologics (163, 164). In what is perhaps the most robust example of iTLS generated in animal models, Kobayashi and Watanabe combined microscale gelatin-based hydrogels loaded with LTα1β2, CCL19, CCL21, CXCL12, CXCL13, and soluble RANKL inside a macroscale implantable collagen sponge. This preparation was then implanted onto the kidney capsule of recipient mice, and after three weeks produced mature iTLS with discrete T cell zones, B cell zones, RFC networks, FDC in what appears to be a marginal zone, HEV, and lymphatic vasculature. These iTLS were also able to prime primary and secondary IgG responses to NP-OVA (165). Another example of combined biomaterial approaches utilized lipid-coated silica microspheres harboring IL-15/IL-15Ra fusion proteins and anti-CD3, anti-CD18, and anti-CD137 antibodies to act as artificial antigen-presenting cells inserted into alginate hydrogels loaded with NKG2D-CAR-expressing murine T cells. This construct, when implanted next to partially resected established subcutaneous 4T1 breast cancer tumor-bearing mice, elicited significant anti-tumor reactivity and slowed tumor growth (166). While not necessarily iTLS, this study further establishes precedent that combination biomaterials can deliver and expand effector lymphocytes.




Challenges Awaiting iTLS for Clinical Translation


Avoiding Foreign Body Response for Incorporated Biomaterials

One general drawback to the use of biomaterials is the induction of a foreign body response (FBR), an acute inflammatory reaction against the material itself (167). FBR can result in a wide range of unintended consequences including but not limited to vascularization, fibrotic encapsulation, and infiltration of innate immune cells (168, 169). Neutrophils and macrophages are among the earliest effector cells responding to the FBR and can destroy implanted biomaterials through the release of cytotoxic granules, reactive oxygen species, proteolytic enzymes, and phagocytosis (170–173). Of particular importance to iTLS, recruited and activated macrophages and neutrophils produce high levels of chemokines associated with FBR such as CXCL8, CCL2, CCL4 (174, 175). While CCL2 and CCL4 are part of the 12CK-GES associated with TLS presence in human tumors, CXCL8 is not (11), and none of these chemokines encompass the SLO homeostatic chemokines CXCL13, CCL19 and CCL21 previously used for iTLS, as discussed above. In addition, physical macrophage adherence to many biomaterials polarizes them to a M2 phenotype, which may be detrimental to iTLS formation for anti-tumor immunity (176). To avoid a FBR, it is advantageous to select biomaterials with low antigenicity that have little or no carryover of soluble factors from animal sources (167). In addition, biomaterial topography has also been identified as a contributing factor to FBR, and thus biomaterial size, shape, and texture can be modified to minimize FBR (177, 178). However, any such measure would need to be weighed against the need to recruit cellular infiltrate as part of the iTLS.



Generating cGMP Materials for iTLS Manufacture

As ever more complex components and methodologies are used to innovate iTLS as a potential therapy, so too do the challenges associated with translating such approaches to the clinic. To fully qualify for the Food and Drug Administration’s (FDA) approval, components used to make any would-be iTLS therapy need to graduate to clinical-grade materials by the time pivotal trials are conducted, meaning the components themselves must be manufactured under cGMP conditions (179). Not only does this add difficulty to the process, but in almost every scenario, results in elevated manufacturing cost (180, 181). Cell therapies utilizing one cell type with one gene modification can easily exceed $400,000 per dose due in no small part to the elevated cost of manufacturing cell therapies at a cGMP level (182). Given the potentially multimodal processes involved in iTLS development, this new class of immunotherapy may incur clinical-grade manufacturing costs reflective of cell therapies, biomaterials, and biologics combined. In addition to cost, there are also regulatory challenges. Biomaterial products which contain no cellular or bioactive components, such as an inert scaffolding material, might be considered from a regulatory perspective as a “medical device” depending on their mode of action, but should such material be combined with cellular components or biologics, it will most certainly be considered a drug (183). Careful consideration will then need to be taken when defining what components are drug product versus drug substance. Conventionally, the drug substance is whatever components entail the “active ingredient(s),” whereas the drug product is the entirety of the components and compositions used in the manufacturing process. These definitions are critical to the regulatory success of new investigational drugs, but may be less clear for iTLS, which may combine novel biomaterials with varying amounts of bioactivity (184), with active biologics and cell therapies which may contain genetic modifications. Similar to the advent of cell therapies over the past few decades, the clinical translation of bioengineered constructs such as iTLS may be codependent on the FDA’s creation of a new guidelines that are developed in concert with the scientific field (185).





Concluding Remarks

The progress toward utilizing TLS as a therapeutic intervention has made great strides over the last few decades and has come to incorporate many new and technologies, particularly in the biomaterials space. iTLS have to potential to become an entire new class of immunotherapy combining elements of biologic compounds, cellular therapeutics, and biofabrication techniques. However, significant challenges and unanswered questions remain. These include identifying the optimal bio-scaffold/nanomaterial combinations for sustained release of TLS-inducing soluble factors and identifying the minimal combination of chemokines, LTBR ligands, and other soluble factors required for robust iTLS formation. Another prominent point of consideration is to further evaluate if stromal and/or DC components are needed for iTLS approaches. Their involvement has been critical to early iTLS successes, but recent advances demonstrate iTLS can be achieved using cell-free constructs (165). This would have obvious benefits when translating to clinical-grade manufacturing processes, and allow for less costly clinical translation.
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Improving the effectiveness of anti-cancer immunotherapy remains a major clinical challenge. Cytotoxic T cell infiltration is crucial for immune-mediated tumor rejection, however, the suppressive tumor microenvironment impedes their recruitment, activation, maturation and function. Nevertheless, solid tumors can harbor specialized lymph node vasculature and immune cell clusters that are organized into tertiary lymphoid structures (TLS). These TLS support naïve T cell infiltration and intratumoral priming. In many human cancers, their presence is a positive prognostic factor, and importantly, predictive for responsiveness to immune checkpoint blockade. Thus, therapeutic induction of TLS is an attractive concept to boost anti-cancer immunotherapy. However, our understanding of how cancer-associated TLS could be initiated is rudimentary. Exciting new reagents which induce TLS in preclinical cancer models provide mechanistic insights into the exquisite stromal orchestration of TLS formation, a process often associated with a more functional or “normalized” tumor vasculature and fueled by LIGHT/LTα/LTβ, TNFα and CC/CXC chemokine signaling. These emerging insights provide innovative opportunities to induce and shape TLS in the tumor microenvironment to improve immunotherapies.
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Introduction

Unprecedented success of immune checkpoint blockade (ICB) in melanoma patients has sparked considerable interest in immunotherapies (1). Treatment with immune modulatory antibodies has also highlighted the critical importance of an immune “hot” tumor environment for therapeutic responsiveness (2). Considerable efforts are now being directed into increasing responsiveness to ICB in all cancer patients.

The tumor microenvironment including stromal innate immune cells, fibroblasts and the vasculature has become a major target for new therapies aiming to increase intratumoral T cell numbers and their activation status prior to ICB (3, 4). Spontaneous and/or therapeutic increase of T cell numbers into tumors can result in the formation of TLS (3, 5). These TLS have the ability to effectively prime naïve T cells entering through high endothelia venules (HEV) (6). Notably, the presence of TLS predicts and improves efficacy of immunotherapy in mice and humans (7).

In this review, we delineate common features of peripheral lymph nodes (LNs), inflammation- and cancer-associated TLS, and discuss the relationship between the presence of TLS, lymphocyte priming and response to immunotherapy. We further elaborate on potential drivers for intratumoral TLS formation and how TLS could be exploited therapeutically, in particular for non-responsive, immune “cold” cancers.



The Beginning: Development of Lymphoid Tissue

The immune system is comprised of organs and cell types that protect the host from foreign pathogens and disease. The highly specialized adaptive immune system consists of T and B lymphocytes that form in the bone marrow and later reside in secondary lymphoid organs (SLOs). SLOs are strategically placed to facilitate immune surveillance and priming of naïve T cells and also include LNs (8). The structural framework of LNs are fibroblastic reticular cells (FRCs) which mediate cross-talk between various immune cell populations throughout the LN. In addition, follicular dendritic cells (FDCs) that reside within B cell zones maximize interactions between antigens, antigen presenting cells and naïve lymphocytes (9). Embedded in the paracortical region of LNs are HEVs, highly specialized post capillary venules that serve as entry portals for naïve and central memory lymphocytes from the blood; this migration process is mediated by interactions of L-selectin expressed on lymphocytes and peripheral node addressins (PNAds) on HEVs (10). TLS are lymphoid aggregates similar to SLOs which develop in non-lymphoid tissue, for instance at sites of chronic inflammation (11). TLS vary in composition and maturity but share with SLOs separated B and T cell zones, stromal cells, and HEVs.

One proposed mechanism for the initiation of LN development is upregulation of chemokine (C-X-C motif) ligand 13 (Cxcl13) by lymphotoxin beta receptor (LTβR) expressing mesenchymal precursors known as lymphoid tissue organizer (LTo) cells (12). Cxcl13 subsequently attracts hematopoietic precursors or lymphoid tissue inducer (LTi) cells resulting in the first cluster of LTi cells and the initiation of LN development (12). Mature LTi express lymphotoxin alpha 1 beta 2 (LTα1ß2) which binds LTβR in activated LTo, resulting in further LTo maturation and expression of intercellular adhesion molecule 1 (ICAM1), vascular cell adhesion molecule 1 (VCAM1), chemokine (C-C motif) ligand 19 (Ccl19) and 21 (Ccl21), and Cxcl13 which recruit more LTi and promote interactions between LTi and LTo (8, 9). Mouse LTo may give rise to stromal lineages such as FRCs, FDCs, lymphatic endothelium and vascular endothelium within adult LNs (13).

Emerging evidence also highlights a crucial role of vascular endothelium in the development of LNs. In adult LNs, endothelial cells (ECs) and lymphatic endothelial cells (LECs) express LTβR; EC-specific deletion of LTβR by crossing vascular endothelial cadherin (VE-Cad)-Cre and LTβRfl/fl mice results in compromised LN development with a reduced HEV network demonstrating the importance of EC-specific LTβR for HEV development and lymphocyte trafficking (14). Moreover, EC and to a lesser extent LEC-specific deletion of NFκB-inducing kinase (NIK), one of the major pathways downstream of LTβR signaling, results in an almost complete loss of peripheral LNs (15). In the remaining LN anlagen of these mice, CD4+ LTi cells are drastically reduced coinciding with very low VCAM1, ICAM1, Cxcl13 and Ccl19 expression levels suggesting that failure of LTi to engage with ECs during LN development prevents LTo activation. Furthermore, forced retention of LTi following treatment of pregnant mice with the drug FTY720 which sequesters lymphocytes in LNs, results in formation of mature ectopic LNs in the inguinal fat pad of the progeny (15). These findings imply that the numbers of LTi retained by EC/LECs may be an additional determinant of LN development, alongside interactions between LTi and mesenchymal LTo (16).



TLS Form Under Inflammatory Conditions in Mice

Although the initial events of LN development are not fully resolved, LTβR signaling is crucial for subsequent LN maturation, and also plays a major role in TLS formation during chronic inflammation in mice (Figure 1). For instance, in apolipoprotein E (ApoE)-/- mice, LTβR expressing aortic smooth muscle cells (SMC) over time become activated and produce TLS inducing cytokines such as Cxcl13, Ccl21 and LTβ (17). This leads to the formation of mature aortic TLS containing B cell follicles and germinal centers (GCs), T cells and HEVs. Importantly, TLS assembly can be prevented by blocking LTβR signaling in vivo (17).




Figure 1 | Stromal and immune cell cross talk mediate TLS formation during chronic inflammation. Potential cytokines/chemokines involved in immune (LTi) and stromal cell (LTo) cross-talk. Stromal cells express cytokine receptors such as LTβR and TNFR (and potentially others, marked with “?”); upon activation, LN inducing chemokines such as Ccl19, Ccl21 and Cxcl13 are secreted by stromal cells which increase immune cell density and foster their own maturation. Activated stroma and immune cells coordinate formation of LN aggregates which can mature into clusters containing T cells, B cells, FDCs and MECA79+ HEVs (mature TLS). Created with BioRender.com.



LTβR binds two ligands, the developmentally important LN-inducing cytokine LTα1ß2 and tumor necrosis factor superfamily (TNFSF) 14 or LIGHT. Increased LIGHT expression coincides with TLS formation in the pancreas of aged non-obese diabetic (NOD) mice; in vivo inhibition of LTβR prevents TLS formation and diabetes (18). TLS in mouse pancreatic islets can also be induced by overexpressing C-X-C chemokine receptor type 5 (Cxcr5), the receptor for Cxcl13 (19), Cxcl12, Ccl19 or Ccl21 (20) under the control of the rat insulin gene promotor. Interestingly, LTβR or LTα1β2 blockade prevents TLS formation in chemokine overexpressing mice (19, 20), implying that LTα1β2 and/or LIGHT are bona fide TLS inducers under inflammatory conditions. However, mechanisms leading to inflammation-associated TLS formation are complex and can involve a network of multiple immune and stromal cell types, and - besides LTα1β2 – other cytokines such as tumor necrosis factor alpha (TNFα), IL6, IL13, IL17, IL22 and IL23 (21–25).

In mouse inflammatory lesions, stromal cells can function as LTo by upregulation of the FRC markers podoplanin, Ccl19, Ccl21 and Cxcl13 which in turn stimulate lymphocyte recruitment to sites of inflammation (26, 27). For instance, in patients with primary Sjögren’s syndrome (pSS) and a mouse model of salivary gland inflammation, IL13 production by activated fibroblast activation protein (FAP)+ podoplanin+ fibroblasts, termed “immunofibroblasts”, is the earliest detectable event during TLS neogenesis which precedes lymphocyte recruitment into tissue and subsequent IL22/LTα1β2 secretion (24). As demonstrated in mice deficient for IL13 or its receptor IL4R, “immunofibroblast” activation is dependent on IL13/IL4R signaling and precedes their expansion which is subsequently regulated by lymphocyte-derived IL22 (28). Furthermore, genetic deletion of FAP+ fibroblasts abolishes TLS formation highlighting the LTo role of fibroblasts during TLS formation (24).

During ear inflammation in mice, induction of podoplanin+ stromal cells is dependent on myeloid cells, since depletion of CD11+ Gr1+ cells using monoclonal antibodies significantly reduces podoplanin+ cells (26). This suggests that circulating monocytes can acquire a postnatal role as LTi. Indeed, myeloid cells have been implicated in the development of TLS in various experimental systems. For instance, global overexpression of TNFα in mice by expressing a stabilized TNFα mRNA (TNFΔARE) leads to the development of TLS in the intestine in a process which is dependent on F4/80+ myeloid cells (21). Mechanistically, F4/80+CD11b+ myeloid cells in the LN anlagen are the major source of TNFα and inducers of stromal maturation and expression of LTo chemokines such as Cxcl13, Ccl19 and Ccl21. The potency of these myeloid cells was further demonstrated by surgical transplantation of LN anlagen from TNF/RORc(γt)-/- mice under the kidney capsule of RORC(γt)-/- mice that lack classical LTi; this leads to LN development in the majority of mice thus demonstrating that TNFα producing myeloid cells have the capacity to induce LN formation (21). In atherosclerosis, M1-polarized macrophages act as LTi cells and produce high levels of LN-inducing cytokines such as TNFα and LTα (29). In vitro stimulation of vascular SMCs (vSMC) with M1 macrophage conditioned media induces an LTo profile and triggers the formation of TLS in vivo following vSMC injection (29). VSMC activation is dependent on TNFR signaling as blockade of TNFR1/2 in vivo abolishes the LTo phenotype and prevents TLS formation. Similarly, adipose tissue-associated TLS formation is dependent on myeloid derived TNFα and stromal expression of TNFR, but independent of LTβR signaling (27).

The effects of DCs on lymph angiogenesis and TLS induction have also been studied in multiple models (30–35). For instance, in a mouse model of atopic dermatitis, CD11c+ DCs accumulate around newly formed HEVs; inhibition of LTβR signaling or depletion of CD11c+ cells inhibits HEV formation (33). Similarly, following influenza virus infection in mice, lung CD11c+ DCs express TLS-inducing cytokines such as LTβ, Cxcl13, Ccl19 and Ccl21 which correlates with formation of mature TLS; in vivo depletion of CD11c+ cells or inhibition of LTβR signaling perturbs TLS formation (34). Moreover, in plaques arising in ApoE-/- mice, LTβ producing CD11c+ CD68+ Ly6Clo monocytes reside in close proximity to vSMCs and induce Cxcl13 and Ccl21 secretion, indicating a potential role of DCs as LTi (17). Overall, multiple models of chronic inflammation show that stromal cells can gain LTo function whilst inflammatory myeloid cells play a crucial role as LTi. Moreover, in the process of TLS formation, TNFα and LTβ serve important non-redundant roles.



Spontaneous TLS Formation in Human Cancer

Tumors are described as “wounds that never heal” (36), and indeed rely on continuous stromal remodeling, inflammation and angiogenesis to support the rapidly growing cancer. The abnormal angiogenic tumor vasculature often lacks adhesion molecules such as ICAM/VCAM which prevents efficient lymphocyte-EC binding (37, 38). However, despite this “anergic” tumor vasculature, the tumor microenvironment (TME) can support naïve T cell infiltration, and spontaneous intratumoral TLS formation has been observed in a subset of patients across cancer types (7).

Although the precise mechanism of spontaneous TLS formation in human cancers is unknown, the presence of intratumoral TLS structures is often associated with a favorable clinical outcome and extended disease-free survival (7, 39–47). In hepatocellular carcinoma (HCC) for instance, the presence of intratumoral TLS reduces the risk for early relapse following tumor resection (43). In addition, mature TLS harboring GCs rather than poorly defined lymphocyte aggregates have the lowest recurrence risk (43). In human breast cancer, the presence of HEVs correlates with overall T and B cell infiltration, and improved prognosis (44, 45). Moreover, flow cytometry and gene expression analysis of CD4+ T cell subsets revealed that highly infiltrated breast cancers also harbor TLS, and express markers such as Cxcl13, ICOS, IFNγ and TBX21/T-bet, commonly associated with follicular T helper (Tfh) and Th1 profiles (39, 40). In multiple human cancers such as lung, breast, pancreatic, gastric cancers and melanoma, TLShigh tumors harbor more activated, cytotoxic or naïve CD8+ T cells together with CD4+ T cells which are skewed to a Th1 and/or Th17 phenotype when compared to TLSlow tumors (41, 42, 44–47).

The presence of intratumoral TLS can be determined by analyzing chemokine gene-expression signatures which were first described in colorectal cancer (48) and subsequently validated for other types of cancer such as HCC, breast cancer and melanoma (43, 49, 50). The ability to assess TLS status prior to therapy is of clinical significance and may offer an opportunity to improve immunotherapy (49).

However, the predictive value of TLS for patient outcome is complex, and other parameters besides presence or absence of lymphocyte aggregates seem to be important. In colorectal cancer, for instance, TLS structures with high densities of M2 macrophages and T helper cells expressing GATA3, a master regulator of Th2 differentiation, contribute to immune suppression and thus correlate with relapse rather than improved prognosis (51). In HCC, TLS in the tumor margin are associated with an increased risk of recurrence (52). Moreover, TLS which arise in HCC patients, or mice with persistent and high NFκB activation in hepatocytes, promote tumor progression rather than anti-tumor immunity (52). Similarly, early human hepatic lesions can harbor immature TLS characterized by the expression of immune suppressive cytokines and T cell exhaustion markers such as IL10RA, TGFβ1, TIM-3 and PD-L2 (53). In other cancer types, for instance breast, colorectal and pancreatic cancers, TLS are often found in peri-tumoral locations, and are associated with more advanced disease (41, 54, 55). Overall, these studies indicate that intratumoral location and TLS maturity are crucial parameters for productive anti-tumor immunity and improved patient outcome (7, 56).



TLS as Intratumoral Priming Sites for Adaptive Immunity

It is commonly accepted that naïve lymphocytes do not enter peripheral tissues or tumors, but circulate through lymphoid organs to encounter cognate antigen for activation. However, there is emerging evidence that HEV+ TLS may activate effector T cells intratumorally thus bypassing the need for tumor-antigen presentation in draining LNs (57). For instance, LIGHT accelerates development of diabetes in NOD mice even after surgical removal of pancreatic draining LNs implying that naïve T cells are primed within TLS in pancreatic islets (18). In B16 melanoma-bearing mice, adoptively transferred naïve anti-tumor T cells differentiate into effector cells, reduce tumor growth and improve survival even when lymphocyte egress from LNs is blocked by FTY720 (6, 58). This suggests that HEV+ mouse melanomas can facilitate naïve T cell infiltration, and support subsequent priming and differentiation (6).

Naïve T cell activation in TLS relies on the presence of antigen presenting cells such as B cells and DCs. Indeed, in lung (42, 59), breast (60) and renal cancers (61), a high density of TLS-associated mature DCs correlates with the degree of Th1 effector T cell infiltration and improved prognosis. Interestingly, DCs are also involved in HEV function. In peripheral LNs, for instance, DCs maintain HEV maturity and thus naïve T cell infiltration through LTβR signaling (30). In human breast cancer, DCs produce high levels of LTβ and the density of mature DC-LAMP+ DCs strongly correlates with the frequency of HEVs (60). Collectively, this indicates that DCs maintain HEV maturity and facilitate T cell egress and priming in both LNs and TLS.

B cells are an integral part of mature TLS and potent antigen presenting cells. In some cancers, B cells have been shown to foster tumor development by secreting factors which contribute to a pro-tumorigenic immune environment (62). However, mature B cells in TLS produce antibodies within GCs which correlates with a higher degree of T cell infiltration and disease free survival (63–65). Improved prognosis in human breast cancer is associated with CD4+ Tfh cells which produce an abundance of Cxcl13 and support B cell differentiation, TLS formation and GC maturation (39, 66). In pancreatic adenocarcinoma (PDAC), the presence of B cells within mature TLS correlates with improved prognosis in patients, or increased immune response to vaccination in mice (67). Furthermore, initial evidence in human melanoma suggested a potential link between antibody producing B cells and ICB responsiveness (68, 69). This has now been confirmed in a series of studies which performed in-depth molecular analyses in ICB responder and non-responder tumor tissues (70–72). For instance in human sarcoma, ICB responders are characterized by B cell-rich intratumoral TLS and an immune gene signature related to T cell infiltration and activation, immune checkpoints and expression of Cxcl13 (70). In human melanoma, B cell-enriched TLS confer improved survival and responsiveness to ICB, and also contain naïve and/or memory T cells and an immune signature indicative of enhanced B-T cell interactions and antigen presentation (71, 72). In contrast, T cells in TLS negative melanomas expressed elevated TIM3 and PD-1 levels which may indicate a dysfunctional state (72). Furthermore, RNA-seq analysis of B cell receptors (BCRs) in melanomas showed greater BCR diversity and B cell maturity in ICB responders versus non-responders supporting an active role for B cells in anti-tumor immunity (71). In summary, these studies demonstrate a major role of TLS-associated B cells in antigen presentation, T cell polarization and activation thus placing B cells at the center of TLS function (62, 70–75).

The efficacy of anti-cancer effector T cells is intimately linked to the presence or absence of CD4+CD25+FoxP3+ regulatory T cells (T regs), and interestingly, T reg depletion induces TLS. For instance, in a mouse model of chemically induced fibrosarcoma genetic T reg deletion triggers intratumoral HEV formation, T cell recruitment and tumor control (76, 77). Similarly, T-reg depletion in a model of autochthonous lung adenocarcinoma induces TLS, increases T cell proliferation and DC activation with ensuing tumor control (78).

Overall, current evidence strongly supports a role of intratumoral TLS as priming sites for anti-tumor immunity and prognostic indicators for ICB efficacy. Spontaneous formation of mature and functional TLS in cancer is highly orchestrated and context-dependent; insights into this process will provide exciting opportunities for innovative drug development.



From Concept to Treatment: Therapeutic Induction of TLS

Experimental TLS induction in animal models provides an important opportunity to study the complex interplay between immune cell populations which foster adaptive anti-cancer immunity. Therapeutic TLS induction in cancer patients holds the promise to advance immunotherapy. Numerous attempts have been made to induce TLS in mouse models, so far with mixed outcomes. For instance, both Ccl21 and LTβR play important roles during peripheral LN development. Early work in a mouse melanoma model indeed found that a recombinant antibody targeting LTα to melanoma cells induced intratumoral HEVs, B and T cell zones, and improved survival (79). In contrast, Ccl21 overexpressing melanoma cells promoted infiltration of suppressive immune cells and cytokines which collectively stimulate tumor growth (80). Thus, to harness TLS therapeutically better mechanistic insights into intratumoral TLS formation are urgently needed.

More recent attempts to induce TLS in mouse tumors have employed sophisticated technologies such as artificial scaffolds, gene engineering, and vaccination strategies. Given the crucial role of LTo cells in the recruitment of LTi during LN development (8, 12), a role of stromal cells as TLS inducers has been widely explored (48, 81–83). For instance, LTα overexpression in a stromal cell line derived from thymus induces lymphoid-like organoids in mice when co-implanted with DCs in a collagenous scaffold (81). Moreover, a collagen sponge with a cocktail of LN-inducing cytokines when implanted under the kidney capsule also initiates formation of artificial LN-like TLS (artTLS) with distinct B/T cell zones, FDC/FRCs and HEVs. Intriguingly, implantation of these sponges into immunodeficient mice generates antibody producing cells following immunization (82), further supporting a role of TLS in adaptive immunity. Similarly, a LN-derived stromal cell line which expresses high levels of the FRC marker podoplanin and chemokines such as Ccl19, Ccl21, Cxcl10 and Cxcl13 - reminiscent of the chemokine gene signature first identified in human colorectal cancer (48) - when implanted subcutaneously in mice also generates TLS (83). Within these TLS, resident T cells were successfully activated into effector T cells by tumor-lysate-pulsed DCs which suppressed the growth of adjacent MC38 colon cancer cells (83).

In gene engineering studies, DCs were generated to produce high levels of T-bet/Tbx21, a transcription factor that drives the development and functionality of immune cells, particularly by producing the key Th1 cytokine IFNγ. T-bet overexpressing DCs also produce high levels of pro-inflammatory cytokines such as TNFα, IL12p40 and IL-36γ, and induce TLS in a mouse colon cancer model; even in the absence of peripheral LNs intratumoral DC-Tbet therapy prolongs survival (84). In contrast, tumor growth control is abolished in IL36R-deficient mice indicating a crucial role of T-bet/IL-36γ in therapeutic TLS induction (84). This is supported by findings in human colon cancer where IL-36γ is highly expressed in M1 macrophages and cells of the vasculature, including vSMCs and HEVs, and correlates with spontaneous TLS formation (85).

In human papilloma virus (HPV) 16-positive cervical cancer, intramuscular vaccination targeting HPV16 E6/E7 antigens induces intratumoral TLS which contain antigen-experienced effector memory T cells (86). Moreover, TLS-rich tumor stroma harbors a typical Th1 gene signature with increased levels of Cxcr3, TBX21, IFNγ and IFNβ.

In human PDAC, T cell infiltration and activation is positively linked to survival in some patients (87, 88), and TLS can be induced following an allogeneic granulocyte-macrophage colony stimulating factor secreting vaccine (GVAX) when given in combination with T reg-depleting cyclophosphamide (89). TLS display a distinct Th17 gene signature, a high T effector to T reg ratio, and serve as a prognostic tool to segregate long term from short term survivors (89). Although this clinical trial provides rare evidence for therapeutic TLS induction in humans, PDAC can harbor spontaneous intratumoral TLS which are linked to better prognosis (41). Interestingly, spontaneous TLS in PDAC are associated with a more mature vascular network that expresses the vascular adhesion molecule VE-Cadherin and is covered by αSMA+ pericytes, a mural cell type which wraps around and supports the endothelium (41), suggesting a possible link between TLS formation and stabilized tumor vessels.



A Potential Link Between Vascular Normalization and TLS Induction

T cell infiltration into solid cancers is controlled by the vasculature which co-evolves with an immune-suppressive microenvironment and plays an active part in limiting T cell influx (37, 90–93). In contrast, activating tumor blood vessels to express adhesion molecules such as ICAM and VCAM enables productive endothelial-T cell interactions and fosters effector T cell transmigration (3, 92, 94–97). Moreover, tumor vessel normalization which improves vascular morphology and function lowers hypoxia and indirectly changes the tumor microenvironment to support Th1-driven anti-tumor immunity (98–100). Therefore, compounds which normalize tumor blood vessels and attract T cells may have the capacity to induce intratumoral TLS. Indeed, a fusion compound of the cytokine LIGHT conjugated to a homing peptide (vascular targeting peptide or VTP) which delivers LIGHT specifically to angiogenic tumor vessels is such a reagent (95). LTβR and Herpes virus entry mediator (HVEM) are major LIGHT receptors, expressed in stroma and immune cells, respectively, and thus link LIGHT to LN neogenesis and immune regulation (101–106). Treatment of neuroendocrine pancreatic cancer (PNET) in mice with low dose LIGHT-VTP normalizes blood vessels and induces intratumoral TLS with distinct B and T cell zones and high expression of the T cell attractant Ccl21 in vascular cells as well as macrophages (Figures 2A, B) (3, 95). Importantly, the capacity to induce TLS correlates with the degree of vessel normalization and is abolished with high dose LIGHT-VTP which induces vessel death, demonstrating a causal link between vessel normalization and TLS formation (3). Other treatment regimens which are known to normalize tumor vessels in PNET such as low dose anti-vascular endothelial growth factors (VEGF) or anti-angiopoietin-2/anti-VEGF therapies facilitate lymphocyte infiltration but do not induce TLS as monotherapies (107, 108). Similarly, cytokine fusion compounds which deliver for instance TNFα or IFNγ to tumor vessels in PNET induce vessel normalization and/or vessel wall inflammation without TLS formation demonstrating the unique opportunities of targeting LIGHT into the tumor microenvironment (97, 109). Furthermore, intratumoral treatment of melanoma-bearing mice with low dose stimulator of interferon genes (STING) agonist (ADU S-100) normalizes angiogenic blood vessels and upregulates TLS-inducing factors such as Ccl19, Ccl21, LTαβ and LIGHT (110). This induces unstructured HEV-containing lymphocyte aggregates resembling TLS which contain T cells and CD11c+ DCs. STING activation enables recruitment of pre-primed peripheral T cells and expansion of unique T cell clonotypes in the TME thus further supporting the benefits of reagents with dual capacity to induce vessel normalization and intratumoral priming. Nevertheless, the anti-tumor effects of LIGHT-VTP or STING monotherapies are modest, and the clinical relevance of these reagents lies in increasing the potency of current immunotherapies (3, 110).




Figure 2 | Induction of cancer-associated TLS during LIGHT-VTP therapy. (A, B) Treatment of transgenic PNET-bearing mice with bi-weekly i.v. injections of 20 ng LIGHT-VTP specifically targets abnormal angiogenic blood vessels and induces chemokines important for TLS formation (e.g. Ccl21) in (A) vascular cells (co-staining of CD31+ endothelium in green and Ccl21 in red, overlay in yellow marked by arrow) which attract CD8+ T cells, and (B) tumor-resident CD68+ macrophages which are recruited to the vascular niche (co-staining of CD68 in green and Ccl21 in red, overlay in yellow marked by arrows) and re-programmed to secrete other cytokines such as TNFα and IL1β which in turn attract T/B cells to form TLS (3). (C) Adoptive transfer of LIGHT-stimulated macrophages into PNET-bearing mice leads to CD68+ macrophage accumulation in the TME and subsequent formation of mature TLS 8 days after transfer. TLS with organized T cell (red) and B cell (green) zones as well as MECA79+ HEVs (blue) are depicted. Scale bars 50μm. Images are unpublished microscopic photographs similar to work published in (3). Created with BioRender.com.





TLS and Immunotherapy

Immunotherapies which boost the host’s intrinsic immunity such as anti-cancer vaccines and ICBs have dramatically changed clinical oncology. However, based on the increasing number of drug combination trials, ICB therapies will be predictably more effective in combination with other therapies such as TLS induction (7, 111).

The presence of spontaneously arising B cell-rich TLS within cancers has recently been shown to predict the response to ICB in patients with melanoma, soft-tissue sarcoma and renal cell carcinoma (see above) (70–72). In addition, a retrospective analysis of human lung cancer samples identified PD-1hi expressing CD8+ T cells within TLS to predict response to PD-1 blockade (112). These proliferating PD-1hi T cells were highly tumor-reactive, secreted Cxcl13, and are thus potential drivers of TLS formation (112). Similarly, non-small cell lung carcinoma biopsies from PD-1 blockade responders are enriched in TLS and mature B cells (113). Furthermore, patients with desmoplastic melanoma, a subtype of melanoma with dense fibroblastic stroma and high frequency of TLS, respond particularly well to PD-1 blockade compared to other advanced forms of melanoma (114). Although the correlation of TLS frequency and patient responsiveness in retrospective studies might be biased, collectively these studies support the notion that TLS induction prior to ICB is beneficial and will improve response rates to immunotherapy.

Strong evidence for beneficial TME-immune stimulating combination therapies also comes from animal studies. For instance, experimental induction of TLS with LIGHT-VTP therapy renders PNET and Lewis lung carcinoma (LLC) sensitive to ICB targeting cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and PD-1. The combined treatment induces intratumoral activation of cytotoxic T cells with ensuing survival benefits which can be further improved when combined with anti-cancer vaccination. Notably, neither vaccination, ICB or a combination thereof match the survival outcome achieved with LIGHT-VTP combination treatment (3). In mouse breast cancer, PNET, and glioblastoma (GBM), VEGF inhibition renders tumors susceptible to anti-PD-L1 therapy. The combination treatment of anti-VEGF and anti-PD-L1 activates intratumoral DCs and T cells and reaches maximal efficacy when combined with agonistic LTRβ antibodies; this triple treatment induces HEV+ immune clusters even in highly therapy-resistant GBM (115). In the same GBM tumor model, LIGHT-VTP treatment in combination with anti-VEGF and anti-PD-L1 is even more effective than agonistic LTβR antibodies, and generates an abundance of intratumoral HEV+ TLS and granzyme B+ (GrzB) CD8+ effector T cells (116). This highlights the importance of LTβR signaling for TLS combination immune therapies but also the potential involvement of other pathways since LIGHT activates cells within the tumor microenvironment through multiple receptors including LTβR and HVEM.

Overall, there is already strong evidence that intratumoral TLS are an important prognostic tool for immunotherapies (70–72). However, beyond risk stratification, inducing TLS in combination with ICB generates a synergism which is likely to promote lymphocyte infiltration, intratumoral activation and immune rejection, in particular in immune-deserted or “cold” tumors. Given the significant toxicities of ICB as observed in recent combination trials of Nivolumab and Ipilimumab (117, 118), the presence of TLS may be helpful to select patients who will benefit most from ICB. In addition, TLS/ICB combination therapies could contribute to more effective anti-tumor responses with lower ICB doses. In this context, a preliminary study of low dose Nivolumab and Ipilimumab combined with IL-2 and hyperthermia treatment shows similar overall response rates when compared to high dose ICB with significantly lower overall toxicity (119). This indicates an exciting possibility to lower ICB doses when used in combination with other immune stimulating reagents.



Searching for the Instigator(s) in Cancer-Associated TLS

Much like LN neogenesis, formation of cancer-associated TLS presumably involves a network of stromal and immune cells linked by multiple cytokines/chemokines. However, mechanistic insights into this process are rudimentary. Since these interactions are precisely orchestrated in a 3D environment in vitro studies are challenging. Nevertheless, some cell types and cytokines/chemokines by virtue of their crucial role in experimental systems and presence in human TLS+ cancer tissue deserve further consideration (Figure 3).




Figure 3 | Concepts for creating functional TLS in cancer. Multiple immune and stromal cell types orchestrate TLS formation potentially involving activated T cells and/or depletion of T regs (upper left), DCs which express TLS supporting cytokines/chemokines, maintain HEVs and promote antigen presentation (upper right), mature B cells which produce antibodies, enhance antigen presentation, act as LTi cells (lower left), and stromal cells such as fibroblasts, macrophages and vascular cells which can act as LTo, secrete chemotactic cytokines/chemokines and/or provide structural support (lower right). Some or all cell types may be necessary in an intricate network of simultaneous or consecutive interactions to generate mature TLS which in turn enhance immunotherapy and tumor destruction. Created with BioRender.com.




Non-Hematopoietic Stromal Cells: Blood Vessels and Fibroblasts

Tumor vasculature and TLS formation are intimately linked (3, 4, 110). For instance, LIGHT-VTP in mouse PNET increases the expression of Ccl21 in the vascular bed and in CD68+ tumor-resident macrophages associated with TLS (Figures 2A, B) (3). Moreover, a 3D scaffold environment and slow interstitial flow are essential for Ccl21 expression by LN-derived FRCs both in vitro and in vivo; without lymph flow Ccl21 expression is not detectable suggesting that fluid flow dynamics may regulate Ccl21 expression (120). It is therefore interesting to speculate that modulation of blood flow dynamics and transport of cytokines/chemokines during tumor blood vessel normalization may regulate Ccl21 expression levels in the vascular bed, and thus TLS formation in vivo.

Cancer associated fibroblasts (CAFs) form a large part of the tumor microenvironment, reduce fluid flow by increasing tumor stiffness, and support tumor-promoting inflammation (121). Thus, modulation of CAFs can enhance anti-cancer immunotherapy (121, 122) and potentially support TLS formation. More recently, a crucial role for CAFs as LTo and effector CD8+ T cells/B cells as LTi was delineated in an intraperitoneal melanoma model of spontaneous TLS formation (4). Therein, effector T cells recruit FAP- podoplanin+ fibroblasts to HEVs where they differentiate into Cxcl13 secreting FRCs via TNFR signaling, similar to previous models of chronic inflammation (26, 27). This in turn promotes recruitment and proliferation of LTα1β2 secreting B cells which further stimulate TLS formation in a positive feedback loop (4). In human and mouse lung cancer, Ccl19 producing fibroblastic stromal cells (FSC) correlate with increased CD8+ T cell infiltration and tumor growth control. Although TLS formation was not examined in this study, Ccl19-expressing FSCs reside in peri-vascular niches within LLC tumors and T cell recruitment is impaired upon Ccl19 gene deletion suggesting an early role of FSCs in forming immune-stimulating stromal niches (123). Collectively these studies support the notion that vascular cells and fibroblasts are important mediators of TLS neogenesis in cancer (4, 38, 94).



Hematopoietic Stromal Cells: Macrophages

Monocytes/macrophages are a major component of tumor stroma (124). In a hypoxic tumor environment, macrophages are immunosuppressive and support tumor growth. However, their phenotype is highly dynamic and macrophage “re-education” can support immunotherapy (125). In the context of TLS neogenesis, M1 macrophages can produce chemokines similar to those detected in TLS+ human cancers, including Ccl21 and TNFα (3, 126). Furthermore, ex vivo LIGHT-stimulated macrophages in contrast to control macrophages when adoptively transferred into tumor-bearing mice are necessary and sufficient to induce intratumoral TLS in a T cell-dependent manner (Figure 2C) (3). In addition to Ccl21, these LIGHT-stimulated macrophages also express high levels of TNFα (Figure 2B) which is a key driver of inflammation-induced TLS formation in mice (21, 27). It is therefore possible that LIGHT-stimulated macrophages drive TLS formation via the TNFα/TNFR signaling pathway which has so far not been investigated. Whilst the importance of macrophages during TLS formation in cancer is understudied, robust data in inflammatory disease support their importance in TLS neogenesis (21, 27, 29), warranting further investigations in cancer.



Hematopoietic Stromal Cells: DCs

LTα/LTβ producing CD11c+ DCs play a critical role in regulating lymphocyte trafficking and maintaining HEV phenotype and function in adult mouse LNs (30, 32), and are involved in TLS formation during chronic inflammation (30–35). In human tumors, DCs are a major source of LTβ and their density correlates with HEV formation and favorable clinical outcome in breast cancer (60). Similarly, in primary human lung and ovarian cancers the number of mature DCs correlates with the degree of CD8+ T cell infiltration, anti-tumor cytotoxicity and survival (42, 127). Furthermore, immune-stimulating and vascular normalization therapies in mice increase intratumoral CD11c+ DCs coinciding with the formation of lymphocyte aggregates and HEVs (110, 115). Treatment of B16 melanoma with low-dose STING agonist, for instance polarizes DCs to produce TLS-inducing cytokines such as LTα, IL36β and TNFα (110), implicating mature DCs in TLS neogenesis. Overall, mechanistic tumor data are still sparse; plasticity of myeloid cells as well as shared marker expression in myeloid cell and DC populations complicate interpretation of the data. Further analysis of stromal innate immune cells such as monocytes/macrophage and DCs as initiators of cancer-associated TLS is therefore warranted.




Conclusions

Although immunotherapy has shown unprecedented success in some cancer patients and tumor types, the challenge ahead lies in improving the outcome for non-responsive patients. TLS as prognostic markers for improved patient outcomes have long been recognized (7). However, only recently have mature TLS been shown to predict ICB success in patients (70–72). It is imperative to now develop strategies to increase TLS frequency and/or maturation in cancers where they naturally occur. This may be achieved by providing further innate immune stimulation as demonstrated for instance with STING agonist treatment (110). Induction of de novo TLS formation holds great therapeutic potential to overcome intrinsic immune inhibitory mechanisms within the TME and render non-responsive, immune “cold” tumors susceptible for ICB. However, the orchestration of mature immune-supportive TLS formation in cancer is complex and involves multiple cellular compartments and cytokines/chemokines; this process may also be tumor type-dependent. Emerging mechanistic insight from mouse tumors demonstrate potential LTi roles for anti-tumor effectors such as T and surprisingly B cells which requires re-definition of the role of B cells in TLS and cancer (4). Therapeutic vessel normalization which enables lymphocyte infiltration into tumors may also promote access of these LTi into the TME for more effective TLS priming (3, 110). Furthermore, intratumoral stromal cell types such a monocytes/macrophages and fibroblasts are strong candidates for LTo cells which when reprogrammed in permissive tumor “niches” can drive TLS formation (3, 4). In this context, TNFR in addition to LTβR signaling may prove crucial for tumor-associated TLS formation as opposed to primarily LTβR driven processes as seen during peripheral LN development. Overall, improving existing TLS function or priming de novo TLS formation in cancer to maximize ICB efficacy holds the potential to induce more durable anti-tumor immune responses in a higher percentage of cancer patients and warrants urgent investigation.
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There is increasing evidence that tertiary lymphoid structures (TLS) control not only local adaptive B cell responses at melanoma tumor sites but also the cellular composition and function of other immune cells. In human melanoma, however, a comprehensive analysis of TLS phenotypes, density and spatial distribution at different disease stages is lacking. Here we used 7-color multiplex immunostaining of whole tissue sections from 103 human melanoma samples to characterize TLS phenotypes along the expression of established TLS-defining molecular and cellular components. TLS density and spatial distribution were determined by referring TLS counts to the tissue area within defined intra- and extratumoral perimeters around the invasive tumor front. We show that only a subgroup of primary human melanomas contains TLS. These TLS rarely formed germinal centers and mostly located intratumorally within 1 mm distance to the invasive tumor front. In contrast, melanoma metastases had a significantly increased density of secondary follicular TLS. They appeared preferentially in stromal areas within an extratumoral 1 mm distance to the invasive tumor front and their density varied over time and site of metastasis. Interestingly, secondary follicular TLS in melanoma often lacked BCL6+ lymphatic cells and canonical germinal center polarity with the formation of dark and light zone areas. Our work provides an integrated qualitative, quantitative and spatial analysis of TLS in human melanoma and shows disease progression- and site-associated changes in TLS phenotypes, density and spatial distribution. The frequent absence of canonical germinal center polarity in melanoma TLS highlights the induction of TLS maturation as a potential additive to future immunotherapy studies. Given the variable evaluation strategies used in previous TLS studies of human tumors, an important asset of this study is the standardized quantitative evaluation approach that provides a high degree of reproducibility.
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Introduction

Immune checkpoint blockade (ICB) aims to overcome inhibition of anti-tumor T cell effector functions in an inflamed but immunosuppressed tumor microenvironment (TME, i.e. tumor cells with surrounding extracellular matrix and stromal/immune host cells). That way, ICB has transformed the therapy of many cancer types, particularly of melanoma, where ICB has led to progression-free survival rates of 36% at 5 years in metastatic patients (1). Yet, the other 64% of patients experience disease progression and alternative therapeutic options are naught.

The outcome of ICB therapy in cancer patients has been linked to immune cell infiltration into the TME and the quality and magnitude of the induced activation of immune cells including T cells, NK cells and, more recently tumor-associated B cells. In human melanoma, up to 33% of the immune cells found in the TME can be B cells. Though B cells in human cancer have been shown to express immunoinhibitory cytokines, growth factors and cell surface molecules that impede anti-tumor immune and drug responses (2, 3), several reports suggest a role in supporting tumor immunity and limiting disease progression. They demonstrate a positive prognostic association of CD20+ B cell numbers in primary human melanoma (4, 5) and, together with increased CD138+ plasma cell numbers, in metastatic human melanoma (6). In line with these data, B cells have recently been shown to sustain inflammation and CD8+ and CD4+ T cell numbers in the TME of human melanoma, and to directly augment T cell activation by ICB (7). Furthermore, B cell markers were reported to be increased in tumor samples from responders to neoadjuvant ICB compared with non-responders in patients with high-risk resectable melanoma (8), and pretreatment B cell counts, particularly of plasmablast-like B cells, have been found to predict response and survival in metastatic melanoma patients receiving ICB (7).

Further independent comparative analyses of human melanoma and soft tissue sarcoma described higher numbers of mature tertiary lymphoid structures (TLS) in tumor samples from patients who responded to ICB treatment compared to non-responding patients (9–11). As ectopic lymphoid structures at tumor sites, TLS share many structural and functional features with canonical lymphoid structures from secondary lymphoid organs which are important drivers of adaptive B cell and T cell responses. Consistently, higher numbers of mature TLS are associated with clonal B cell expansion, increased B cell receptor diversity and increased frequency of class-switched memory, plasmablast/plasma cell-like and activated CD69+ B cells in human melanoma (9, 10). Again, the number of intratumoral B cells before treatment, either together with increased or independent of CD8+ T cell numbers, was shown to be predictive for improved patient survival (9). Together with the reported clonal amplification, somatic hypermutation and isotype switching of B cells in microdissected lymphoid follicles from human melanoma skin metastases (12) and our observation on the loss even of CD20- B cells from the human melanoma TME upon depletion of TLS by anti-CD20 therapy (7), these data strongly support the concept of TLS as the main generator of local adaptive B cell responses in melanoma. In addition, there is increasing evidence that TLS can also play a significant role in the induction of local adaptive T cell responses in human melanoma. Mature TLS also contain T cell zones where mature dendritic cells and most likely mature B cells present antigenic peptides to CD4+ and CD8+ T cells (13–16). Consistent with this, the density of mature dendritic cells is associated with strong infiltration by activated T cells and favorable survival in primary human melanoma (17) and CD3+ T cells from inside TLS of human melanoma metastases show a higher expression of T cell activation markers compared with T cells from outside (10). Moreover, in TLS-enriched melanoma metastases, increased immune signatures for antigen presentation and processing, T cell receptor signaling and differentiation of T helper 1 and 2 cells were found (10), whereas in TLS-depleted melanomas, T cell signatures indicated a more dysfunctional state (9).

Similar to canonical lymphoid structures in secondary lymphoid organs, phenotypic changes of TLS have been described in human cancer and are associated with a variable composition of diverse cell types with distinct differentiation. Here, the cellular composition of TLS appears to vary between patients and cancer types, stages and sites (18–22). While there are some reports on the presence of distinct TLS-associated cell types in primary human melanoma (17, 23) and a smaller cohort of human melanoma skin metastases (12), a systematic comparative analysis of TLS phenotypes, their cellular composition and spatial distribution in human melanoma samples from different disease stages and sites is still lacking. Given the high variability of evaluation approaches used by previous studies for TLS definition and quantification, we applied 7-color multiplex immunohistochemistry to characterize TLS phenotypes along the coordinated expression of established TLS-defining molecular and cellular components together with a standardized evaluation strategy specifically adapted for high reproducibility. We found progression-, tumor site-, but not prognosis-associated changes in TLS phenotypes, density and spatial distribution. In contrast to secondary lymphoid organs, secondary follicular melanoma TLS showed a remarkable paucity of canonical germinal center formation.



Materials and Methods


Patient Cohorts


Primary Human Melanomas and Matched Early/Regional Metastases

Whole tissue sections were obtained from routine formalin-fixed paraffin-embedded (FFPE) blocks of cutaneous primary melanomas from Caucasian patients who underwent surgery between the years 2002 and 2014 at the Cantonal Hospital Baselland, Liestal (5). All tumor samples were obtained with informed patients’ consent and the pathology files retrieved as approved by the local Ethics Committee (EKNZ vote BASEC 2016-01499). Histological diagnoses were made by board-certified pathologists from the Cantonal Hospital under the guidance of KM. This cohort included 48 patients with primary cutaneous melanoma. 27 patients presented without metastasis within a follow-up interval of up to 140 months (mean: 42 months, Table 1); 21 patients were diagnosed with regional metastasis at the time of first diagnosis (Table 2).


Table 1 | Clinical and histopathological summary of melanoma patients without metastasis.




Table 2 | Clinical and histopathological summary of melanoma patients with metastasis at the time of first diagnosis.



From 10 of the latter patients additional 16 metastatic samples could also be included in our analysis. These early metastatic samples almost exclusively consisted of locoregional skin (n=4) and clinically detectable (macroscopic) nodal metastases (n=11, Table 3) where tumor deposits had completely or almost completely replaced lymph node tissue. None of these patients had received local or systemic antitumor treatment before surgery.


Table 3 | Numbers of biopsy sites of melanoma patients with early and late metastases.





Late/Distant Metastases

In addition, we analyzed whole sections from 39 distant human melanoma metastases, mainly derived from cutaneous (n=15) and lymph node (n=13) sites (Table 3). These samples were collected between the years 2015 and 2019 at the University Hospital Basel. Tumor samples were obtained with informed patients’ consent and the pathology files retrieved as approved by the local Ethics Committee (EKNZ vote BASEC 2019-00927). Histological diagnoses were made by board-certified pathologists from the Institute of Pathology, University Hospital Basel, under the guidance of KG. In lymph node metastases, tumor deposits had completely or almost completely replaced lymph node tissue. Desmoplastic subtypes of melanoma were not included in this study as they show a distinct clinical behavior (24).




Seven Color Multiplex Immunohistochemical Staining

Tumor tissue analysis and read-out were approved by the Ethics Committee of the Medical University of Vienna (ethics vote 1999/2019). First, each of the following antibodies was established on four-micrometer sections from FFPE tissue of human tonsil: CD20 (mouse monoclonal IgG2a, clone L26, 1:2000, Agilent, M0755), CD4 (mouse monoclonal IgG1, clone 4B12, 1:500, Agilent, M7310), CXCL13 (rabbit polyclonal IgG, 1:1000, Proteintech, 10927-1-AP), CD21 (rabbit polyclonal IgG, 1:3600, Proteintech, 24374-1-AP), CD23 (rabbit monoclonal IgG, clone SP23, 1:900, Novus Biologicals, NB120-16702) and BCL6 (mouse monoclonal IgG1, clone 1E6B1, 1:24000, Proteintech, 66340-1-Ig). Each antibody was assigned to one of the fluorophores Opal 520, Opal 540, Opal 570, Opal 620, Opal 650 and Opal 690 (Akoya Biosciences) diluted in 1X Plus Amplification Diluent (Akoya).

For multiplex stainings, these antibodies were successively applied to deparaffinized sections from FFPE tumor samples in six iterative rounds of immunostaining. Each round started with heated antigen retrieval with either citrate buffer (pH 6.0) or Tris-EDTA (pH 9.0) for 30 min, fixation with 7.5% neutralized formaldehyde (SAV Liquid Production) and a 15 min blocking step using 20% normal goat serum (Agilent, X0907). Thereafter, primary antibodies were applied followed by incubation with respective biotinylated anti-mouse/-rabbit secondary antibodies (Agilent, K5003), Streptavidin-HRP (Agilent, K5003) and Opal fluorophore dye (Akoya). After six rounds of immunostainings, nuclei were counterstained with DAPI (PerkinElmer, FP1490). A detailed protocol of the immunohistochemistry staining procedure was previously described by us (7).

Tyramid signal amplification-based visualization of the primary antibodies was established on control tonsil tissue, the gold standard for lymphocyte antigen detection in pathology, and the signal balanced by diluting the primary antibodies to obtain staining levels and cell frequencies comparable to conventional immunofluorescence staining. Negative controls included the use of isotype instead of primary antibodies and stainings without primary antibodies. Single antibody stainings were run in parallel to control for false positive (incomplete stripping of antibody-tyramide complexes) and false negative results (antigen masking by multiple antibodies, “umbrella-effect”) as well as for spillover effects (detection of fluorophores in adjacent channels), again as described by us before (7).

Additional immunofluorescent double stainings were performed with antibodies against BCL6 (mouse monoclonal IgG1, clone 1E6B1, 1:24000, Proteintech, 66340-1-Ig)-Opal 650 and Ki67 (mouse monoclonal IgG1, clone MIB-1, 1:1600, Agilent, M7240)-Opal 570.



Automated Acquisition and Quantification of TLS

Multiplexed slides of the whole tissue sections were scanned on the Vectra 3 Automated Quantitative Pathology Imaging System (version 3.0.5., Akoya) and potential TLS were acquired in 20x magnification for downstream analysis with the tissue analysis software inForm® (version 2.4.1, Akoya). This procedure included first a spectral unmixing for each specific fluorophore (7, 25, 26), followed by a trainable tissue segmentation to distinguish between different TLS phenotypes. Autofluorescence was determined on an unstained representative tumor section.

TLS phenotypes were determined based on molecular and cellular marker composition and structural features along the lines of (27, 28) with some additional specifications for secondary follicular TLS. Early TLS/dense CD20+ lymphocyte aggregates were trained as CD20+ B cell aggregates with CXCL13+ cells and the presence or absence of interspersed CD4+ T cells (CD21-, CD23-, BCL6-). Primary follicular TLS were trained as CD20+ B cell aggregates interspersed with CD4+ T cells and the presence of a network with CD21+ immature follicular dendritic cells (CD23-, BCL6-). Secondary follicular TLS were trained as structures with an additional network of CD23+ mature follicular dendritic cells and the presence of CD20+ B cell aggregates interspersed with CD4+ T cells without (BCL6-) or with the accessory expression of BCL6 in lymphatic cells (BCL6+). We did not use additional established markers such as DC-LAMP and PNAD, because DC-LAMP+ dendritic cells and PNAD+ high endothelial venules have been shown in different TLS phenotypes at a similar frequency as well as in lymphocyte-rich areas without apparent organization into TLS (28). Tissue segmentation quality was manually monitored for each image by the sample analyst (FW) who was blinded for sample identity at the time of image analysis.

Early, primary and secondary follicular TLS phenotypes were identified by tissue segmentation and analyzed for density (number per mm2 tissue area) and relative area (mm2 per mm2 tissue area) in whole tissue sections. In secondary follicular TLS, we performed an additional sub-analysis for the area of BCL6+ and BCL6- germinal centers, respectively. Spatial distribution of TLS was manually annotated with the digital pathology image analysis software QuPath [version 0.2.3 (29)] to intra- and peritumoral perimeters of increasing radiuses (1 – max. 6 mm) drawn around the tumor-invasive front with the help of a publicly available script (30, 31) with minor adaptations to our needs. Counts and relative area of each TLS phenotype were then normalized to the tissue area (mm2) within the respective intra- and extratumoral perimeters. TLS overlapping two perimeters were assigned to the perimeter with the larger share. Regions of necrosis, ulceration and distinct hemorrhage were excluded from analysis as was non-infiltrated subcutaneous adipose tissue below primary melanomas due to the consistent absence of a recognizable lymphocyte infiltration.



Statistical Analysis

All statistical analyses were performed using R (version 4.0.3). As the data was generally not normally distributed, differences between two groups were assessed using the Wilcoxon rank sum test. Differences between multiple groups were assessed using the Kruskal-Wallis test. The absolute number of samples with and without TLS between two groups was assessed using Fisher’s exact test. All p-values were corrected for multiple testing using the Benjamini & Hochberg method (abbreviated as “FDR” throughout the manuscript). Plots were created using ggplot2 [version 3.3.3 (32)], and GraphPad Prism (version 8.0.1). Statistical comparison of spatial distribution used data for the intratumoral compartment from 1 and >1 mm perimeters and focused on data for the extratumoral compartment from 1 and 2 mm perimeters, as around half of the samples presented without TLS within the 3 and higher mm extratumoral perimeters.




Results


Experimental Strategy

There are some reports on the presence of distinct TLS-associated cell types in primary human melanoma, but no systematic analysis of TLS phenotypes. Another difficulty is a lack of consensus on how to determine tumor-associated TLS density and distribution by a standardized evaluation methodology (33). To overcome the limitations of light microscopy, we performed 7-color multiplex immunohistochemistry on whole tissue sections from 103 human cutaneous melanoma samples with antibodies against TLS-defining molecular and cellular components: CXCL13, a key chemoattractant orchestrating the cellular composition of TLS, CD20 and CD4 for detection of B cells and T(helper) cells, CD21 and CD23 for the presence of a network of immature and mature follicular dendritic cells (FDCs), respectively, and BCL6, a key transcriptional regulator in B cells and T cells for germinal center formation. Representative stainings for detection of early, primary and secondary follicular TLS are given in Figures 1A–C.




Figure 1 | Detection of different TLS phenotypes by 7-color multiplex immunohistochemistry in human melanoma tissues. Examples for (A) early TLS: dense CD20+ lymphocyte aggregates with CXCL13+ cells and the presence of some interspersed CD4+ T cells; (B) primary follicular TLS: CD20+ lymphocyte aggregates interspersed with CD4+ T cells and the presence of a CD21+ but CD23- dendritic network, surrounded by CXCL13 expressing cells; (C) secondary follicular TLS with a BCL6- germinal center: CD21+ and CD23+ dendritic networks within CD20+ lymphocyte aggregates with interspersed CD4+ T cells, surrounded by CXCL13 expressing cells. No accessory expression of BCL6 in lymphatic cells. Germinal centers are identifiable in routine light microscopy (see Pathology View, bottom left). An example for a BCL6+ secondary follicular TLS is given in Figure 5A. Images for each of the individual markers and their composites (for clarity without DAPI staining) are shown, together with the corresponding Pathology View (respective bottom left). Scale bars represent 100 µm. (D) Spatial annotation of tumor areas. Left: Definition of the invasive tumor front (red, 2) and the respective intra- and extratumoral compartments (brown, 1 and yellow, 3, respectively) in a tissue section of a human melanoma lymph node metastasis. Extratumoral compartments include site-specific and adipose tissue (yellow). Right: Allocation of intra- (brown/black) and extratumoral perimeters (green) of increasing radiuses (1 – max. 6 mm) drawn within and around the invasive tumor front. Counts and area of TLS were referred to the tissue area (yellow) within the respective intra- and extratumoral perimeters. TLS, tertiary lymphoid structures.



We further specified the scoring of TLS density, relative area and spatial distribution by normalizing TLS counts and area to the tissue area (mm2) within defined extra- and intratumoral perimeters around the invasive tumor front (Figure 1D). Routine FFPE sections allowed the application of perimeters to the extratumoral compartment ranging from 1 to 6 mm with a median 6 mm distance in primary melanomas and 5 mm distance in metastatic melanomas. In the intratumoral compartment, we detected most TLS within the 1 and 2 mm perimeters; further evaluation within perimeters of 3 and more mm proved difficult because of small tumor size or presence of regions of necrosis, ulceration and hemorrhage which were excluded from the analysis. We, therefore, subdivided the intratumoral compartment into 1 and >1 mm perimeter areas (Supplementary Figure 1).

This allowed us (i) to analyze TLS phenotypes, density and spatial distribution in primary human melanoma and the association with established prognostic clinicopathologic factors; (ii) to compare TLS in terms of phenotype, density and spatial distribution in different stages of disease progression; (iii) to describe TLS for phenotype, density and spatial distribution in metastases from different body sites; and (iv) to characterize the cellular composition and spatial distribution of TLS-defining cell types in human melanoma compared to secondary lymphoid organs.



Primary Human Melanomas Contain Mostly TLS of an Early Immature Phenotype

Here we demonstrate an evaluation strategy based on referring TLS counts and area to the tissue area (mm2) to determine TLS density and relative area, respectively, within defined intra- and extratumoral perimeters around the invasive tumor front (Figure 1D). This strategy should allow standardized read-out with high reproducibility.

We found TLS in only 16 of 48 (33.3%) primary melanomas (Figure 2A). These TLS were predominantly of the early TLS phenotype (n=241 of a total 264; 91.3%; Figure 2B). Only four tumor samples presented with a secondary follicular TLS and one of these had BCL6+ lymphatic cells. Primary follicular TLS were not identified (Figure 2B).




Figure 2 | Primary melanomas (PT): TLS phenotypes, density and spatial distribution. (A) Prevalence of TLS in primary tumor samples. (B) Relative prevalence of TLS phenotypes in primary tumors. (C) Density of early TLS over intra- and extratumoral compartments of primary tumors. In all boxplots, lower and upper hinges correspond to the first and third quartiles, center line to the median. Upper and lower whisker extend from the hinge to the largest value no further than 1.5 times the interquartile range. Values outside this range are shown as outliers (black circles). Individual patient values are shown as black dots. TLS, tertiary lymphoid structures; GC, germinal center.



The density of early TLS ranged from 0 to 3.0 per intratumoral mm2 and 0 to 1.1 per extratumoral mm2; their relative area ranged from 0 to 9.3% of the intratumoral compartment and 0 to 3.3% of the extratumoral compartment. Comparison of areas of 1 and >1 mm perimeters in the intratumoral compartment was possible only in primary melanomas with a Breslow depth of ≥2 mm and the presence of TLS (n=9). In these samples, early TLS appeared at a higher density within the 1 mm perimeter of the intratumoral compartment (Figure 2C), often located directly at the inner invasive tumor front and/or between tumor cells without a preferential confinement to stromal septa (Supplementary Figure 2A). The extratumoral compartment could be analyzed in all 16 primary tumors with TLS. Extratumoral TLS were mostly present within the 1 mm perimeter with a drop in density with the 2 to 6 mm perimeters (Figure 2C). Densities, relative areas and spatial distribution for TLS in primary melanomas are given in Supplementary Table 1.

When we stratified the primary melanoma samples for the prognostically most important parameter, i.e. metastasis, we found no differences for the presence of TLS (P = 0.75, Fisher’s exact test), or for their density, relative area and spatial distribution. The same was true for other prognostically important categorical clinicopathologic parameters such as Breslow depth, ulceration, age and sex.

Thus, only a subgroup of primary human melanoma contains TLS and if they do, they are mainly of an immature early phenotype. TLS mostly occur intratumorally within a distance of 1 mm to the invasive tumor front and their presence is not associated with prognostic clinicopathologic factors.



Melanoma Disease Progression Is Associated With an Increased Density of Extratumoral Secondary Follicular TLS

TLS phenotypes and density can vary between cancer stages and body sites. We, therefore, compared primary human melanomas with melanoma metastases, including early locoregional and late distant metastases.

We found TLS in 45 of 55 (81.2%) metastatic melanoma samples (Figure 3A). Early TLS were the most prevalent TLS phenotype, followed by secondary follicular TLS with a BCL6- germinal center and only small proportions of both secondary follicular TLS with a BCL6+ germinal center and primary follicular TLS (Figure 3B). While secondary follicular TLS were rarely found in primary tumors, they were present in 54.5% of metastatic tumors. These secondary follicular TLS appeared in the tumor stroma, in stromal septa through the intratumoral compartment surrounding tumor nests, and in the peritumoral stroma at the invasive tumor front (Supplementary Figure 2B). TLS density in melanoma metastases ranged from 0 to 2.2, median 0.04 per intratumoral mm2 and 0 to 2.6, median 0.30 per extratumoral mm2; the relative area of TLS from 0 to 17.3%, median 0.06% of the intratumoral compartment and 0 to 16.8%, median 0.76% of the extratumoral compartment.




Figure 3 | Melanoma metastases (MET): TLS phenotypes, density and spatial distribution. (A) Prevalence of TLS in metastatic tumor samples. (B) Relative prevalence of TLS phenotypes in melanoma metastases. (C) Comparison of extratumoral TLS density with primary melanomas. (D) Densities of early TLS (left) and secondary follicular TLS (right) over intra- and extratumoral compartments of metastatic tumors. In all boxplots, lower and upper hinges correspond to the first and third quartiles, center line to the median. Upper and lower whisker extend from the hinge to the largest value no further than 1.5 times the interquartile range. Values outside this range are shown as outliers (black circles). Individual patient values are shown as black dots. TLS, tertiary lymphoid structures; GC, germinal center.



The number of tumor samples with TLS did not differ between early locoregional and late distant metastases (P = 0.45, Fisher’s exact test) but was significantly increased in metastatic tumors compared with primary tumors (P < 0.001, Fisher’s exact test). Both TLS density and relative area - particularly in the extratumoral compartment - were also significantly increased in metastatic samples compared to primary tumors (FDR < 0.001 for both, Wilcoxon rank sum test; Figure 3C), mainly driven by early and secondary follicular TLS (5.9 and 34.9 fold increase in counts for early and secondary follicular TLS, respectively). Both early and secondary follicular TLS were present throughout the entire intratumoral compartment, with a higher density within the 1 mm perimeter. Extratumoral TLS were mostly present within the 1 mm perimeter, with a drop in density with the 2 to 6 mm perimeters (Figure 3D). Densities, relative areas and spatial distribution for TLS in melanoma metastases are given in Supplementary Table 1.

Thus, metastatic melanoma disease differs from local disease in the presence particularly of secondary follicular TLS phenotypes, most of which are found within the extratumoral compartment of 1 mm distance to the invasive tumor front.



Metastatic Sites Differ for Density and Spatial Distribution of Secondary Follicular TLS

When we further compared early locoregional and late distant metastatic tumors, we observed an increase in the density of particularly extratumoral secondary follicular TLS and BCL6- germinal centers in late distant metastatic tumors (P = 0.05 and 0.03, FDR = 1.0 and 0.875, respectively, Wilcoxon’s rank sum test). Because early locoregional metastatic tumors were enriched for lymph node tissues, we hypothesized that a different representation of tumor sites could drive this effect.

Distant metastatic samples contained comparable numbers of lymph node and skin metastases. TLS could be detected in 13 of 13 (100%) distant metastatic lymph node samples compared with only 10 of 15 (66.7%) distant metastatic skin samples. Consistent with our hypothesis, we found an increased density of extratumoral secondary follicular TLS and extratumoral BCL6- germinal centers in metastatic lymph node samples compared with metastatic skin samples (FDR = 0.06 both, Wilcoxon’s rank sum test; Figure 4A). We found no difference for extratumoral BCL6+ germinal centers, most likely due to their small sample size. At lymph node sites, the density of secondary follicular TLS and BCL6- germinal centers was highest within the extratumoral 1 mm perimeter with a drop with the extratumoral 2 to 6 mm perimeters and the intratumoral compartment (Figure 4B). At skin sites, secondary follicular TLS and BCL6- germinal centers were almost exclusively present within the 1 and 2 mm extratumoral perimeters (Figure 4B).




Figure 4 | Metastatic tumor sites: TLS density and spatial distribution. (A) Densities of extratumoral secondary follicular TLS (left) and BCL6- germinal centers (GC BCL6-, right) in distant metastatic lymph node and skin sites. (B) Densities of secondary follicular TLS (left) and BCL6- germinal centers (right) over intra- and extratumoral compartments in distant metastatic lymph node and skin sites. In all boxplots, lower and upper hinges correspond to the first and third quartiles, center line to the median. Upper and lower whisker extend from the hinge to the largest value no further than 1.5 times the interquartile range. Values outside this range are shown as outliers (black circles). Individual patient values are shown as black dots.



A similar comparison for samples from the cohort with early locoregional metastases was not possible because of the lack of a sufficient number of skin metastases. However, the density of extratumoral secondary follicular TLS and extratumoral BCL6- germinal centers in early locoregional lymph node samples was lower than in distant late lymph node metastases (FDR = 0.002 and 0.003, respectively, Wilcoxon’s rank sum test) and was not different to distant late skin metastases (FDR = 0.29 both, Wilcoxon’s rank sum test). In the small number of melanoma brain metastases (n=3), secondary follicular TLS - and thus BCL6- germinal centers - were completely absent. TLS phenotypes, densities and spatial distribution for metastatic tumor samples are given in Supplementary Table 1.

Thus, depending on the tumor site, human melanoma metastases vary in terms of TLS density, particularly of extratumoral secondary follicular TLS with BCL6- germinal centers, and spatial distribution within intra- and extratumoral compartments.



Secondary Follicular TLS From Human Melanoma Mostly Lack Germinal Center Polarity

Secondary follicular TLS in human melanoma metastases regularly contained key cellular and molecular components in a typical spatial arrangement, but only some larger secondary follicular TLS (21.7%) contained germinal centers that included BCL6+CD20+ B cells with interspersed BCL6+CD4+ T cells (Figures 5A, B). Interestingly, both BCL6+CD20+ B cells and BCL6+CD4+ T cells were located within the CD21+ and CD23+ FDC network, which covered the entire germinal center area (Figure 5A). This distinct spatial arrangement differed markedly from that in canonical germinal centers of secondary lymphoid organs such as tonsillar tissue. Here, BCL6+ secondary follicular structures regularly contained polarized germinal centers with the presence of dark and light zone areas. These were recognizable by light microscopy (Figure 5C, Pathology View) and characterized by a polarized distribution of the CD21+ and CD23+ FDC network together with CD4+ T cells and a discernable complementary distribution of BCL6+ lymphatic cells (Figure 5C). Tonsil germinal centers were further enriched for BCL6+Ki67+ cells with polarized distribution (Figure 5D, upper row). In contrast, melanoma germinal centers were smaller and had lower numbers of BCL6+, Ki67+ and BCL6+Ki67+ cells without polarized distribution (Figure 5D, lower row). Interestingly, BCL6- melanoma germinal centers showed no enrichment for Ki67+ cells.




Figure 5 | Comparison of large BCL6+ secondary follicular TLS in human melanoma to tonsil tissue. (A) Melanoma: CD20+ lymphocyte aggregates with a germinal center surrounded by CXCL13 expressing cells. A CD21+ and CD23+ FDC network covers the complete germinal center area with randomly interspersed CD4+ T cells and BCL6+ cells. No detectable germinal center polarity, no identifiable light and dark zone areas in routine light microscopy (see Pathology View, bottom left). (B) Close up of BCL6+CD20+ B cells and BCL6+CD4+ T cells from a BCL6+ secondary follicular TLS in human melanoma. (C) Tonsil: note canonical germinal center polarity with polarized spatial distribution of the CD21+ and CD23+ FDC network together with CD4+ T cells (arrowheads) and a complementary localization of BCL6+ cells (arrow). Identifiable light (arrowhead) and dark zone (arrow) areas in routine light microscopy (see Pathology View, bottom left). (D) Tonsil (upper row): polarized distribution of BCL6+, Ki67+ (arrows) and BCL6+Ki67+ cells in germinal centers with canonical germinal center polarity and the presence of light (arrowhead) and dark zone (arrow) areas in routine light microscopy (see Pathology View, left). Melanoma (lower row): note decreased numbers and absence of polarized distribution of BCL6+, Ki67+ and BCL6+Ki67+ cells in melanoma germinal centers. Lack of canonical germinal center polarity and absence of light and dark zone areas in routine light microscopy (see Pathology View, left). Images for each of the individual markers and their composites (for clarity without DAPI staining) are shown, together with the corresponding Pathology View (respective (bottom) left). Scale bars represent 100 µm (A, C, D) and 5 µm (B).



Thus, TLS in melanoma metastases reconcile the expression and spatial distribution of TLS-defining molecular and cellular markers in many aspects. However, they often lack germinal center polarity with the formation of proliferative dark zone areas enriched for BCL6+Ki67+ cells.




Discussion

Here we show, (i) that only a subgroup of primary human melanomas contains TLS. These TLS mostly appear intratumorally within a 1 mm distance to the invasive tumor front, rarely form secondary lymphoid structures, and their presence seems not to be associated with prognostic factors; (ii) that melanoma metastases exhibit an increased TLS density, particularly of early and secondary follicular TLS, which are mostly found within an extratumoral 1 mm distance; (iii) that the density of secondary follicular TLS in metastases varies with time and disease site; and (iv) that secondary follicular TLS in melanoma often lack the presence of BCL6+ lymphatic cells as well as germinal center polarity with the formation of dark and light zone areas.

Studies on TLS in human cancer suffer from the lack of general agreement on the definition of TLS and their quantification. This may explain why, besides reports on a positive association of the presence or density of TLS with a favorable disease outcome in several human cancers, there are also reported negative associations. This discrepancy has been linked to differences in phenotype and spatial distribution of TLS as well as disease stages (19, 33, 34). Previous studies quantified TLS density in various ways, including counting TLS within intra- and/or extratumoral tumor areas, either directly at the invasive tumor front or within different distances from it. These counts were related to the length of the invasive tumor front and to a so-called immunoreactive area around the invasive front, or were not allocated to any quantified tissue area at all [reviewed in (9, 10, 27, 28, 33, 35)]. While these differences limit the reproducibility and comparability of the data, one important advantage of our study is the use of a standardized evaluation strategy based on referring TLS counts to tissue area (mm2) within defined intra- and extratumoral perimeters around the invasive tumor front. Another important asset is the use of multiplex immunohistochemistry for the characterization of TLS phenotypes. With the successive identification of molecular and cellular components defining and shaping TLS functionality (34) and the ability to simultaneously detect complex TLS marker combinations in histological sections (27, 28, 33), important progress has been made in identification and phenotyping of TLS in human tumor tissues. Here we applied multiplex immunohistochemistry for the simultaneous detection of six established TLS-defining molecular and cellular components (27, 28, 33, 34) and used at least two of these molecular and/or cellular markers in combination with structural features to characterize the individual TLS phenotypes. The advantage of this strategy is best exemplified by the identification of large secondary follicular TLS with germinal centers lacking the opposing polarization of CD21+ and CD23+ FDC networks along with CD4+ cells versus BCL6+ lymphatic cells with high proliferative activity as indicated by additional Ki67 staining. Given the prospectively high reproducibility of this standardized quantitative assessment approach for multiple marker expression in tumor tissues, our study may contribute to the development of a future widely accepted standard procedure for the analysis of TLS phenotypes, density and spatial distribution in human cancer.

Among various other cell types, the presence of high endothelial venules, mature dendritic cells and B cell aggregates can be indicative for the development or presence of TLS. In a small number of studies in primary cutaneous melanoma, MECA-79+ high endothelial venules have been described to co-localize with mature DC-LAMP+ DCs and dense lymphocyte infiltrates with CD20+ B cells, and their numbers were associated with tumor regression and low Breslow depth (23). Both MECA-79+ high endothelial venules and mature DC-LAMP+ DCs were detected at the invasive tumor front exclusively within the extratumoral area, an observation earlier reported for mature DC-LAMP+ DCs and associated dense lymphocyte infiltrates (17). In a later study by the same group, some dense lymphocyte infiltrates were characterized as follicular B cell aggregates, but their presence was not associated with improved survival (4). It is difficult to distinguish localized immune cell infiltrates from TLS and it has been subsequently shown that the presence of MECA-79+ high endothelial venules and mature DC-LAMP+ DCs is not sufficient to serve as surrogate parameter for the presence of TLS (12). In line with the latter observation, we found little primary or secondary follicular TLS in primary melanoma. However, in agreement with all these reports, we found dense CD20+ B cell aggregates together with CXCL13-secreting cells and some interspersed CD4+ T cells, which we termed early TLS.

Tumor-associated TLS are generally found in the extratumoral area (19, 36), although there are some exceptions (19, 36, 37). Interestingly, human melanoma metastases and a rare histotype of primary melanoma, namely desmoplastic melanoma, have recently been reported to contain intra- and extratumoral TLS (33, 38). We can now complement these reports with our observation on the presence of early TLS in intra- and extratumoral areas adjacent to the invasive tumor front in other histotypes. Neither density, nor area and distribution of early TLS were associated with metastasis or with other established prognostic parameters, an observation consistent with recent reports highlighting the prognostic utility particularly of mature TLS for disease and therapy outcome (9–11, 19, 27, 28).

In our study, metastases differed from local disease particularly in the presence of mature secondary follicular TLS phenotypes with germinal centers near the invasive tumor front. The presence of such secondary follicular TLS may have significant implications. In secondary lymphoid organs, such mature lymphoid structures are the site of clonal expansion, somatic hypermutation and affinity maturation of B cells and their differentiation into class-switched memory B cells and antibody secreting cells. In all likelihood, this is also true for TLS in human melanomas, as indicated by clonal amplification, somatic mutation and isotype switching of B cells in microdissected TLS from skin metastases (12) and significantly increased clonal counts for both heavy and light immunoglobulin chains and increased B cell receptor diversity in lymph node metastases with an increased density of secondary follicular TLS (10). The presence of TLS in human melanoma samples further correlates with increased frequencies of switched memory B cells, plasmablasts/plasma cells and less exhausted, activated memory-like CD4+ and CD8+ T cells (7, 9, 10) as well as with response to ICB therapy (9, 10).

Our data also indicate that the presence of secondary follicular TLS varies with time and site of metastasis. Originally it was reported that fully developed TLS are only present in melanoma metastases from skin, but not at several other sites (12). More recent reports, however, complemented this data for the presence of mature TLS at metastatic lymph node sites, but differed in the presence at extra-nodal sites (9, 10). In our study, the density of extratumoral secondary follicular TLS increased significantly from early regional to late distant lymph node metastasis. Distant metastases at lymph node sites also contained secondary follicular TLS at a higher density and in a different local distribution compared with skin sites. Whether these differences in TLS density and spatial distribution may reflect different immunological properties and perhaps a differential predictive value for patient survival and therapy response needs to be evaluated by site-to-site comparisons in future clinical studies. This is also true for assessing the predictive value of extratumoral TLS density, particularly within 1 mm distance to the invasive front of melanoma metastases. We further detected secondary follicular TLS in a small number of metastases from lung and kidney, but not from brain, bone and urinary bladder. These data are in line with previous reports on the absence of fully developed TLS in melanoma brain metastases (12, 39), but need to be reconciled in larger studies.

Lymph node, skin and lung metastases often exhibited TLS of different phenotypes, and a small but non-negligible number exhibited a BCL6+ germinal center. In line with the previously reported expression of germinal center initiating and polarizing gene signatures in B cells of human melanoma metastases (9), these BCL6+ melanoma TLS reconciled the expression of molecular and cellular markers that define mature secondary follicular structures in secondary lymphoid organs. However, melanoma TLS with BCL6+ germinal centers often lacked germinal center polarization despite the expression of BCL6 in some germinal center B cells and T cells. Compared with human tonsil, germinal centers from human melanoma generally contained reduced numbers of both BCL6+CD20+ B cells and BCL6+CD4+ T cells.

Polarized cell distribution is a key feature of a functional mature germinal center and BCL6 is an important regulator of germinal center initiation and maintenance through direct and indirect regulation of genes controlling proliferation, DNA damage response, apoptosis and cell differentiation (40). The generally low expression of BCL6 in our study argues against a highly proliferative activity of germinal center B cells. This assumption is further supported by our data on the rather small size of germinal centers in melanoma with frequent lack of germinal center polarization and low expression of Ki67 compared with secondary lymphoid organs. In canonical germinal centers from secondary lymphoid organs, particularly BCL6+ cells with polarized distribution are Ki67 positive. This may explain the recently published unexpectedly low number of Ki67+ cells with unpolarized distribution in melanoma germinal centers (9). In contrast, repression of BCL6 expression or activity in B cells is important for differentiation and exit from the germinal center. This BCL6 repression in germinal center B cells follows B cell receptor signaling through recognition of antigens presented by mature FDCs as well as T cell help through CD40 ligation. A fine-tuned balance between the strength of B cell receptor signaling and of T cell help ultimately determines the level of BCL6 expression and thus the fate of B cells, namely induction of apoptosis or differentiation into antibody secreting cells (34). Both lead to reduced BCL6+ B cell numbers as observed in our study. The expected continuous availability of tumor-associated antigens at melanoma sites together with our observation on the frequent lack of polarization of the mature FDC network rather argues more for a B cell receptor signaling-induced repression of BCL6 by comprehensive antigen presentation. Additional T cell help - as indicated by our observation on the colocalization with CD4+ T cells - may then activate NFkB/IRF4-promoted memory B cell and plasmablast/plasma cell differentiation rather than apoptosis. This view is further supported by the reported high frequencies of switched memory B cells, plasmablasts/plasma cells in human melanoma samples with mature TLS (9, 10). While these assumptions need further validation, they have some potentially important clinical implications for improving ICB therapy in melanoma, complementary to solely increasing TLS numbers. Given the already sizable numbers of early TLS and small secondary follicular TLS, our data highlight the importance of fostering TLS maturation to induce broad germinal centers with canonical germinal center polarity and the presence of light and dark zone areas for increased proliferation and differentiation of anti-tumor B cells. The rare observation of melanoma TLS with polarized germinal centers and Ki67+BCL6+ lymphatic cells gives a first hint that this ought to be possible.



Conclusion

This study significantly widens the knowledge of TLS phenotypes, density and spatial distribution in human melanoma. Using multiplex immunohistochemistry for TLS-defining molecular and cellular components together with a standardized evaluation strategy, our data reveal disease progression- and site-dependent changes in TLS phenotypes, density and distribution, as well as an altered germinal center formation with the frequent absence of germinal center polarity. These observations provide important premises for the further development of cancer immunotherapy and suggest that - in addition to enhancing TLS density - strategies aimed at inducing TLS maturation should be considered. The presented assessment procedure may further contribute to the development of a future widely accepted evaluation standard for TLS analysis in human cancer.
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There is emerging evidence that the adaptive anti-tumor activity may be orchestrated by secondary lymphoid organ-like aggregates residing in the tumor microenvironment. Known as tertiary lymphoid structures, these lymphoid aggregates serve as key outposts for lymphocyte recruitment, priming and activation. They have been linked to favorable outcomes in many tumor types, and more recently, have been shown to be effective predictors of response to immune checkpoint blockade. We have previously described a 12-chemokine (12-CK) transcriptional score which recapitulates an overwhelming enrichment for immune-related and inflammation-related genes in colorectal carcinoma. Subsequently, the 12-CK score was found to prognosticate favorable survival in multiple tumors types including melanoma, breast cancer, and bladder cancer. In the current study, we summarize the discovery and validation of the 12-CK score in various tumor types, its relationship to TLSs found within the tumor microenvironment, and explore its potential role as both a prognostic and predictive marker in the treatment of various cancers.
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Introduction

Traditionally, effective adaptive immune response against cancer requires the rendezvous between the tumor antigen/major histocompatibility complex expressed on mature dendritic cells (DC) traveling from the primary tumor site and the resident CD4+ and CD8+ T cells in the secondary lymphoid organs. Here, naïve CD8+ T cells are primed and upregulate homing receptors that bind to cognate ligands expressed on inflamed vasculature, enabling entry into peripheral tissue (1). B cells are concurrently activated in the secondary lymphoid organs upon antigen binding and receive help from T follicular helper cells (Tfh) to proliferate and form a secondary follicle, which progressively becomes a germinal center that persists until antigenic clearance. Within the germinal center, B cells undergo several processes including somatic hypermutation (SHM), affinity maturation, and class switching to allow production of antibodies with increasing affinity for the cognate antigen (2). These B cells eventually give rise to plasma cells that secrete higher-affinity and class-switched antibodies in the latter part of the primary immune response, or into memory B cells to coordinate the secondary immune response upon re-insult (2).

There is emerging evidence that adaptive anti-tumor immunity can also be orchestrated at secondary lymphoid organ-like aggregates within the tumor microenvironment (TME) called tertiary lymphoid structures (TLS) (3, 4). TLSs were first described in chronic inflammatory conditions, such as infection, autoimmune disease, and organ transplant rejection (2). They are posited to be 1) the gateway of naïve lymphocyte infiltration into the TME; 2) privileged sites for coordinated tumor antigen presentation and lymphocyte priming, differentiation, and proliferation, leading to a robust tumor-specific immune response. In line with these hypotheses, preclinical work has demonstrated the ability of adoptively transferred naïve CD8+ T cells to directly enter the TME through interactions with TLS-associated high endothelial venules (HEVs) in mice devoid of secondary lymphoid organs (5). Subsequently, their differentiation into functional effectors led to improved cancer control (6). Spatially, an enriched population of naïve CD8+ T cells was found to reside within the TLS, while effector memory CD8+ T cells were predominantly found in the tumor stroma (6). Furthermore, activated CD38+ and CD69+ tumor infiltrating T lymphocytes were enriched in TLSHi tumors, implicating TLS to be the site of T cell priming and activation (7). On the other hand, there is also evidence that TLS is capable of supporting functional germinal centers to promote affinity maturation and differentiation of B cells, leading to enhanced humoral response (2). Expression of activation-induced cytidine deaminase, a marker for SHM, has been described in TLS B cells within the context of autoimmunity, infection, allograft rejection, and cancer (8). Moreover, restricted profile of variable (V)-gene repertoire usage, highly mutated V regions and oligoclonal diversification of infiltrating B cells and plasma cells found within TLSHi samples serve as circumstantial evidence for SHM taking place within the germinal centers of the TLS (8).

Consistent with their putative role in lymphocyte recruitment and activation, TLS has been found to be a favorable prognostic indicator in several tumor types (3, 7, 9–13). Although often appearing in tumors with high T cell infiltrates, the absence of TLS in tumors otherwise heavily infiltrated by T cells was associated with inferior prognosis compared to those with high TLS (7, 14). In addition, a trio of recently published studies linked the presence of TLS within the TME to increase efficacy from immune checkpoint blockade (ICB) therapy in melanoma, renal cell carcinoma and soft-tissue sarcoma (14–16). Since, the clinical benefits of TLS within the TME has also been recapitulated in the setting of immunotherapy in other tumor types (17).



Transcriptomic Signatures

With its diverse clinical prognostic and predictive implications, several classification schemes have been proposed to semi-quantitatively assess the presence, complexity and density of the TLS within the TME (18–20). Several of these schemes have coalesced on three classes: early TLS composed of dense lymphocytic aggregates without follicular dendritic cells; primary follicle-like TLS having FDCs but no germinal center reaction; and secondary follicle-like TLS, having an active GC reaction (18, 21, 22). However, given the heterogeneity of their histology and spatial distribution, systematic evaluation of the TLS within the TME is difficult. Alternatively, we and others have leveraged bulk RNA expression data to identify signatures associated with TLS enrichment. These signatures are either related to chemokine expression and/or cell populations found within the TLS.

Based on their observation that the presence of follicular helper T (Tfh) cells within the TME were critically linked to robust tumoral immune infiltration and TLS formation, Gu-Trantien et al. (10) devised an 8-gene Tfh signature to reflect the presence of TLS. They subsequently found this signature to be prognostic in both breast cancer patients undergoing surgical resection with or without neoadjuvant chemotherapy. Amongst its components, CXCL13 expression was found to have the closest association with tumor immune infiltration and the driver of the prognostic value of the gene signature. In addition to its prognostic value in breast cancer, CXCL13 has also been found to enable identification of TLS in colorectal cancer (23) and soft tissue sarcoma (16). In gastric cancer, Tbet+ T cells and CD20+ B-cell follicles were associated with improved relapse-free survival, serving as rationale for a coordinated Th1 and B cell stromal gene signature, which was found to predict for presence of TLS along with improved cancer specific survival (24). Finally, Cabrita et al. used differential expression analysis from melanoma samples with and without TLS to construct a gene signature consisting of B-cell specific genes such as CD79B and CCR6, TLS-hallmark genes like CCR7, CXCR5 and SELL, as well as CXCL13. This TLS-signature was found to be prognostic amongst metastatic melanoma patients within TCGA and also predictive of prolonged survival following treatment with CTLA4 blockade (14). Although promising, these transcriptomic signatures have not been thoroughly examined across tumor types and may be influenced by unique expression profiles within the TME of their origin. In contrast, the most well studied transcriptomic signature recapitulating the presence of TLS is the 12-chemokine score.


12-CK Score - Origins

The 12-chemokine (12-CK) score emerged from an in-depth analysis of the immune gene expression data in colorectal carcinoma and its correlation with patterns and compositions of lymphoid infiltrates (25). Using Affymetrix microarray data derived from 326 colorectal carcinoma samples, Coppola et al. identified a metagene grouping with overwhelming enrichment for immune-related and inflammation-related genes. On histologic review, tumors highly expressive of this metagene grouping exhibited robust peri-tumoral inflammatory reactions accentuated by the presence of TLS (25). These structures contained both B and T lymphocytes, as well as CD21+ dendritic cells within their germinal centers, establishing their true follicular nature. Furthermore, heat mapping analysis revealed a strong correlation between the chemokine genes and TLS-enriched tumors. Hierarchical clustering of tumors with and without TLS was performed on a selected set of chemokine genes, which was found to also closely associate with the immune-related metagene grouping. For each gene, a single representative probe set with the highest dynamic range across all profiled samples was picked up from all probe sets that mapped to a given gene symbol. Genes were then clustered using Pearson’s correlation distance metric resulting in the final 12-CK score consisting of CCL2, CCL3, CCL4, CCL5, CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11, and CXCL13. This signature was found to be independent of tumor stage, location, microsatellite instability status and treatment received. More importantly, the 12-CK score significantly prognosticated for improved overall survival.

That the presence of TLS was associated with a high chemokine expression signature was not surprising. While the precise sequence of TLS development has yet to be elucidated, there is now evidence demonstrating clear involvement of certain chemokine signaling pathways. Lymphotoxin (LT)-α/β are essential for the establishment and maintenance of lymphoid structures (26). Specifically, signaling through the LTβ Receptor (LTβR) is required for HEV differentiation and the formation of organized lymphoid aggregates (27). LT-α/LT-β also induce the production of CCL19, CL21, and CXCL13 through positive feedback loops, in which chemokine-producing cells expressing LTβR recruit further B cell infiltration, leading to increased production of LT-α/LT-β and in turn, further LTβR stimulation (28, 29).

LIGHT is another lymphotoxin-related cytokine expressed by T cells, immature DC, and macrophages that plays a critical role in the recruitment of CD8+ T lymphocytes and their subsequent proliferation and differentiation (30). In addition, LIGHT synergizes with IFN-γ to enhance the production of CXCL9, CXCL10, and CXCL11, which serve to recruit and polarize CXCR3+ mediated TH1 response (31). LIGHT also actively recruits NK cells to the site of inflammation, which in turns produces various cytokines leading to T cell infiltration (32) and DC maturation (33). In the context of tumor immunology, LIGHT has been demonstrated to broadly convey antitumor effects in a diverse range of malignancies, including fibrosarcoma (34), melanoma (35), B cell lymphoma (36), cervical cancer (37), and breast cancer (35). Finally, LIGHT has recently been shown to trigger TLS assembly in vivo by inducing the production of CCL21 by tumor endothelial cells and to promote the influx of endogenous T cells. Combination therapy using LIGHT and checkpoint inhibition was able to overcome immune resistance observed in autochthonous pancreatic tumors (38).

CCL19 and CCL21 are important chemokines constitutively expressed by stromal cells that recruits CCR7+ cells to the site of inflammation (39). B cell chemotaxis mediated through a CCL21 gradient is enhanced in the presence of Type-I IFN-α, which acts to decrease the ligand induced receptor internalization of CCR7 (receptor for CCL21), thereby allowing more efficient B cell trafficking within the pro-inflammatory TME (40). Ectopic expression of CCL19 or CCL21 in pancreatic islets led to organized lymphocytic infiltrates containing HEVs and stromal cells, resembling TLS (41). Furthermore, in the context of melanoma, treatment using DCs engineered to express recombinant CCL21 led to the recruitment of naïve T cells to the site of vaccination as well as increased formation of TLS (42). Through interactions between the naïve T cells and the engineered DC at the site of vaccination, the primary immune response was initiated and escalated into a more powerful systemic antitumor immunity, culminating in the regression of local and metastatic lesions (42).

Another chemokine known to play a critical role in the formation of TLS is CXCL13, through its interactions with CXCR5. Mice deficient in CXCL13 or CXCR5 lack follicular DC network and are thus devoid of any structured lymphoid organs, including lymph nodes, Peyer’s patches, and spleen (28). CXCR5 is upregulated on DC and CD4+ T cells in response to an infectious stimulus, promulgating the infiltration of CXCL13 expressing B cells to immune priming sites and their subsequent activation and antigen presentation (43, 44). Luther et al. showed that overexpression of CXCR5 alone was sufficient to induce the formation of TLS consisting of B and T cell zones, HEVs, and stromal cells (45).

Together, current understanding of the chemokine mediated cellular trafficking strongly support using the 12-CK score as the definitive biomarker for TLS formation. High 12-CK scores within the TME also indicates robust immunogenic activity and may serve as a marker for powerful pre-existing immunosurveillance.



Pan-Cancer 12-CK Expression Analysis

Based on our previous work in colorectal cancer, Messina et al. interrogated the 12-CK score on 14,492 distinct primary and metastatic solid tumors housed within the Moffitt Cancer Center biorepository (12). In this analysis, tumor samples harvested from the oral cavity, cervix, tongue, skin and lung were found to have the highest 12-CK scores. Expanding on our institutional cohort, we also compared the pattern of 12-CK expression across different tumor types using The Cancer Genome Atlas (TCGA) data (Figure 1), similar to the analysis done by Sautès-Fridman et al. (3, 4) but with normal samples added and mutational burden.




Figure 1 | Pan-cancer analysis of the 12-chemokine score. The 12-CK score was extracted from the RNA expression data from various tumor types within The Cancer Genome Atlas, along with expression levels in matched normal samples and their non-silent tumor mutational burden (TMB). In general, 12-CK scores corresponded with TMB. ACC, adrenocortical carcinoma; BLCA , bladder carcinoma; BRCA , breast carcinoma; CESC, cervical squamous carcinoma; CHOL , cholangiocarcinoma; COAD, colon adenocarcinoma; ESCA , oesophageal carcinoma; GBM, glioblastoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear- cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LGG, lower- grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumor; THCA , thyroid carcinoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



As noted by Sautès-Fridman et al. (3, 4), the 12-CK scores were highly heterogeneous across tumor types, both in level and range within a specific tumor type. The range is largest in bladder cancer (BLCA, interquartile range, IQR=11.3), cholangiocarcinoma (CHOL, IQR=10.4), sarcoma (SARC, IQR=9.1), and thyroid cancer (THCA, IQR=9.5). Heterogeneity of the 12-CK scores amongst these tumors suggest different degrees of immune activation and TLS formation. Secondly, 12-CK scores generally corresponded with the median tumor mutational burden (TMB) as previously described (46), (Spearman r=0.46, p=0.01) suggesting a link between the neoantigen burden and immune activation (47). A notable exception was the high 12-CK scores affiliated with minimally mutated testicular germ cell tumors (TGCT). Corroborating these findings, Klein et al. (48) found TLS to be prominently featured only within the microenvironment associated with testicular seminoma, but not that of tissues harvested from patients with other benign testicular pathologies. The etiology behind TLS induction in such a mutationally silent tumor remains to be seen. Finally, 12-CK scores were higher in tumor samples than normal controls, in esophageal cancer (ESCA), clear cell renal cell carcinoma (KIRC), breast cancer (BRCA), stomach cancer (STAD), and head and neck squamous cancer (HNSC). On the other hand, thyroid cancer (THCA), liver hepatocellular carcinoma (LIHC), and colorectal cancer (READ & COAD) demonstrated lower 12CK score than benign counterparts (Figure 1).



12-CK Score Identifies TLS and Is Linked to Prognosis

Since the seminal work in colorectal cancer, our group has further elucidated the implications of the 12-CK score in various other tumor types. In a cohort of 120 samples collected from metastatic lesions in patients with stage IV melanoma, Messina et al. found that patients with low 12-CK scores contained minimal to absent peritumoral lymphocytic infiltrate (12). Conversely, patients with the highest 12-CK scores all had a marked peritumoral lymphocytic host response, punctuated by an abundance of TLS. These TLS contained prominent lymphoid follicles containing CD20+ B cells, with CD3+ T cells clustered within the parafollicular cortex like zones. While CD86+ activated T cells were diffusely present within these structures, FoxP3+ T regs were excluded (Figure 2). Additionally, in a limited cohort of 10 patients, the presence of TLS was associated with increased survival. Of particular interest, a single patient with prolonged partial response to ipilimumab (CTLA4 blockade) exhibited TLS within their tumor sample.




Figure 2 | Representative tertiary lymphoid structures found in 12-CK high samples. Typical tertiary lymphoid structure with CD20+ B cells concentrated as a follicle, and CD3+, CD4+, and CD8+ T cells appearing in the parafollicular cortex or marginal zones and with some dispersion into the follicle in a melanoma tumor sample (A). Similar patterns of cellular distribution and structure are recapitulated in breast tumor samples. (Adapted from Messina et al., Sci Rep, 2012; Prabhakaran et al., Breast Cancer Res, 2017). Similar patterns of cellular distribution and structure are recapitulated in breast tumor samples (B).



In another cohort of 366 patients with breast cancer, high 12-CK scores correlated with Caucasian race (p=0.03), poorly differentiated/high grade tumors (p<0.0001), and were more likely to be ER/PR negative and HER2 positive (p=0.001) (49). In addition, higher 12-CK tumors tended to be of the basal and HER2-positive molecular subtypes as classified by PAM50. More importantly, high 12-CK scores were associated with superior RFS (HR = 0.85, p = 0.018) and OS (HR = 0.63, p < 0.01). By molecular subtypes, both basal- and HER2-subtyped patients derived survival benefit from having a high 12-CK gene expression. H&E and immunohistochemistry staining of the 12-CK high tumors yielded similar results as those seen in colorectal carcinoma and melanoma (i.e. lymphocytic aggregates with CD20+ B cells concentrated as a follicle, and adjacent CD4+ and CD8+ T lymphocytes). Furthermore, tumors expressing high 12-CK scores also expressed genes related to immune activation, including BTLA, D274, CD69, CTLA-4, granzyme B, and IFN-γ.



12-CK in Bladder Cancer

Grounded in these works, we hypothesized that TLS played an integral role in promoting effective anti-tumor immunity in the context of bladder cancer. We collected 130 muscle invasive bladder cancer (MIBC) samples for Affymetrix microarray analysis. The 12-CK score was not found to correlate with traditional prognostic indicators such as pathologic T-staging or N-staging (Figures 3A, B). Moreover, no differences were observed in the 12-CK score amongst tumors that were treatment naïve vs. those collected following neoadjuvant chemotherapy (Figure 3C) (50).




Figure 3 | Implications of the 12-chemokine score. The 12-CK scores were found to be independent of traditional prognostic indicators, such as pathologic (A) T-staging and (B) N-staging, as well as to (C) the receipt of neoadjuvant chemotherapy. (D) High 12-CK scores were furthermore related to elevated immune scores, but not stromal scores as delineated by the gene signature-based deconvolution method xCell. (E) Furthermore, 12-CK high tumors highly expressed signatures related to both innate and adaptive immune cells. (F) On gene set enrichment analysis, high 12-CK tumors expressed gene sets related to TCR signaling, CD28 co-stimulation, IFN-γ signaling, IFN-α/β signaling, cytokine signaling, chemokine receptor binding and neutrophil degranulation. ***p < 0.001. NS, Non-significant.



To further explore the immunologic correlates of high 12CK expression, a cell type enrichment analysis from gene expression (xCell) was used to deconvolute the makeup of the TME in the mRNA microarray data. Cell type enrichment scores across 64 immune and stromal cell types were obtained. Although stromal scores were similar between the two cohorts, immune scores representing the overall immune cell content were markedly higher in the 12-CK High tumors (Figure 3D). The 12-CK High tumors expressed transcriptomic signatures associated with CD4+ T lymphocyte, CD8+ T lymphocyte, activated dendritic cells (aDC), and B lymphocytes. Furthermore, M1 macrophage, Macrophages, NK cells, CD8+ Tem, CD4+ Tem, and B cells were enriched in 12-CK High tumors, suggesting both a heightened innate and adaptive immune response (Figure 3E) (50).

These results were corroborated by findings from gene set enrichment analysis using the REACTOME gene sets, where gene sets associated with both the innate and adaptive immune response were found to be elevated in the 12CK-High tumors. In addition, other gene sets associated with immune activation including TCR signaling, CD28 co-stimulation, IFN-γ signaling, IFN-α/β signaling, cytokine signaling, chemokine receptor binding and neutrophil degranulation were correspondingly found to be elevated in the 12CK-High tumors (Figure 3F) (50).

To confirm these findings, immunohistochemistry (IHC) was performed using antibodies to CD4, CD8, CD20, and LAMP3, and cellular densities were quantified using the H-score. Within their TME, 12-CK High tumors consistently exhibited a more robust immuno-environment marked by a higher density of CD4+ T cells (p=0.002), CD8+ T cells (p<0.001), and CD20+ B cells (p=0.002), but not LAMP3+ aDC (p=0.3) (Figure 4). Next, we systematically identified the presence of TLS in the TME of 12-CK High vs. 12-CK Low tumors and classified them into Type I-III as previously described (19). Of the 23 12-CK High tumor samples evaluated, there were 11 with Type III TLS. In contrast, Type III TLS was only found in 1 of the 21 12-CK Low tumor samples (p<0.002) (50).




Figure 4 | High 12-chemokine scores correlated with higher densities of tumor infiltrating immune cells. Immunohistochemistry was performed using antibodies to CD4, CD8, CD20, and LAMP3 to mark CD4+ T cells, CD8+ T cells, B cells, and activated dendritic cells, respectively. Compared to samples with low 12-CK scores, the 12-CK high tumors were found to contain Type 3 TLS with prominent germinal centers, along with increased infiltrating CD4+ T cells, CD8+ T cells, CD20+ B cells, and comparable levels of activated dendritic cells.



Kaplan-Meier survival analyses of the TCC130 cohort revealed improved progression-free survival (PFS, HR 0.29, p=0.004), disease-specific survival (DSS, HR 0.29, p=0.004), and overall survival (OS, HR 0.55, p=0.03) amongst 12CK-High patients (51). On multi-variable analysis incorporating age, pathologic T and N stage, and use of neoadjuvant chemotherapy, high 12-CK score was found to independently prognosticate improved PFS (HR 0.77, 95% CI 0.62-0.95, p=0.01), DSS (HR 0.63, 95% CI 0.49-0.81, p=0.0003), and OS (HR 0.81, 95% CI 0.65-0.998, p=0.048). To externally validate the prognostic value of the 12CK score, we interrogated data from TCGA, and found similar improvements in PFS (HR 0.55, p=0.007), DSS (HR 0.40, p=0.002), and OS (HR 0.59, p=0.01) in 12CK-High patients. Together, these findings highlight the important favorable prognostic implication of high 12CK-High scores in surgically treated MIBC patients and corroborates findings by other groups on the important prognostic implications of tumor-associated CD38+ plasma cells and TLS in bladder cancer (52).

In summary, 12-CK scores vary widely between different tumor types and within specific tumor types. In general, high scores were seen amongst cancers known to have high TMB, presumably with high neoantigenic stimuli to trigger a strong immunogenic response. On histologic review, tumors marked by high 12-CK scores consistently demonstrated a robust peritumoral inflammatory response underpinned by the presence of TLS consisting of germinal centers rich in CD20+ B cells, plus an adjacent T-cell zone composed by CD4+ and CD8+ lymphocytes, and HEVs. Consistently across several tumor types, global high 12-CK scores were found to convey favorable oncologic outcomes.




Predicting Response to Immunotherapy

Perhaps even more relevant than its ability to prognosticate, the 12-CK score may also serve as a predictive biomarker for response to various modalities of anticancer therapies. Multiple studies have linked pathological complete response (pCR) following neoadjuvant chemotherapy in breast cancer to the presence of TLS. In a cohort of 1,058 patients, high densities of B cells in the context of TLS was found to correlate with pCR following combination neoadjuvant chemotherapy (53). Similar findings were recapitulated in another study consisting of 108 triple-negative breast cancer patients following neoadjuvant chemotherapy, in whom higher densities of HEVs, CD20+ B cells and TLS were significantly associated with disease-free survival following surgery (54). In the adjuvant setting, high densities of TILs and TLS have also been demonstrated to confer favorable response to chemotherapy in bladder cancer (20) and to trastuzumab in hormone receptor-negative, HER2+ breast cancer (55).

Intriguingly, Messina et al. also uncovered a possible link between high 12-CK scores and response to immunotherapy. A Stage IV metastatic melanoma patient with tumor highly expressive of the 12-CK score and TLS enrichment demonstrated a more than 30 month partial response to ipilimumab (CTLA-4 antagonist) (12). Similar findings were repeated in three recent publications spanning ICB clinical trials in melanoma, renal cell carcinoma and soft tissue sarcoma (14–16), in which the presence of TLS in tumor samples were consistently associated with improved survival following therapy. The exact mechanism through which the humoral response generated from the B-cell rich TLS contributes to the overall antitumor immunity in the context of ICB treatment is unknown. Moreover, as ICB is thought to confer its antitumor effects primarily through the T cell compartment, its augmented efficacy in the B-cell enriched TME is counterintuitive.

Nevertheless, some mechanistic insights were uncovered within the three aforementioned studies (14–16). Using CyTOF, Helmink et al. (15) found memory B cells and plasma cells to be more abundant in the TME of ICB responders vs. non-responders. Using spatial high-plex proteomic analysis, Cabrita et al. (14) found more CD4+ than CD8+ T cells within or in close proximity to the TLS in metastatic melanoma samples. T cells found in the vicinity of TLS were highly expressive of the pro-survival anti-apoptotic marker BCL-2, signifying antigen-specific activation (56). Interestingly, the T cells found in tumors without TLS had increased expression of immune checkpoint receptors PD-1 and TIM3 as well as lower levels of the anti-apoptotic marker BCL-2, suggesting immune exhaustion (56). Using single cell RNA sequencing, B cell rich samples (presumably with enrichment of TLS) were confirmed to contain more CD4+ and CD8+ T cells with naïve and/or memory-like phenotypes. These findings were corroborated in the setting of soft tissue sarcoma in an independent study by Petitprez et al. (16) TLS containing tumors were found to have higher densities of infiltrating CD3+ T cells, CD8+ T cells and CD20+ B cells, even while controlling for the T and B lymphocytes found within the TLSs themselves. The TLSs were also found to contain CD4+PD1+CXCR5+ T follicular helper cells, CD23+CD21+ follicular dendritic cells, and PNAd+ HEVs.

Further details on the cross-talk between the T- and B-lymphocytes in the context of ICB were uncovered by experiments using a murine triple negative breast cancer model (57). The generation of T cell memory following ICB treatment was critically dependent on B cell activity. Vice versa, tumor infiltration by B cells also hinged on concurrent Tfh cell activation and Regulatory T cell (Treg) inhibition. B cell activation following ICB treatment led to proliferation of classed switched plasma cells and increased production of tumor specific IgGs. Moreover, blockade of the Tfh cytokine IL21 completely abrogated B cell activation and therapeutic response from anti-CTLA4 therapy (57). In addition, our group has recently established the critical role of Tfh in initiating the formation TLS (Chaurio et al., unpublished). In sum, these studies outline a complex web of interactions between T- and B-lymphocytes following ICB treatment, with a particular focus on the importance of TLS in conferring therapeutic efficacy.

Supported by these mechanistic insights, transcriptomic signatures have been proposed by various groups as surrogate markers for the presence of TLS/B cells to predict response to ICB. Cabrita et al. constructed a signature using hallmark TLS-related genes (CCL19, CCL21,CXCL13, CCR7, CXCR5, SELL and LAMP3) (14), while Helmink et al. resorted to B cell related genes (MZB1, JCHAIN, IGLL5, FCRL5, IDO1, IFNG and BTLA) (15). While both groups were able to differentiate responders from non-responders within their respective ICB trials, these signatures have not yet been tested in ICB trials involving other tumor types.

Given that the 12-CK score has been successfully deployed to both reflect the presence of TLS, and prognosticate for improved survival in multiple tumor types (12, 25, 49), we also examined its predictive role for response to ICB. We used data from a recently completed ICB trial in metastatic bladder cancer. Publicly available RNA-seq data from the IMvigor 210 study (58) was extracted. In this single-arm, phase 2 trial, patients with inoperable locally advanced or metastatic bladder cancer with disease progression following platinum-based chemotherapy were enrolled and treated with intravenous atezolizumab (1200mg, given every 3 weeks). In 310 patients receiving atezolizumab treatment, 15% objective response was observed overall, with ongoing responses observed in 84% of the responders. Stratified by treatment response, the complete responders (CR) exhibited significantly higher 12-CK scores than all other groups. Strikingly, the 12-CK High signature conferred a median overall survival benefit of almost 1 year in the atezolizumab-treated patients (51). Similar results using the 12-CK score have also been reported in clinical trials using PD-1 inhibitor in similar patients (59).



Conclusion and Future Directions

Immunotherapy has emerged as a fourth pillar in the treatment of cancer along with surgery, radiotherapy and chemotherapy. By directing the body’s immune system to target cancer cells, immunotherapy has the advantages of reducing toxicity while conferring long term response. Despite the success with treatments such as ICB, its underlying mechanisms of action remain incompletely understood. To date, research in immuno-oncology has been sharply focused on the T-cell compartment. However, as efficacy rates to immunotherapy continue to stubbornly stagnate, attention has been divested to uncover the function of other immunologic cell types known to be key players in various immunogenic processes.

The discovery of TLS and their strong link to improved prognosis in multiple cancer types has shed light on the function of B cells in the context of TME. It is increasingly understood that these structures are emblems of not only a robust, but effective local anti-tumor response. As such, they may serve as reliable biomarkers for improved prognosis and/or response to immunotherapy. However, as the density, distribution and location of TLS in the TME are extremely variable, an easily attainable surrogate biomarker is needed to quantify its presence and phenotypic characteristics. Ideally, this marker should be measured objectively and reproducibly with both internal and external validity. It should also be safe to implement (60).

As demonstrated in our previous studies of the 12-CK score in the prognosis of colorectal carcinoma (25), melanoma (12), breast carcinoma (49), and urothelial carcinoma (50, 51), high scores reliably recapitulated the presence of TLS across several tumor types and prognosticated for survival following standard-of-care therapies. However, whether the score can be refined to nuances of the TLS maturation stage and/or localization within the TME remains to be seen. In addition, we are also discovering the predictive value of the 12-CK scores in the context of immunotherapy, such as ICB. Given the wide adoption of next-generation sequencing in the management of various cancers, the 12-CK score is easily attainable from tissue samples obtained for diagnostic purposes prior to the start of treatment. It may also serve to complement the existing biomarkers, such as TMB and PD-L1 status, to form a predictive nomogram used to refine selection of patients for treatment success.

On the other hand, measurement of the induction of TLS by various immunotherapeutic agents may be used to track treatment efficacy. In a clinical trial combining ipilimumab and nivolumab for preoperative treatment in locoregionally advanced urothelial cancer, responders were not necessarily found to have higher TLS in their pre-treatment samples, but rather had a higher degree of TLS induction while on-treatment (18). As repeated tissue sampling may be impractical during the treatment course, “liquid biomarkers” easily collected from the serum may be used as an alternative method to monitor response. To that end, detection of increasing levels of serum CXCL13 has been demonstrated to signify germinal center activity and broadly elevated antibody production (10, 61). Whether CXCL13 measured from the serum alone can serve to track the formation of TLS in the context of immunotherapy in cancer awaits investigation.

Finally, as more details of the B-cell mediated anti-tumor response continue to be unraveled, novel therapeutic strategies to complement ICB will undoubtedly emerge. As the key orchestrators of an effective anti-tumor immune response, TLS are front and center as the potential targets for therapeutic modification. In turn, the 12-CK score may serve as a potential biomarker to predict for response or track efficacy in many of these novel strategies, and serve as an indispensable tool for immuno-oncologists as we launch into the next phase of innovation.
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The tumor microenvironment is a complex ecosystem almost unique to each patient. Most of available therapies target tumor cells according to their molecular characteristics, angiogenesis or immune cells involved in tumor immune-surveillance. Unfortunately, only a limited number of patients benefit in the long-term of these treatments that are often associated with relapses, in spite of the remarkable progress obtained with the advent of immune checkpoint inhibitors (ICP). The presence of “hot” tumors is a determining parameter for selecting therapies targeting the patient immunity, even though some of them still do not respond to treatment. In human studies, an in-depth analysis of the organization and interactions of tumor-infiltrating immune cells has revealed the presence of an ectopic lymphoid organization termed tertiary lymphoid structures (TLS) in a large number of tumors. Their marked similarity to secondary lymphoid organs has suggested that TLS are an “anti-tumor school” and an “antibody factory” to fight malignant cells. They are effectively associated with long-term survival in most solid tumors, and their presence has been recently shown to predict response to ICP inhibitors. This review discusses the relationship between TLS and the molecular characteristics of tumors and the presence of oncogenic viruses, as well as their role when targeted therapies are used. Also, we present some aspects of TLS biology in non-tumor inflammatory diseases and discuss the putative common characteristics that they share with tumor-associated TLS. A detailed overview of the different pre-clinical models available to investigate TLS function and neogenesis is also presented. Finally, new approaches aimed at a better understanding of the role and function of TLS such as the use of spheroids and organoids and of artificial intelligence algorithms, are also discussed. In conclusion, increasing our knowledge on TLS will undoubtedly improve prognostic prediction and treatment selection in cancer patients with key consequences for the next generation immunotherapy.
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Introduction

The study of tertiary lymphoid structure (TLS) formation, cellular content and function in tumors has progressed tremendously since the initial discovery of their presence in non-small cell lung carcinoma (NSCLC) and their association with more favorable clinical patient outcome (1). Numerous investigations on TLS have been performed with tumor biopsies, using immunohistochemical (IHC), and immunofluorescence (IF) labeling techniques and molecular analyses (transcriptomic, RNAseq, proteomic) leading to an increased knowledge of their neogenesis, composition, and immune functions (2). In particular, study of tumor biopsies has made possible to highlight the importance of tumor-infiltrating leucocytes (TIL) i.e., effector CD8+ T cells and TLS-B cells with regard to the clinical outcome (3, 4) and response to anti-immune checkpoint therapies (5–7). In the present review, we will first detail how TLS are potent anti-tumor structures associated in most cases with better prognosis of cancer patients and how they can be boosters of anti-tumor responses elicited by anti-ICP (immune checkpoint) immunotherapy. We will then examine their relationship with tumor genetic instability, oncogenic drivers in cancer patients, and oncogenic viruses, with a particular focus on NSCLC and Head and Neck Squamous Cell Carcinoma (HNSCC). Second, we will discuss some aspects of TLS neogenesis and function learned from inflammatory diseases and we will present preclinical studies performed in tumor models that suggest that TLS manipulation could represent a potent new anti-cancer immunotherapy.



Importance of the Organization of Tumor-Infiltrating Immune Cells in Tumor Immunosurveillance

The efficacy of immunotherapy in cancer relies on the generation of an efficient and long-lasting adaptive immune anti-tumor response. However, objective response rates remain low, between 20% to 40%, due to tumor immune escape and to a lack of accurate predictive biomarkers (8). Furthermore, immune-related adverse events occur because of enhanced T cell activation, leading sometimes to treatment discontinuation (9). Thus, there is a crucial need to discover new immune pathways that can be manipulated to improve responses to immunotherapies and cancer patient prognosis.

A number of reports highlights growing evidence on that the development of anti-tumor immune responses at the tumor sites within organized lymphoid structures called TLS that act as local hubs where the immune response can be generated. Initially evidence in the context of autoimmune pathologies, TLS comprise the various cellular components needed to develop an adaptive anti-tumor response. They exhibit a T-cell zone containing activated T cells with Th1, cytotoxic or memory phenotypes, mature dendritic cells (DC) involved in antigen presentation, and fibroblastic reticular cells (FRC) (Figures 1A, B). A B-cell zone is also present, exhibiting a germinal center (GC) and where memory B cells and plasma cells can be detected (3, 4). On one hand, detailed cellular content and organization of ectopic lymphoid aggregates have been described, leading to the view that TLS neogenesis is a complex process that gives rise to different types of lymphoid aggregates until a fully differentiated TLS is generated. On the other hand, important features of TLS in cancer patients that have also brought new insights in their relationship with clinical status and tumor characteristics, as described below.




Figure 1 | Cellular organization of tumor-associated TLS. (A) Full TLS image of lung tumor sections in a NSCLC patient. Briefly, two serial tumor sections were respectively double-immunostained for CD3/DC-Lamp and CD20/CD21. Then color deconvolution and contrast inversion (using ImageJ) was applied as described (10). Shown are CD3+ T cell-rich areas (red); DC-Lamp+ mature DC (yellow) adjacent to the CD20+ B-cell rich areas (dark blue) and CD21+ FDC (light blue) of a TLS close to tumor nests (T) and bronchial cartilage (C). Magnification: x100. (B) TLS are well-organized functional immune ectopic aggregates in the close vicinity to HEV. TLS comprise a T-cell zone containing mature DC and FRC; and a B-cell zone with a germinal center with PC, macrophages and FDC. C, bronchial cartilage; DC, dendritic cell; FDC, follicular dendritic cell; FRC, fibroblastic reticular cell; HEV, high endothelial venule; PC, plasma cell; T, tumor nest.




Prognostic Impact of Tumor-Associated TLS

TLS have been observed in numerous tumor types such as NSCLC, HNSCC, ovarian cancer, breast cancer, hepatocellular carcinoma (HCC) or gastrointestinal stromal tumor (GIST). High densities of TLS are associated with better relapse-free survival (RFS) and overall survival (OS) in several types of solid cancer, independently of tumor TNM staging which is considered as the most important prognostic factor in cancers. The prognostic impact of TLS has been largely reviewed, and it has been shown that, alike in NSCLC, a more favorable outcome for patients is observed in a large number of other cancer types (11). Notably, the high density of TLS in OSCC patients has been associated with a better OS and RFS (12) and identified as an independent positive prognostic factor (13). However in HCC, their prognostic value remains a matter of debate with the description of a poor versus a favorable clinical outcome (14, 15), and HCC risk factors such as alcohol consumption, HCV and HBV infection do not account for this discrepancy as these parameters are correlated with TLS densities. Of note, regulatory T lymphocytes (Treg) have been observed in lymphoid aggregates [breast tumors (16)], and TLS [breast cancer, lung SCC, prostate cancer and lung metastasis (17–20)], and their high densities have been associated with a poor clinical outcome suggesting an immunosuppressive role of Treg in these ectopic lymphoid organizations.

Other studies also took into consideration the status of TLS maturation within the tumors, from an immature stage i.e., dense lymphoid aggregates without a network of follicular dendritic cells (FDC), to fully a mature TLS with the segregation of T and B cells segregated into two distinct areas. Thus, immature TLS are present in dysplastic nodules at a pre-neoplastic stage of HCC (21) and in colorectal carcinoma (CRC) (22), and correlate with an increased risk of cancer relapse. Thus, if it is agreed that lymphoid aggregates are immature TLS, this very early stage of TLS development appears to be unable to promote an efficient anti-tumor immune response. A higher level of TLS organization is mandatory to reach a more sophisticated structure allowing an optimal dialogue between the different actors of immune responses, namely T and B cells, macrophages, DC, and FDC (Figure 1B).

In addition until now, the relationship between the prognostic value of TLS and their in situ localization in adjacent non-tumor tissue it is still a matter of debate. TLS located in distant non-tumor tissue have been associated either with an increased rate of relapse (14), or no value in HCC (15). In contrast in breast cancer, a negative prognostic value has been reported when TLS are present in peri-tumor tissue while intra-tumor TLS are mainly associated with a favorable outcome (23). However, TLS were defined by a chemokine gene signature or by hematoxylin/eosine counterstaining in these studies, and further investigation are required to define the maturation stage of these lymphoid organizations. Thus, the localization of TLS with regard to tumor masses seems to be critical. It underlines the importance of defining the invasive margin for investigating the role of TLS in solid tumors.

Finally, TLS anti-tumor efficacy may also be dependent on tumor stage and on tumor sites where they are located. In melanoma, TLS are found in metastatic sites but not in primary sites (24), although one has to stress that it is difficult to identify primary tumors in most melanoma patients. Lung metastases from renal cell carcinoma (RCC) exhibit mostly immature TLS and correlate with short-term survival whereas in CRC lung metastases, TLS are more mature and are associated with a favorable outcome even at very advanced stage of the disease. Notably, their density was similar between the primary and their matched metastases (25). Thus, these data suggest that the tumor origin seems to be very critical in the shaping of a peculiar immune environment where TLS neogenesis can occur - or not, as compared with the metastatic sites.



Interplay Between TLS and Anti-Cancer Therapies

TLS are increasingly considered as a predictive biomarker of responses to anti-cancer therapies such as chemotherapy, immunotherapy, or targeted therapy (Figure 2). It is likely related to the induction of an immunogenic cell death (ICD) that leads to the release of neo-antigens that are then captured by DC, triggering an anti-tumor immune response. In triple-negative breast cancer (TNBC), the high density of high endothelial venules (HEV, as a surrogate marker of TLS) correlates with the pathologic complete response (pCR) after neo-adjuvant chemotherapy (26). In addition, the presence of TLS could also predict a better outcome in patients treated with targeted therapies. Treatment of HER2/neu+ tumors with trastuzumab, a monoclonal antibody (mAb) targeting HER2/neu, has been associated with a better disease-free survival in TLS-enriched tumors (27). In gastrointestinal stromal tumors (GIST), a high density of TLS has been associated with lower imatinib resistance, recurrence, and a more favorable survival (28). Finally, the cellular composition of TLS was found to be different in imatinib-resistant versus non-resistant patients, with more regulatory T cells in resistant GIST.




Figure 2 | Strategy for Induction of TLS neogenesis in human cancers and by cancer treatments. TLS are induced by chronic viral infections to which tumorigenesis has been associated with genomic instability and/or peculiar driver mutations in several tumors. Chemotherapy, immunotherapy or therapeutic vaccination can also induce TLS. In most cases, their presence is concomitant to better prognosis and higher clinical responses to treatments. Murine models have been explored for the induction of TLS by targeting HEV or the cells involved in organogenesis (i.e. CCL21). BRCA1/2, Breast cancer 1 and 2; dMMR, Deficient Mismatch Repair; EBV, Epstein-Barr Virus; EGFR, Epidermal Growth Factor Receptor; GVAX, GM-CSF-secreting allogeneic PDAC vaccine; HPV, Human Papillomavirus; LIGHT-VTP, LIGHT (stands for homologous to lymphotoxin)-Vascular Targeting Peptide; LKB1, Liver kinase B1; LTα, lymphotoxin alpha; LTβ, lymphotoxin beta; OSCC, Oral Squamous Cell Carcinoma; PDAC, pancreatic ductal adenocarcinoma; POLE, DNA Polymerase Epsilon, Catalytic Subunit; STK11, Serine Threonine Kinase 11; TMB, Tumor Mutational Burden.



Anti-cancer immunotherapy has been proven one of the most important therapeutic advances in cancer treatment over the last few decade. However, all patients do not respond to these treatments, and there is a crucial need to determine accurate predictive biomarkers to better stratify patients. TLS could be one efficient biomarker. The presence and density of TLS have been correlated with responses to immune checkpoint (ICP) therapies in clear cell renal cell carcinoma (ccRCC) treated with anti-PD1 antibody, or in melanoma treated with a combination of anti-PD1 and anti-CTLA-4 antibodies (5, 6). Similarly, in soft-tissue sarcoma, the presence of TLS and B cells has been also correlated with ICP responses (7). Once again, the maturation stage of TLS and their cellular content appear to correlate their ability to represent a predictive biomarker. In the NABUCCO trial in bladder cancer, the induction of TLS with anti-PD1 and anti-CTLA-4 combination correlated with ICP responses (29). Immature TLS were observed in most non-responding patients, pinpointing again the important role of the maturation status of TLS. Also, one of the main issues of ICP treatment is the occurrence of immune-related adverse events (irAE) that sometimes leads to therapy discontinuation. While corticosteroid therapy received in response to irAE does not impair response to ICP treatment, it was reported that it dampens TLS formation and maturation in lung squamous cell carcinoma, most probably because TLS maintenance is dependent on inflammation (30).

In hepatoblastoma with APC mutations, an increase in TLS formation probably favored by ICD has been observed in paired biopsies from pre- and post-cisplatin-based chemotherapy (31). Similarly, NSCLC patients treated with anti-PD1 antibody in a neo-adjuvant setting showed an enrichment in TLS (32), with a positive correlation with higher response rates (33). Vaccine-based immunotherapy can also induce TLS formation (Figure 2). The induction of TLS upon HPV vaccination has been observed in responding patients with cervical neoplasia and correlated with CD8+ T cell and Th1 infiltration (34). Moreover, it has been shown that irradiated GM-CSF-secreting allogeneic PDAC vaccine (GVAX) could switch a non-immunogenic to an immunogenic tumor in pancreatic ductal adenocarcinoma (PDAC) patients, marked by a strong T cell infiltration and TLS neogenesis (35). In line with these results, several murine models of cancer have demonstrated that induction of TLS through different strategies can overcome resistance to ICP blockade and synergize with ICP therapy (see Learning From TLS Study in Non-Tumor Inflammatory Diseases to Better Understand TLS Role in Cancer).



Genomic Instability, Impaired DNA Repair and TLS: A Relationship to Investigate

Due to genomic instability and impaired reparation processes, tumor cells accumulate genetic abnormalities. Few reports have focused on the molecular characteristics of tumors with regard to TLS presence and function. So far, the relationship between tumor mutational burden (TMB) and TLS in cancers has been rarely investigated (Table 1 and Figure 2). Based on a 12-chemokine signature using the TCGA database, Lin et al. reported that tumors having high TMB exhibit high TLS densities in NSCLC and melanoma, two cancers types known to respond to ICP (38). This highlights the importance of assessing other molecular and cellular signatures in addition to TLS density to predict responses to cancer therapies.


Table 1 | Correlation of TLS signature with driver gene mutations in human cancers.




Tumors are highly instable and harbor high rates of mutations leading to the expression of neo-antigens that in turn could trigger anti-tumor immune responses. This is due, at least in part, to an impairment of the DNA repair machinery through defects in homologous recombination (HR) DNA repair genes. The gene encoding BRCA that is involved in the detection and reparation of DNA alterations, is mutated in tumors such as breast or ovarian cancers. BRCA-mutated tumors exhibit a strong infiltration by CD8+ T cells that harbor a high PD-1 expression in ovarian cancer and some breast cancers such as HER2/neu+ tumors and TNBC (44, 47). Whereas patients with breast cancer poorly respond as well to ICP, patients with TNBC harbors response rates under ICP between 15% and 20% following ICP monotherapy and up to 58% when associated with chemotherapy (48). However, data regarding the putative link between BRCA mutations and TLS formation are scarce. Willard-Gallo and colleagues found no difference in the density, location or composition of TLS between BRCA-mutated and non-mutated TNBC in spite of a higher rate of TIL and PD-1 expression in TLS in BRCA-mutated tumors (36). In high-grade serous ovarian carcinoma, Nelson and colleagues did not find any correlation between a B-cell gene signature (as a likely hallmark of TLS presence (4–7), and BRCA mutations (37). By in silico analysis based on the TCGA database, Lin et al. elegantly showed a correlation between TLS scoring and mutation/neo-antigen loads in many solid tumors such as NSCLC, stomach adenocarcinoma, and uterine corpus endometrial carcinoma but not in others such as ovarian cancer (38). Many mutations as BRCA mutations positively correlate with high densities of TLS in most tumors including breast, prostate or endometrial cancers. Other mutations in genes such as CTNNB1 and IDH1 negatively correlate with high TLS scoring. Importantly, the correlation can be either positive or negative depending on the tumor type, as for PIK3R1. No common molecular feature was observed between HNSCC, lung adenocarcinoma and lung SCC that share some common risk factors. In HNSCC, TLS scoring correlates positively with CASP8, EP300, and KMT2C mutations, and negatively with TP53 and KMT2D mutations. Similarly, a positive correlation was reported for KEAP1 and SMAD4 in lung ADC whereas a negative correlation was observed for PIK3R1 in lung ADC and for FBXW7 and KMT2C in lung SCC. Also, polymerase ϵ (POLE) mutations in endometrial carcinoma correlate with TLS presence (38). POLE is an enzyme involved in repair mechanisms such as base- or nucleotide-excision repair or homologous recombination, and mutations lead to hypermutations within tumors.

Moreover, the alterations of the DNA mismatch repair (MMR) system induce microsatellite instability (MSI), a condition of genome hypermutability. MSI are found in several types of cancers, such as CRC and endometrial cancers. In clinical practice, MSI tumors are associated with high response rates to PD-1 blockade (approximately 50%) whereas microsatellite stable (MSS) CRC are unresponsiveness (49). In stages II/III CRC, TLS and especially mature TLS are increased in MSI positive tumors and correlate with a better outcome compared with immature TLS (22, 50). Similar results were obtained using a 12-chemokine signature on fixed tissues or through TCGA database rather than immunohistochemistry as hallmark of TLS (38, 40), indicating that different approaches can be used for TLS quantification.



Oncogenic Drivers, TLS, and Targeted Therapies

Specific oncogenic drivers i.e., mutated molecules involved in cell proliferation, activation and survival, have been defined in many cancers. This has led to the development of targeted therapies. For instance, different response rates to ICP treatments have been observed in cancerous patients depending on the genetic profile of the tumor. In NSCLC, the presence of EGFR mutations is associated with a lower response rate and a worse outcome under ICP whereas a high TMB is correlated with a better response, making TMB a predictive biomarker of ICP response (51, 52). In addition, some mutations are closely associated with a particular immune profile (exclusive, “cold” or “hot” tumors) and TLS scoring (Table 1). In NSCLC, EGFR-mutated tumors respond to tyrosine kinase inhibitors such as osimertinib, but they do not respond to immunotherapy most likely due to a low immune infiltrate. Conversely, KRAS mutations are associated with a higher immune infiltration and KRAS-mutated tumors classically respond to ICP, due to high TMB induced by tobacco exposure. In lung adenocarcinoma, Biton et al. have reported that the frequency of EGFR mutations is higher in tumors enriched with mature DC (as a hallmark of TLS) whereas no correlation has been found with KRAS, TP53 and BRAF mutations (41).

Mutations of BRAF are detected in several solid cancers, such as NSCLC, melanoma, and colorectal cancers. In CRC, BRAF mutations are associated with a higher TLS density, and TLS are more mature compared with BRAF wild type (wt) tumors (22, 40). Surprisingly, little is known regarding the relationship between BRAF mutations and TLS presence in melanoma, although patients have benefited from anti-BRAF targeted therapies for nearly ten years. Only one study has mentioned an absence of any correlation between B-cell transcriptomic profile (as TLS signature) and BRAF mutations in melanoma patients treated by neo-adjuvant targeted therapy (6). Thus, the apparent opposite observations seen in CRC and melanoma means that, in addition to BRAF mutations, other intrinsic parameters might be involved in the shaping of the tumor microenvironment (TME) including the development of TLS.

As discussed above, ICP response depends on various parameters among which TP53 and STK11 mutations. In NSCLC, TP53 mutations are associated with better ICP responses whereas STK11 mutations are correlated with resistance to the treatment (53). No correlation was observed between TP53 mutations and TLS scoring in NSCLC although TP53-mutated tumors have a higher CD8+ T cell infiltrate and PD-L1 expression (38, 41). Conversely, STK11-mutated tumors are characterized by a lower infiltration of CD8+ T cells and TLS-mature DC infiltrate and a lower PD-L1 expression compared with STK11-wt tumors. Overall, the different response rates to ICP observed in NSCLC patients with either TP53 or STK11-mutated tumors might be related to the composition and organization of the TME. In particular, patients with STK11-mutated lung tumors are not prone to respond to any ICP (at least targeting effector cells and PD-1/PD-L1 axis) as they have a marked deficit in TLS densities and PD-L1 expression.



Cancer-Induced Viruses and TLS

Some murine models have elegantly demonstrated that chronic viral infection (e.g. Influenza virus) can elicit the neogenesis of TLS. Among them, some viruses can cause cancers. Thus, an open question is to determine whether the presence of a virus might be beneficial for the host as a source of foreign antigens, or harmful because of its oncogenic properties (Figure 2 and Table 1). The most studied oncovirus is the human Papilloma virus (HPV) which is involved in several types of cancers such as HNSCC, cervical carcinoma, and anal carcinoma. Transcriptomic analysis using the TCGA database has shown a positive correlation between high TLS scoring and HPV+ HNSCC whereas no association was observed in cervical cancer (38). In gastric cancer, a high TLS signature was observed in the vast majority of EBV+ tumors whereas it was highly heterogeneous among EBV- tumors. Finally, hepatitis B virus (HBV) infection was not associated with TLS scoring in liver cancer. All together, these results indicate that the ability of an oncovirus to induce TLS formation is dependent on the type of cancer and its TME. Further investigation is required to decipher the mechanism by which a virus can favor – or not - the initiation of TLS neogenesis, and to evaluate whether anti-viral immune responses can take place in TLS. Such approaches could give rise to the identification of a new category of TLS-inducer candidates for therapeutic purposes.




Learning from TLS Study in Non-Tumor Inflammatory Diseases to Better Understand TLS Role in Cancer

Long before they draw any interest in oncology, TLS were initially described in diseases where chronic inflammation is a shared feature. They were observed in organs that are the targets of autoimmune effector mechanisms and during solid organ transplant rejection, in some chronic infections by pathogens (bacteria and viruses), and in allergy (54–57). In autoimmune diseases and allograft rejection, their presence has been associated with an unfavorable clinical evolution (54–58), as opposed to the favorable outcome observed in cancers associated with their presence. In local infections, their role and prognostic value are more variable and depend on their location, composition and on the considered pathogen (58, 59). Remarkably, the study of TLS in these pathological conditions has provided a better understanding of the events that lead to their neogenesis in specific organs and might give some helpful clues in the field of tumor immunology (57).

In fact, as for tumor-associated TLS, tissue-related TLS also share many features with secondary lymphoid organs. Scrutiny of TLS induction in non-tumor bearing animal models has provided with crucial information for the understanding of the complex, tightly regulated, non-redundant mechanisms that lead to initiation, formation and maintenance of these lymphoid ectopic structures (55). Notably, several recent reports have shed new light in the ontogeny of TLS in mouse models of lung disorders (33, 60–66). In a model of viral infection with respiratory syncytial virus (RSV), Gassen et al. reported a RSV-dependent down-modulation of both IL-21 and IL-21R expression by lung Tfh cells, accompanied by an up-regulation of PD‐L1 expression on resident B cells and DC, resulting in a defective GC formation and anti-RSV antibody response. Therapeutic blockade of PD‐L1 restored IL‐21R expression and increased IL‐21 secretion by Tfh cells. In parallel, treatment of RSV-infected mice with IL‐21 decreased the viral load and inflammation, while inducing the formation of TLS and improving the antibody response against RSV in the lung of infected animals (60). These results highlight the complex interplay between the IL‐21/IL‐21R and the PD‐1/PD‐L1 axes leading to the regulation of Tfh function and TLS formation in RSV-infected lungs. This is reminiscent of the observations made in NSCLC, where the presence of tumor-associated TLS is a favorable factor for an objective response to treatment with PD-1/PD-L1 blocking antibodies (32, 38). Thus, one can hypothesize that these anti-ICP therapies stimulate Tfh and the formation and/or maintenance of TLS in responder patients. Interestingly, an increase of IL-21 and IL21R transcripts and of IL-21 secretion is associated with the presence of TLS in Nasal Inverted Papilloma, a benign tumor, strengthening the idea that IL-21/IL21R axis plays a critical role in the response to anti-ICP therapy, possibly through the formation of TLS (67).

TLS are also involved in the control of lung bacterial infection (62, 66). In Mycobacterium tuberculosis (TB) infection, they have been associated with gender bias susceptibility to TB (68). More recently, the same authors demonstrated that premature death of males after TB infection is associated with smaller B-cell follicles in the lungs during the chronic phase of the infection. Moreover, the amount of IL-23, a cytokine required for IL-17 response to infection with TB was reduced in lungs of TB-susceptible males as compared with resistant females (69). This pinpoints an underestimated gender bias in TLS formation during TB infection (65). Of note, a higher proportion of males has been observed in TLSlow versus TLShigh NSCLC patients (3). It will be certainly important to evaluate in retrospective studies whether such a bias exists in other infectious and malignant diseases.

Chronic Obstructive Pulmonary Disease (COPD) is often associated with airway epithelium functional defects, including a lack of secreted IgA (sIgA) and a pathological adaptive immune activation in advanced COPD patients. Richmond et al. have reported that TLS-like structures (i.e., accumulation of dense B-cell aggregates surrounded by CD4+ and CD8+ T cells) and myeloid DC are present in the lungs of COPD patients where no sIgA are detected, as observed in sIgA-deficient mice (64). Thus, airway bacteria induce the migration of monocyte-derived DC in the lungs through a CCR2-dependent mechanism which in turn favor T cell recruitment and TLS formation.

By the meantime, Naessens et al. have studied the lung myeloid compartment in a COPD cohort using single-cell RNA sequencing and identified type 2 conventional DC (cDC2) as being the more abundant DC in COPD lungs. These authors could show that these cells exhibit a unique migratory signature, including transcripts encoding CXCR5, CXCR4, and the oxysterol receptor EBI2, known to control the spatial organization of cells within TLS (61). Moreover, COPD cDC2 strongly express OX40L, enabling the induction of Tfh cells through the OX40–OX40L axis. Interestingly, OX40L expression by abnormal accumulation of thymic B cells has also been reported to promote Tfh cells in TLS from lupus-prone BWF1 mice (70), pinpointing the importance of this co-stimulatory molecule on B cells for ectopic GC formation in autoimmune targeted organs (71). Importantly, the level of expression of OX40L in human glioblastoma has been associated with a better prognosis, and mice bearing OX40L-expressing glioblastoma present with an improved survival rate over OX40L negative tumors (72). As lymphoid tissue inducer (LTi) cells also express OX40L, the OX40/OX40L axis is therefore likely an interesting therapeutic target for cancer therapy with regard to TLS induction. Anyhow, whether OX40/OX40L axis is implicated in tumor TLS remains to be demonstrated, and current clinical trials testing OX40 agonists for several oncology indications may provide key answers (73). However, LTi cells may not be essential for TLS formation in some situations, as illustrated in mice devoid of LTi cells (74, 75). Several immune cells have been shown to activate local resident mesenchymal stromal cells through LTα and TNF-α receptors (see The Use of Pre-Clinical Models for studying TLS: From Imaging to Therapeutic Manipulation), a key cross-talk enabling TLS neogenesis (76).

In an elegant model of kidney injury, Luo et al. also reported a central role of IL-17 in TLS formation. The model has the advantage to allow for a long-lasting development and maintenance of TLS, as animal are sacrificed 45 days after having ischemia reperfusion kidney injury. In this setting, the generation of TLS required fibroblastic reticular cells (FRC) that produce large amount of CXCL13 and CCL19. Interestingly, the size of kidney TLS was dependent on the concentrations of these lymphoid chemokines. Remarkably, in a cohort of patients suffering from IgA nephropathy (IgAN) condition, of whom about 30% present with renal TLS, the authors have reported a significant higher plasma level of CXCL13, CCL21, and CCL19 in patients exhibiting kidney TLS, thus representing a non-invasive renal TLS biomarker (77).

The CCL21 and CXCR3 axis have also been found central when studying a model of local TLS formation during allogeneic aortic transplant chronic rejection. By single-cell RNA sequencing, the authors identified lymphatic endothelial cells as CCL21-producing cells, recruiting into the aortic transplant CXCR3+ and CCR7+ cells involved in TLS formation in arteriosclerotic vessels in the recipient animals (78), confirming previous observations made in mice and humans (79). The presence of TLS induced via CCL21 in these pathological conditions is associated with an unfavorable prognosis, and blockade of the CCL21 and CXCR3 axis improves disease conditions (78). Surprisingly, the presence of CCL21 may be also associated with decreased autoimmune symptoms. In a diabetic NOD mouse model, Badillo et al. have interrogated the impact of CCL21 on TLS formation in diabetic animals. When comparing TLS from wild-type (WT) NOD mice and animals expressing CCL21 (ins2-CCL21-NOD) under the control of insulin, the latter mice differ from inflammatory NOD TLS found in type 1 diabetic islets isolated from WT NOD mice. As opposed to the TLS observed in the WT NOD mice, these TLS resemble lymph nodes, contain FRC-like cells expressing β-cell auto-antigens, and are able to induce systemic and antigen-specific tolerance leading to diabetes prevention (80). Remarkably, the authors noticed a redistribution of Treg to ins2-CCL21-NOD islets, presumably through the expression of CCR7 on these regulatory cells. Thus, therapeutic manipulation of CCL21 in autoimmune conditions and cancer may represent a double-edged sword approach and certainly needs further investigation.

Overall, the exploration of mice models of non-malignant inflammatory diseases has provided valuable information on TLS neogenesis. As reviewed above, a number of cellular networks and pathways have been revealed as playing an essential role in the generation of functional TLS. It will undoubtedly help to better define molecular and cellular targets aimed at manipulating the formation and the function of TLS in various diseases, including cancers.



The Use of Pre-Clinical Models for Studying TLS: From Imaging to Therapeutic Manipulation

Increasing attention has been given to TLS neogenesis in the local tumor microenvironment over the last two decades, due to their negative role in inflammatory/autoimmune diseases and graft rejection on the one hand, and to their positive association with clinical responses in some infectious diseases, cancers, and in response to anti-ICP therapy.

However, the study of biopsies has important limitation for exploring the role of the different cell subsets present in TLS, their circulation and their dynamic cognate interactions. In oncology, studies on human tumor biopsies derived from cancers such as NSCLC, have been limited in particular by a limited access to samples of sufficient sizes and, hence, the difficulty to perform in vitro functional studies with cells derived from these biopsies. To circumvent this bottleneck, one can take advantage of the technical advancements that have included i) the establishment of cell lines (a large majority being of human origin), ii) the use of primary cell cultures, and iii) the development of various mouse models (as illustrated in (81) for NSCLC).

This has led to the setting of preclinical tumor models to elucidate the cellular and molecular mechanisms underlying the formation and immune function of TLS. These studies go from easy-to-use syngeneic subcutaneous tumor transplants (which might fail at mimicking the relevant microenvironment conditions) to more sophisticated genetically engineered models, in which autochthonous tumors progress in the presence of a fully functional immune system, enabling the microenvironment changes and immune evolutionary adaptation that are requested for the spontaneous formation of TLS.


Deciphering Mechanisms of TLS Neogenesis to Explore Their Therapeutic Manipulation in Murine Models


Syngeneic Tumor Models

The majority of murine models used for the induction of tumor-associated TLS are based on syngeneic systems (Figure 3A). It is a rather simple and economic mean for studying the cellular and molecular mechanisms underlying TLS formation. However, despite the substantial advantage of an intact immune system in mice, tumor growth rate in syngeneic transplanted models is faster than in cancer patients, and might not allow to induce a chronic inflammation usually observed in human TME where TLS neogenesis takes place.




Figure 3 | Preclinical models for the study of TLS. (A) Illustration of murine models to investigate of TLS neogenesis and immune function. From the left to the right: i) Ectopic models consist in implanting syngeneic tumor cells in immunocompetent mice (subcutaneous injection). However, tumor microenvironment poorly recapitulates the immune contexture of the originating tissue; ii) Intravenous injection of tumor cells allow tumor cells to disseminate in various tissues. But TLS study is hard to perform (kinetics of tumor growth and of TLS neogenesis to be mastered); iii) Implanting tumor cells directly into the tissue from which they originate (orthotopic models) allows tumor growth in a more physiological relevant microenvironment but without rapid dissemination; iv) Patient-Derived Xenotransplantation (PDX) tumor models that use immunodeficient mice enable a better maintenance of tumor heterogeneity but do not allow to investigate anti-tumor immune responses. Mice repopulated with human immune cells (“humanized mice”) can be used; v) Carcinogen-induced and genetically engineered tumor models better mimic the clinical situation. Tumors develop spontaneously and gradually in the targeted tissue, allowing for progressive immune microenvironment formation. However, an important variability in tumor development is observed (requirement for large numbers of animals to conduct experiments). (B) Ex vivo and in vitro models, as illustrated in lung cancer. Tumor explants enable to perform multiparametric cytometry and/or imaging, bulk or single cell RNAseq, providing data on the cellular and molecular content of TME. Spheroid and organoid cultures derived from tumor tissues allow the study of TME cellular components (or even of more complex structures such as TLS in a near future following recent progress in organoid and interconnected organoid techniques) (82). “Organ-on-a-Chips” (i.e., microfluidic tissue chips) devices make it possible to study the interaction between TME cell compartments (tumor, stromal, and immune cells). TME, tumor microenvironment.



That being said, preclinical models aimed at enhancing a de novo vascularization have been nevertheless useful to decipher some of the characteristics of TLS formation. Most of these models focus on lymphotoxin signaling as lymphotoxins are known to play a crucial role in secondary lymphoid organ formation and maintenance through high HEV. These molecules belong to the TNF superfamily and are composed of two main forms, LTα and LTβ that can combine in either LTα2β1 or LTα1β2 heterodimers. The latter heterodimer is the predominant form and binds to LTβ-R receptor on epithelial cells, stromal cells present in lymphoid tissues, monocytes and DC among other cell types. There has been evidence that LTα or LTβ deficiency in mice leads to severe defects in lymphoid organs development (83, 84). Several therapeutic approaches have been considered to boost HEV formation and TLS neogenesis. An anti-disialoganglioside 2 (GD2) antibody fused to LTα has promoted anti-tumor specific T cell responses in LTα-/- mice bearing GD2-expressing B16 melanoma (85, 86). TLS were observed at the vicinity of the tumor, and immunohistochemistry revealed an increased tumor infiltration by immune cells and the presence of B and T cell zones adjacent to the tumor site. Targeting of LTβ-R has also proven preclinical efficacy in both syngeneic and xenogeneic models of colon carcinoma. An agonist anti-LTβ-R antibody has been shown to boost HEV development and TLS induction in a syngeneic mouse colon carcinoma model (87). This was accompanied by tumor growth inhibition and a better response to chemotherapy. Anti-tumor efficacy was also reportedly greater in orthotopic models, highlighting the fact that the growth of tumors in the tissue from which tumor cells are initially derived is an important factor for immune infiltration and TLS neogenesis.

Another ligand of LTβ-R is LIGHT, a pro-inflammatory cytokine member of the tumor necrosis factor (TNF) superfamily, also termed TNFS14, and expressed on immature DC and activated T lymphocytes. Preclinical studies have demonstrated the role of LIGHT protein in activating LTβ-R signaling pathway and TLS neogenesis in solid tumors. In a mouse model of MC38 colon carcinoma, Tang et al. demonstrated that targeting the tumor with an anti-EGFR antibody fused to mutated LIGHT protein (optimized for binding to the mouse lymphotoxin-beta receptor (LTβ-R) and herpes virus entry mediator (HVEM) receptor and for preventing the spontaneous aggregation of the recombinant LIGHT molecule) enhanced T-cell anti-tumor response and contributed to overcome resistance to PD-L1 blockade by facilitating HEV induction and T-cell tumor infiltration via CD68+ macrophages activation (88). It has been also shown that targeting tumor vessels with LIGHT fused to a vascular targeting peptide (VTP) (CRGRRST or CGKRK that have been shown to bind tumor blood vessels in murine breast, melanoma, SCC, and brain tumors), to subcutaneously implanted Lewis Lung Carcinoma (LLC) tumor cells (resistant to ICP inhibitors) induces a dose-dependent neovascularization and TLS formation, resulting in increased survival and synergistic effects with anti-tumor vaccination (89). Similar effects induced by LIGHT-VTP were observed in an immunocompetent mouse model (RIP1-Tag5 mice) where pancreatic neuroendocrine tumors arise spontaneously as well as in an orthotopic syngeneic model with the use of the CGKRK peptide as VTP fused to LIGHT after intracranial implantation of murine glioblastoma cells in C57Bl/6 mice. Intra-tumor HEV formation was enhanced, resulting in increased T cell infiltration and anti-tumor response. The effects mediated by LIGHT targeted to blood vessels were multiplied by combining CGKRK-LIGHT therapy with an anti-VEGF antibody or with ICP inhibitors (90). Interestingly, a selective binding of CGKRK-LIGHT was also observed on tumor vessels but not on normal vessels of FvB/N Rag-deficient mice implanted with human NSCG glioblastoma cells, suggesting that LIGHT-targeting strategies are translatable to human neo-angiogenic tumors.

Moreover, the role of CCL21 in the induction of TLS has been also investigated. CCL21 is a chemoattractant expressed by fibroblastic cells within lymph nodes and its role as a T lymphocyte recruiter into TLS via CCR7 has been extensively studied. Intra-tumor injection of the chemokine in ectopic pancreatic adenocarcinoma increased tumor immune infiltration, especially T cells, DC and NK cells, and induced a microenvironment reorganization resulting in anti-tumor immunity (91). The use of different KO mice revealed that the effect of CCL21 is mediated by these various immune cell populations and not due only to the angiostatic effect of the therapy. Also, the use of genetically engineered DC has been proven efficient in murine models. T-bet transcription factor-expressing DC induced TLS neogenesis in a model of ectopic CRC and in sarcoma (92). In these studies, TLS induction by T-bet+ DC was found to be dependent on IL-36γ overexpressed by these cells.

Transfer of established clonal cell lines have also been reported to induce TLS in vivo. In an elegant study performed by Zhu et al., lymph node-derived and isolated CD45- CD3- LTβ-R+ VCAM-1+ clonal stromal cells were reinjected into mice before ectopic subcutaneous MC38 colorectal cancer engrafting. Formation of TLS, accompanied by an increased infiltration of anti-tumor specific T lymphocytes was observed in pre-injected mice (93).

In a preclinical study, combination of GVAX with TGF-β inhibitors enhanced TLS formation, CD8+ T cells infiltration, and intra-tumor Treg depletion in pancreatic tumor-bearing mice, resulting in an improved anti-tumor effect of the vaccination (94). This pre-clinical study has been echoed in a clinical trial where the administration of GVAX was shown to induce TLS formation, promoting T cell infiltration and Th17 differentiation, while inhibiting Treg recruitment in PDAC patients (35). Anti-angiogenic strategies as well as ICP inhibitors combined with chemotherapy could also enhance immune infiltration through HEV and promote TLS neogenesis in breast and pancreatic cancer syngeneic models, although not in a glioblastoma model (95).

Other mouse models relying on the injection of syngeneic lung tumor cells in immunocompetent mice have been used to study lung tumor development and response to therapy but have rarely reported examination of TLS. The injection of mouse lung tumor cells such as syngeneic LLC in immunocompetent mice induced the appearance of a lymph node-like vasculature, supporting naïve T-cell entry into the tumors (96). It was found dependent on the presence of endogenous CD8+ T cells but not of B cells, NKT and CD4+ T cells. However, the authors also showed that cells involved in the induction of lymph node-like vasculature and cytokine production differed between tumor sites. Finally, this mouse model made it possible to show that organized lymphoid tissue develops in tumors injected intra-peritoneally, although T cells were not organized in a well-defined area.



Humanized Tumor Models

TLS have been successfully induced in both ectopic and orthotopic tumors from human origin representing a variety of cancer types. They were mostly detected thanks to their specific immunohistological features that include the presence of a T cell zone and an adjacent B cell zone punctuated by clusters of follicular dendritic cells, structured by a network of HEV, and a specific chemokine expression profile such as CCL21 and CXCL13. However, the existing models have limitations as they fail at reproducing the complex human TME and tumorigenesis kinetics, both of which greatly impact TLS neogenesis and function. In addition, xenografts of human tumor cells are attractive but not workable for TLS study as they require the use of immune-deficient mice which prevents to study the immune cellular crosstalk that takes place to generate TLS. The engrafting of patient-derived tumor tissue (patient-derived xenograft, PDX) in humanized immune competent mice could enable to accurately study TLS neogenesis but remains a difficult and time-consuming task (Figure 3A).



Carcinogen-Induced Tumors

Carcinogen-induced tumorigenesis allows for evolutionary cellular and molecular interactions between immune cells and tumor cells before the tumor gets palpable, an advantage rarely shared by tumor cell transplantation, if any (Figure 3A). In carcinogen-induced advanced tumors, Treg accumulation in TLS may alter further development and effector function of the structures. Depletion of these cells in Foxp3DTR tumor-bearing mice boosted anti-tumor efficacy through HEV neoformation and immune cell infiltration (97, 98).



Genetically Engineered Mouse Tumor Models

Genetically engineered murine models have also been developed, marked by a slower tumor expansion and a histopathological context that better mimics human cancer progression (Figure 3A). However, murine tumors are also known to bear a lower mutational load than their human counterparts, and this feature could mean a lower immunogenicity, explaining the tardiness of tumor development in genetically engineered mouse models.

This has been exemplified by the elegant work of Tyler Jacks et al. that explored the role of Treg in a genetically engineered mouse model (KrasG12D Trp53-/-) of autochthonous lung adenocarcinoma (97). After detecting an accumulation of activated Treg strongly expressing CTLA-4 in lungs with tumor nodules, the authors showed that these cells suppress anti-tumor responses. Depletion of Treg that were engineered to specifically express diphtheria toxin receptor fused to GFP [(DTR)-GFP fusion] provoked a massive cellular infiltration into tumors whose architecture was profoundly disrupted, as shown by CLARITY 3D confocal imaging. IHC showed that most of the infiltrating cells were CD4+ and CD8+ T cells located all over lung parenchyma, with a large number of macrophages infiltrating tumor masses whereas T cells were primarily found near/within blood vessels and macrophages within airway-like pockets surrounded by tumor cells when Treg were present. Treg were found mostly in perivascular and T-cell areas of TLS. Finally, HEV present in TLS exhibited T cells in their lumen, suggesting that HEV are involved in the recruitment of circulating T cells into TLS. Not only this mouse model made it possible to characterize in details the cell composition of tumor-associated TLS but also to investigate their function and regulation. First, tumor-specific activated dye-labelled T cells entered the lung tissue only when TLS were present in tumor-bearing mice. Control mice lacking TLS did not show any T cells in lung tissue. Interestingly, a majority of tumor-specific T cells were observed within TLS by contrast to control labeled T cells. These cells interacted with DC in the T-cell area. Second, when Treg were depleted, a strong increase in the area of the lung covered by TLS was observed due to local CD4+ and CD8+ T cell proliferation shortly after Treg depletion, an upregulation of the expression of CD80 and CD86 costimulatory molecules on DC being observed as well.

In CC10-TAg mice, intrapulmonary administration of engineered CCL21-expressing DC also induced tumor T cell infiltration and specific anti-tumor responses in spontaneous broncho-alveolar carcinoma, thus decreasing tumor burden (99). These authors could show that both ectopic syngeneic or orthotopic autochthonous tumors are infiltrated by immune cell populations following CCL21 therapy, leading to a potent anti-tumor effect. As already stated in Learning From TLS Study in Non-Tumor Inflammatory Diseases to Better Understand TLS Role in Cancer, CCL21 could be therefore an interesting and translatable target for TLS induction and anti-tumor immunotherapy.

Other complex genetically engineered models have been developed lately to induce tumor-associated TLS in mice. KrasLSL-G12DTP53flox/flox mice developed lung adenocarcinoma following intra-tracheal injection of non-recombinant lentiviruses expressing tumor antigenic peptide and Cre recombinase and displayed highly organized TLS along with tumor growth (100). In this experimental model, inducible neo-antigen expression provided evidence that tumor antigens play a role in TLS formation.

Ectopic lymphoid structures histologically comparable with their human counterparts have been also induced in a genetically engineered model of IKKβ(EE)Hep mice. These animals show a persistent activation of the IκB kinase (IKK) in hepatocytes and abundance and transcriptional activity of NF-κB, similar to what is observed in chronic hepatitis (14). Following diethyl nitrosamine injection, these mice are more susceptible to hepatocellular carcinogenesis (HCC). A NF-κB dose-dependent TLS phenotype was demonstrated, as well as an association between TLS and hepatocarcinogenesis, and TLS were found to be a niche for HCC progenitor cells. The bad prognosis value of TLS in this type of cancer has led to the development of murine models where TLS formation is inhibited. In particular, depletion of thymocytes, NK cells and FDC in IKKβ(EE)Hep mice was obtained with an anti-Thy1.2 antibody. Treated mice displayed a reduced TLS presence as well as fewer HCC. Similar results were obtained with Rag1-/- mice, lacking B and T lymphocytes. This murine model underlined an unexpected role of TLS in a subtype of HCC. It also confirmed that TLS originate from a cross-talk between innate and adaptive immune system in an inflammatory context.

Although many strategies have been successful at inducing TLS in tumor models in vivo, only a few murine models have shown spontaneous tumor-associated TLS formation so far. Interestingly, these tumor models have revealed various mechanisms that control TLS induction: following subcutaneous tumor implantation in Lewis lung carcinoma (96), in carcinogen-induced colorectal cancer (45), in melanoma where TLS formation was shown to be orchestrated by a network of lymphoid tissue organizer cell-like fibroblasts (101), as well as in advanced gastric cancer and in lung adenocarcinoma in genetically engineered models (97, 102). In the latter, Treg ablation led to TLS formation, suggesting that targeting Treg could be an interesting therapeutic lead for a TLS-boosting strategy.




Spheroids and Organoids, the Next Step to Study TLS

Whether mouse models mirror accurately the cellular and molecular complexity of human tumors such as NSCLC, remains an open and controversial question, even though these models have brought useful insights on TLS role and structure. One can think that the ability to recapitulate in vitro the complexity of TME of human tumors and its dialogue with tumor cells could allow the study of TLS formation, regulation and function in a more relevant setting. Thus, the question arises whether the current development of 3D culture models of solid tumors could make it possible to study TLS.

Tumor spheroids correspond to simple 3D structures obtained either with cells from tumor cell lines or from biopsies, digested/dissociated or not. Spheroids resemble the architecture and metabolism of the tissue of origin. They are cell aggregates that grow in 3D suspensions. Overall, their volumes are comprised between 0.5 and 1 mm3. For tumor study, they can be obtained from cancer cell lines or from solid tumors. Spheroids have been used to screen anti-cancer drugs and oncogenic drivers, therapeutic antibodies and immune cell infiltration and trafficking. Recently, it has been shown that lung adenocarcinoma spheroids derived from cancer cell lines can be used to perform genome-wide CRISPR screens (103). Also, tissue-derived tumor spheres (TDTS) can be derived from cells obtained from partial dissociation of tumors and contain mostly tumor cells. TDTS can be used as a reliable read-out to test chemotherapeutic drugs. Spheroids can be also obtained without tissue dissociation from tumor explants without enzymatic digestion or mechanical dissociation. They are usually termed organotypic multicellular spheroids (OMS) or more simply tumor explants. Again, these multicellular spheroids have proven useful to determine the sensitivity of tumor cells to chemotherapeutic drugs or to analyze the diffusion and distribution of the anti-EGFR antibody cetuximab. They have been also used to study the content of their immune cell compartment and the impact of an anti-PD-1 antibody (nivolumab) on immune cell localization [reviewed in (104)]. However, all these types of spheroids did not make possible to obtain more complex tumor tissue organization where TLS can develop.

One step forward towards the generation of a TME favorable to TLS development might be microfluidics. These dynamic models can mimic vascularization and have been used for antibody, soluble drugs and cell diffusion within tumor spheroids. Murine and patient-derived organotypic tumor spheroids (termed MDOTS and HDOTS, respectively) loaded into 3D microfluidic devices containing immune cells have been developed in an effort to incorporate characteristics of TME and evaluate the response to ICP blockade (105). These spheroids retained autologous immune cells. The addition of anti-PD-1 antibody in the device showed that a dose-dependent killing of MDOTS in response to the treatment. This effect required the presence of CD8+ T cells in the spheroids. Similarly, when HDOTS were examined, it was possible to immunophenotype a large panel of these spheroids that contain B and T cell subsets and myeloid cells. Killing and production of cytokines (IL-2, IFN-γ, TNF-α) and chemokines (CCL9, CXCL13) could be also evidenced in presence of anti-PD-1 antibody. Thus, improvement of microfluidics applied to the generation of a complex TME where immune cells are present may allow the study of TLS genesis in a near future.

Alike organotypic multicellular spheroids, organoids are obtained from tumor fragments by culture in enzyme-free culture medium that makes possible to preserve tissue integrity. By contrast to spheroids, they can then be grown in vitro for several weeks, although their immune components tend to decrease and disappear along the culture, preventing a detailed analysis of the microenvironment. These models mimic the cellular and architectural complexity of the TME only partially and suffer from severe limitations that hamper the generation of a more complex TME. Hypoxia and an increased production of lactic acid by tumor cells cultured in such 3D architectures play a major role in this process. However, a recent study has shown that the co-culture of tumor organoids (derived from CRC and NSCLC tumors) with autologous PBMC can generate tumor-reactive T cells (106). Using this method, the authors could show that (i) tumor-reactive CD8+ T cells can be induced and expanded, (ii) expanded CD8+ T cells are tumor-specific and not anti-self T-cells, (iii) tumor organoids can be killed by autologous tumor-reactive T cells. Thus, this study shows that co-cultures of autologous primary tumor organoids and PBMC can be used to activate and expand tumor-reactive cytotoxic T cells from peripheral blood of patients. It paves the way to generate well-characterized tumor-specific T cells that could be further engineered for immunotherapy and to decipher the mechanisms leading to sensitivity or resistance to immunotherapeutic intervention. Also, one can think that co-cultures of organoids with cells that have been identified as playing a role in TLS induction could be set up. More sophisticated organoids that recapitulate the TME cellular complexity and its machinery can be envisioned. In a recent report, Kuo and colleagues have developed human and mouse cancer models to better recapitulate TME (107). These authors developed an air-liquid interface (ALI) mouse and patient-derived in bloc tumor organoid model that maintains the architecture of TME. In this setting, the patient-derived organoids (PDO) exhibit both tumor parenchyma and myofibroblast stroma, and include tumor-specific TIL, making it possible to model immune cell responses in vitro (107). These PDO recapitulated the parental tumor histology although continued growth did not always maintain the TME architecture, limiting the study of TME to a few weeks. Molecular analyses revealed that TIL within PDO derived from ccRCC recapitulated the TCR repertoire of the original tumor biopsies and that the immune diversity of T, B and NK cells was conserved across PDO and fresh tumors. Importantly, when human organoids derived from NSCLC, ccRCC and melanoma patients were treated with the anti-PD-1 therapeutic antibody nivolumab, a high-grade induction of IFNG, PRF1, and/or GZMB transcripts was observed within organoid-sorted TIL, with a pattern of TIL activation response to nivolumab similar to that observed in clinical trials. Thus, these results show that it is possible to manipulate immune cells present in organoids, suggesting that the triggering of cells present in TME and involved in TLS neogenesis is feasible.

All these studies clearly show that progress has to be made towards rendering organoid models suitable for TME studies (82) in particular if one wants to dissect complex process such as TLS neogenesis in tumors. The study by Kuo and colleagues pinpoints several important issues (107). First, a marked difference was observed between mouse and tumor patient-derived organoids. By contrast to mouse organoids, human PDO display variable growth correlating with i) high- versus low-grade tumor histology, ii) quality of the tumor biopsy (acquisition delay, tumor viability, pre-/post-treatment). Mouse tumors exhibit far less heterogeneity in terms of TIL activation, proliferation and cytotoxic ability than their human counterparts. Also, the contributions of the peripheral immune system and of vascularization in the shaping and control of TME are still excluded with the present PDO. It will be certainly possible in a near future to combine such PDO with other immune components from blood or/and lymph node and/or to introduce various precursor cells such as lymphoid tissue inducer (LTi) and organizer (LTo) cells within tumor organoids. Of note, Watanabe and his colleagues (108) have recently reported that immunologically active lymphoid tissues (termed by these authors aLTs) composed of human lymphoid cells and stromal cells expressing LTβR, VCAM-1, ICAM-1 and containing several lymphoid chemokines, could be stably constructed in immunodeficient mice. The spheroids were formed as the scaffolds from the stromal cells and transplanted into renal subcapsular space of immunodeficient mice together with human PBMC absorbed in collagen sponges. After a few weeks, three-dimensional organoids containing clusters of human T and B cells and scattered DC were stably formed. When PBMC prepared from healthy donors who were vaccinated against varicella zoster virus (VZV) were absorbed in the collagen sponges, a GC-like B cell proliferation, an anti-VZV specific antibody response and a human IFN-γ production were detected in these organoids.

Such steps forward will undoubtedly help to better recapitulate the cellular complexity of TME and will make it possible to study the genesis and immune function of TLS. Thus, a lot of efforts should be now devoted to the development of more complex 3D culture systems where i) additional cell partners impacting the cross-talk between cancer cells and the immune system are included, ii) hypoxia is better controlled, and iii) the quality of tumor biopsies is improved. In the long-term, interconnected organoids allowing the study of the interplay between primary tumor and metastases and immune cell trafficking should help to set-up in vitro model of TLS neogenesis (Figure 3B).




Artificial Intelligence, a Valuable Tool for Fundamental and Clinical Research on TLS

Deep learning has revolutionized many machine learning tasks based on machine learning in recent years such as image and video classification, speech and natural language recognition. The complexity of graphical data has imposed significant challenges on existing machine learning algorithms. In the 1950s, a symbolic Artificial Intelligence (AI) program based on mathematical symbols was developed to represent objects and their relationship. However, a number of problems were encountered, in particular about the fluidity of the management of the symbols recognized by the machine, often too complex to be integrated in the early development of AI. New AI tools were therefore created to process signals based on a rationally-designed path through a network of simulated nodes, true counterparts of the synaptic junctions existing between human neurons. Thus, today, symbolic AI has been largely replaced by IA relying on “artificial neural networks” and “deep learning”. Recently, many studies on the extension of deep learning approaches to graphical data have emerged, especially in the medical field (109).


Deep Learning and Medicine

The first deep learning studies focused on the detection or classification of radiological or clinical lesions, and reported performance superior to conventional techniques (110). To date, applying deep learning-based medical image analysis to Computer-Assisted Diagnosis (CAD) could provide decision support to clinicians and improve the accuracy and efficiency of various processes for diagnosis and treatment (109). New tools are emerging, such as those allowing the detection of retinopathies in diabetic patients (111), enabling the analysis of images obtained by magnetic resonance imaging (MRI) of the knee (112) or in the detection of melanoma (113), as well as to the automated detection of SCC of the oral cavity (114).

Histopathology has also benefited from these technical advances. Many works have focused on the recognition of histology slides by AI mostly on the recognition of immunohistochemical stainings but also include research on the identification of cancerous invasion-related markers in many cancers (115, 116). An interesting research work currently underway is to predict the response to anti-PD-L1 antibody treatment in melanoma and lung cancer by analyzing tumor mutational burden, MSI, and PD-L1 expression using histopathological images (117).



Deep Learning and TLS

Currently, a computer tool can recognize and quantify inflammatory lymphocytic infiltrates by analyzing microscope images with reproducible measurements of the spatial composition in lymphocytes. Such a computer-based reading has been developed for analyzing renal allograft biopsies, breast cancer biopsies, and lung tissue from patients with cystic fibrosis (118). It makes it possible to quantify and spatially evaluate TLS on tissue section i.e., from dense lymphoid aggregates after hematoxylin/eosin counterstaining to multiplex staining such as CD3, CD20, DC-Lamp, CD21, and PNAd co-staining (Figure 4). Thanks to the identification of regions of interest, the automated detection of cells of interest within the tumor stroma (in addition to the detection of stained tumor cells and/or recognition of less dense/cohesive tissue), and the classification of immune cell clusters according to their degree of organization, the computer system generates a grading of TLS for each of these diseases (118). It has also been possible to establish multi-class segmentation of tissues in breast cancer and grading of TLS in lung cancers (119).




Figure 4 | Integration of AI in the continuum of medicine. Streamlined dialogue between human and computer may accelerate path from laboratory discovery on TLS to clinical application and personalized medicine. Step 1. Researchers and clinicians identify TLS on labeled slides. Step 2. Computer scientists develop algorithms allowing machine-learning for automatic identification of TLS. Step 3. AI performs segmentation, quantification and grading of TLS, as well as big data processing. Step 4. By integrating computerized medical data into the therapeutic decision, anticipation of clinical responses (in particular following anti-PD-L1 therapy) and development of personalized medicine would become possible. AI, artificial intelligence.






Conclusions and Perspective

The growing number of articles focusing on the study of TLS biology has led to a major advance in our knowledge of this singular immunological entity that arises in undedicated organs upon inflammation triggered by pathological events, including cancers.

First, apparent discrepancies in some studies highlight the importance of standardizing certain procedures and methods for the identification and quantification of TLS. Assessing several immune parameters for the determination of TLS is time-consuming and not compatible with clinical practice, highlighting the need to simplify and/or automatize their evaluation in the perspective of a TLS routine clinical protocol, in particular in human cancers. Emerging techniques of AI will certainly make it possible to standardize the recognition of TLS, leading to a reproducible reading and will therefore constitute a valuable tool for translational research and clinical practices.

It will be also necessary to find alternative identification methods that are less invasive in order to investigate TLS status, for example in cancer patients under treatment or in non-operable patients. A number of methods are currently being tested using peripheral blood or other body fluids to detect and quantify biomarkers predictive of TLS presence. In HNSCC, the analysis of saliva that is an easy-to-collect, non-invasive and easily stored fluid, could offer an alternative to facilitate the examination of tumor-associated TLS. Interestingly, this approach has already been investigated in Gougerot-Sjögren syndrome where pregnancy-associated plasma protein A (PAPPA), thrombospondin 1 and YY peptide were associated with the presence of ectopic GC that might be TLS (120).

Second, the very in-depth characterization of the cellular composition of TLS in most solid tumors has shown an heterogeneity in term of TLS organization, suggesting that the TME and tumor cells may control their neogenesis program. Deciphering the TME allowing – or not - the formation of TLS may represent a new opportunity to identify TLS inducer(s) and TLS blocker(s) that can have a direct clinical application in cancers and autoimmune diseases, respectively.

In addition, it has been shown that some cancer types are more prone to develop immature TLS (e.g. ccRCC) or mature TLS (e.g. NSCLC), whereas others exhibit mix developmental stages. Interestingly, this observation seems to correlate with response to immunotherapy. Because mature TLS are a key site where the generation of anti-tumor immunity can take place in the tumor bed, these ectopic lymphoid organizations play a dual role. On one hand, they are a powerful prognostic biomarker in almost all human cancers and on the other hand, they can predict response to ICP inhibitors (i.e., antibodies against CTLA-4, PD-1, PD-L1, or a combination). One can hypothesize that ICP blockade can reactivate protective immune responses elicited in TLS. Further investigation will be required to decipher the cellular and molecular mechanisms underlying ICP blockade efficiency as well as to extend studies to other targeted therapies. One way to understand why some patients are responders and others non-responders/progressors to ICP blockade could be through the use of spheroids and/or organoids to better recapitulate the cellular complexity of the TME and to predict the best ICP response for each cancer patient.

In conclusion, TLS are certainly an attractive target for researchers and clinicians to improve cancer patient outcome. TLS could become a new predictive biomarker of tumor development, and the capability of tumor-infiltrating immune cells to organize into TLS could be assigned as a new hallmark of cancer progression, a concept initially described by Hanahan and Weinberg (121).
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Tertiary lymphoid structures are clusters of lymphoid tissue that develop post-natally at sites of chronic inflammation. They have been described in association with infection, autoimmune disorders, cancer, and allograft rejection. In their mature stage, TLS function as ectopic germinal centers, favoring the local production of autoantibodies and cytokines. TLS formation tends to parallel the severity of tissue injury and they are usually indicative of locally active immune responses. The presence of TLS in patients with solid tumors is usually associated with a better prognosis whereas their presence predicts increased maladaptive immunologic activity in patients with autoimmune disorders or allograft transplantation. Recent data highlight a correlation between active cell death and TLS formation and maturation. Our group recently identified apoptotic exosome-like vesicles, released by apoptotic cells, as novel inducers of TLS formation. Here, we review mechanisms of TLS formation and maturation with a specific focus on the emerging importance of tissue injury, programmed cell death and extracellular vesicles in TLS biogenesis.
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Introduction

Tertiary lymphoid structures (TLS) are ectopic aggregates of lymphocytes and stromal cells, which, at maturity, behave as functional sites of adaptive immune responses (1, 2). In contrast to secondary lymphoid organs (SLO) (such as spleen, lymph nodes and Peyer’s patches), TLS are non-encapsulated and form postnatally. They exhibit plasticity and their presence is transient, correlating with active tissue injury and resolving after antigenic clearance and tissue repair (3). They are composed of T and B cells as well as stromal cells, such as follicular dendritic cells (FDCs) and αSMA+ fibroblasts. Macrophages can be found at the periphery of TLS (4) (Figure 1). TLS display different organization levels ranging from simple clusters of B and T lymphocytes to more mature structures where T and B cells are polarized and FDC expressing CD21 and p75 neurotrophin receptor are present, allowing the formation of germinal centers (GC) (1, 5–7). GC are characterized by expression of activation-induced cytidine deaminase (AID) that regulated immunoglobulin gene affinity maturation through somatic hypermutation and initiation of immunoglobulin class switch recombination. GC are sites of B cell proliferation and affinity maturation into antibody secreting plasma cells. Lymphatic vessels and high endothelial venules (HEV), characterized by a cuboidal shape of endothelial cells and expression of CCL21, ICAM-1, PNAd and MAdCAM, are commonly found in mature stages (6) (Figure 1).




Figure 1 | Maturation of tertiary lymphoid structures. Tertiary lymphoid structures evolve from loose aggregates of T and B cells and stromal cells (Stage 1), to polarized clusters of T and B cells accompanied by follicular dendritic cells (FDC) (Stage 2) to mature polarized structures containing germinal centers, proliferating B cells, plasma cells, high endothelial venules (HEV) and lymphoid vessels (LV).



TLS arise in tissues whose main function is other than the generation of immune cells such as kidney, heart, pancreas, lung, colon and breast. Lymphoid neogenesis (5, 8), i.e. the process of TLS formation, can be observed in inflammatory microenvironments resulting from chronic infection, autoimmune conditions, allograft rejection and tumor growth (9, 10). Inflammatory cytokines such as TNF-α, IL-17A, IL-23 and lymphotoxins, expressed by immune cells at sites of injury induce stromal cells to produce homeostatic chemokines, such as CXCL13, CXCL12, CCL19 and CCL21. This in turn drives the recruitment of T and B cells and their organization into progressively polarized clusters (11). CXCL13 expression in TLS by CD8+ T cells and other immune cells appears pivotal to TLS maturation (12–16). Inflammation also prompts the expression of a number of chemokines and cytokines in tissue fibroblasts such as podoplanin, CCL19, IL-17, CXCL13, and adhesion molecules ICAM-1 and VCAM-1, therefore creating a microenvironment conducive to attraction and retention of lymphoid cells (17–22). Chemokines and cytokines produced by local fibroblasts and epithelial cells (19) favor the recruitment of immune cells and TLS organization. Various cytokines can also synergize and/or compensate one another, creating an environment favorable for TLS formation and maturation (2).

An important phase in TLS maturation is the formation of HEV that connect TLS with the bloodstream and enable the sustained recruitment of lymphocytes. HEVs express addressin and CCL21 allowing the entry of naïve T cells expressing the addressin ligand CD62L and CCR7, the chemokine receptor for CCL21 and CCL19. Data from tumor models also demonstrate that lymphotoxin α (LTα) and TNF receptor (TNFR) interactions, likely through infiltrating CD8+ T cells and NK cells, are also important for HEV formation (23). Others found that HEV formation can occur independently of both LTα and lymphotoxin (LT)-ß receptor (LTbR) (24). Specific requirements for HEV formation and TLS maturation may be a consequence of the different microenvironments in which TLS are formed. The presence of FDCs within B cell follicles is another hallmark of TLS maturation. In SLO, LTbR and TNFR signaling are essential for FDC formation. In TLS, LTα1ß2 is important for FDC generation, enabling GC formation and antigen presentation (25–27). Although FDCs progenitors remain unknown, activated local stromal cells can differentiate into FDCs upon encounter with migrating immune cells in TLSs (28).

Antigenic stimulation plays an important role in the formation of TLS and, in turn, TLS are sites of antibody formation. In numerous autoimmune diseases and alloimmune conditions, pathogenic or diagnostic autoantibodies have been shown to be produced by TLS (25, 29, 30). TLS within inflamed synovium or salivary glands in patients with rheumatoid arthritis or Sjögren’s syndrome, control the production of anti-citrullinated peptide antibody, anti-Ro/SSA and anti-La/SSB antibodies (3, 31, 32). In kidney and heart allografts with chronic rejection, TLS have been identified as a source of anti-HLA antibodies, the latter playing a major role in allograft rejection (33). Our group also recently identified a role for TLS in the production of autoantibodies that contribute to allograft inflammation and dysfunction (34, 35).

B cells within TLS can differentiate into antibody-producing plasma cells. They can also favor autoimmunity and alloimmunity by acting as antigen presenting cells, further perpetuating antigenic stimulation and immunogenicity (25, 29, 30). Some conflicting reports have pointed to the absence of correlation between TLS formation and autoimmunity or alloimmune disease activity. These results may stem from activation of tolerogenic pathways in certain TLS that harbor regulatory B and T cells (36, 37). While the presence of TLS is generally associated with disease severity in patients with autoimmunity and alloimmune diseases such as rheumatoid arthritis, Sjögren’s syndrome, IgA nephropathy and allograft rejection (31–33, 38), TLS formation in solid tumors has been generally associated with a better prognosis. B cell aggregates in tumor TLS can participate in anti-tumor immunity by serving as antigen presenting cells and by differentiating into plasma cells producing tumor-associated antibodies. TLS B cell aggregates have generally been associated with better prognosis in lung, pancreas, colon and breast cancer (39–49).



Formation and Maturation of TLS; From Lymphotoxins to IL-17

The formation and development of SLO and TLS both rely on the expression of lymphotoxins and inflammatory cytokines such as TNFα. Lymphotoxins are members of the TNF superfamily and are pivotal to the formation of SLO. Lymphoid inducer cells (LTi) arise from innate lymphoid progenitors in the fetal liver under the tight regulation of the nuclear hormone receptor retinoic acid related orphan receptor γτ (RORγτ) and the transcriptional regulator Id2 (50, 51). LTi express lymphotoxin α2ß1 on their surface and the soluble lymphotoxin α3 form. Interactions between lymphotoxins and the LTbR on stromal cells stimulate the expression of CXCL13 and CCL21, which in turn favor homing of T and B cells. Lymphotoxins-LTbR interactions are essential for the formation and maturation of SLO as HEV and FDC require persistent LTbR mediated signaling (52, 53). LTbR stimulation was originally considered also crucial for TLSs neogenesis since LTbR expression is readily upregulated in inflamed tissues and downstream signaling directly induces lymphoid neogenesis in different models (7, 17, 20, 21, 54, 55). Further studies have shown that initial recruitment of T and B cells can occur independently of LTbR signaling (18, 56) and point to IL-17 as an important regulator of TLS biogenesis.

IL-17A is the initial member of the IL-17 cytokine family that includes IL-17A, B, C, D, E and F. The IL-17 family plays important roles in host-defense against infection and behaves as a master regulator of inflammatory and autoimmune responses. It is also known to regulate the growth of several tumors, including skin, colon, pancreas, liver, lung and myeloma (57–65). A number of immune cells can produce IL-17A including LTi, Th17 T cells and γδ T cells, which has been implicated in autoimmune and inflammatory diseases such as multiple sclerosis, psoriasis, rheumatoid arthritis, crescentic glomerulonephritis, lupus nephritis and uveitis, among others (66–82).

In multiple sclerosis, IL-17-producing γδ T cells are thought to be initiators of inflammation and inductors of Th17 cells. In the experimental autoimmune encephalomyelitis (EAE) model, early accumulation of γδ T cells was observed in the central nervous system (CNS) where they release IL-17 and IL-21 to enhance the pro-inflammatory activity of αβ Th17 cells (71). Patients with multiple sclerosis also show accumulation of IL-17+ cells in chronic demyelinated areas of the CNS, and an increase in IL-17-producing γδ T cells in the cerebrospinal fluid (72, 73). Experimental models of skin inflammation identified IL-17A/F-producing γδ T cells as necessary and sufficient to trigger psoriasis-like plaque formation in IL-23- or Immiquimod-induced models (74). IL-17-secreting γδ T cells were also shown to enhance Th17 responses when skin inflammation was triggered with BCG immunization or Freund’s adjuvant (75, 76). Similarly, human dermal γδ T cells are abundant in biopsies of psoriasis lesions, with an ability to produce higher levels of IL-17 compared to αβ Th17 cells upon IL-23 stimulation in vitro (74). In mouse models of non-autoimmune arthritis, resident and peripheral γδ T cells were reported as a major source of IL-17 (77, 78). An increase in circulating IL-17A-producing γδ T cells was also found in arthritis patients, suggesting their priming by cytokines secreted at the site of inflammation (79, 80). In Crescentic glomerulonephritis, renal IL-17A-producing γδ T cells were found to be the main contributor in the early inflammatory response by promoting kidney injury. They were predominated by IL-17A-producing Th17 at later phases (81). In the experimental autoimmune uveitis model, αβ and γδ T cells interactions was found to be important for mediation of eye inflammation. In this model, an early expansion of γδ T cells in SLO induces IL-17 production and further generation of Th17 responses by αβ cells at the inflammatory site (82).

A growing body of evidence has confirmed a role for IL-17A produced by Th17 T cells and γδ T cells in the development of TLS in the context of pulmonary infection, CNS inflammation, renal ischemia-reperfusion, obstruction and IgA nephropathy, and kidney transplantation (22, 38, 54, 83–88). In a model of LPS-induced pulmonary infection in neonatal mice, αβ and γδ T cells were detected within Inducible Bronchus-Associated Lymphoid Tissues (iBALT). γδ T cells formed a large proportion of infiltrating cells and both contributed to IL-17 production. Adoptive transfer of these purified T cell subsets, separately or together, to LPS-treated Tcrbd-/- neonatal mice, showed preferential contribution of γδ T cells in promoting iBALT development and of αβ T cells in forming larger areas of iBALT (83). Using another model of pulmonary infection induced by Pseudomonas aeruginosa, γδ T cells were found to be the main source of IL-17 within iBALT, inducing CXCL-12 production by IL-17R+ stromal cells, B cell recruitment and follicles formation independent of FDC. When induced in IL-17a/f -/- or γδ T cells-deficient mice upon infection, lymphoid structures were less organized and, in the absence of γδ T cells, showed a reduction in number and size (84). In the EAE model, TLS formation in the CNS was also shown to require IL‐17 production. Among various Th cell subsets adoptively transferred to mice, IL-17-secreting podoplanin-positive Th17 cells generated large organized and well structured ectopic lymphoid follicles in the CNS (22). Renal TLOs induced by ischemia-reperfusion injury in aged mice were reported to be enriched in Th17 cell differentiation, with increased expression of IL-17A and IL-23R (38). Moreover, human renal rejected graft samples show a correlation between shorter graft survival and high interstitial infiltration of Th17 cells, producing IL-17 and IL-21 and promoting lymphoid neogenesis (85).

We have recently shown that γδ T17 cells play a critical role in IL‐17 overexpression and lymphoid neogenesis in a model of vascular rejection (34). The importance of IL‐17 in the activation of autoimmune responses in the context of transplantation appears to stem from its capacity to initiate recruitment of immune cells to sites of injury and promote maturation of antigen‐presenting cells (89–94). As Th17 cells are the classic producers of IL‐17, they have been suggested to play a pivotal role in autoimmune pathways triggered following transplantation. Intriguingly, our findings demonstrate the importance of γδ T cells, rather than Th17 cells, in coordinating the IL‐17 response triggered by vascular injury of vascular allografts (34). These observations are in line with previous studies showing that human IL‐17‐producing γδ T cells are generated in the periphery and recruited to inflamed tissues (95, 96). This process takes place more rapidly compared to the activation of conventional T lymphocytes as γδ T cells can be activated in the absence of a cognate TCR ligand (97).

Collectively, depending on the nature of the insult and the tissue implicated, peripheral or resident IL-17-producing γδ T cells may be involved at early phases to organize immunological events in response to inflammatory signals, and promote further conventional T cell responses at the site of inflammation.



Tissue Injury, Cell Death, and Extracellular Vesicles Regulate TLS Biogenesis

The production of danger associated molecular patterns (DAMPs) at sites of injury is considered pivotal to TLS biogenesis. Various animal models and disease states in humans highlight a clear correlation between the degree of tissue injury, TLS number and maturation stages (4, 38, 98). In models of renal ischemia-reperfusion injury and ureteral obstruction in mice, the severity of renal damage is associated with TLS biogenesis. Aged mice, which show enhanced tissue injury after ischemia-reperfusion, were recently found to exhibit an increased propensity to TLS formation, translating into accentuated renal dysfunction (4, 98). Yet the precise DAMPs and mediators that are prompting TLS formation through activation of Th17 T cells and/or γδ T cells are only beginning to be characterized.

Our group and others showed that apoptosis, a type of programmed cell death classically considered non-inflammatory, can prompt the release of a number of mediators of importance in regulating immune cells towards either anti- but also pro-inflammatory and immunogenic responses (99–101). Activation of caspase-3 in dying cells leads to the release of different types of extracellular vesicles. Our group identified apoptotic exosome-like vesicles (ApoExo) as a novel type of extracellular vesicles released by endothelial cells through caspase-3 dependent pathways. ApoExo are smaller than classical apoptotic bodies, ranging from 30 to 100nm. Their protein, mRNA and microRNA contents differ from those of classical apoptotic bodies and classical exosomes (100, 102, 103). They are characterized by the presence of active 20S proteasome, perlecan LG3 C-terminal fragment and long non-coding RNAs. We showed that ApoExo are released in the bloodstream after hindlimb and renal ischemic injury resulting in higher circulating levels. In a model of vascular rejection in mice, allograft recipients injected with ApoExo showed increased TLS formation within the allograft (Figure 2). ApoExo injection prompted egress of γδ T cells from the spleen to the allograft leading to increased intragraft IL-17 expression, complement deposition and enhanced production of autoantibodies (34) (Figure 2). Mice genetically deficient in γδ T cells showed significantly less TLS formation, decreased autoantibody production and diminished allograft inflammation (Figure 2). Contrary to ApoExo, injection of apoptotic bodies did not foster TLS formation nor autoantibody production. The mechanism by which ApoExo activate γδ T cells and favor their homing to sites of injury remains to be fully characterized. Our results identify the proteasome activity of ApoExo as a pivotal signal regulating trafficking of γδ T cells to sites of vascular injury (34). Injection of ApoExo devoid of proteasome activity failed to induce TLS biogenesis and autoantibody formation in this system (Figure 2). Collectively, these recent findings identify ApoExo as novel inducers of γδ T cells activation and TLS formation and provide new clues into the mechanisms of cross talk between tissue injury and TLS biogenesis. The scope of future investigations will be to identify whether activation of γδ T cells by ApoExo is antigen specific or derives from innate signaling triggered by Toll‐like receptor ligands or nonprotein mediators.




Figure 2 | Tissue injury, ApoExo release, and TLS formation. Step 1: Vascular injury and apoptosis of endothelial cells foster the release of apoptotic exosome-like vesicles (ApoExo) carrying active 20S proteasome. Step 2: ApoExo activate γδ T cells that migrate to the site of injury. Genetic deficiency of γδ T cells decreases TLS formation and autoantibody production. Step 3: γδ T cells produce IL-17 and favor the formation of tertiary lymphoid structures at sites of injury. Inhibition of proteasome activity within ApoExo blocks TLS biogenesis and autoantibody formation. Step 4: Tertiary lymphoid structures produce proinflammatory cytokines and autoantibodies, therefore favoring complement activation and further vascular injury.





Conclusion

TLS are increasingly attracting interest because of their capacity to sustain local adaptive immune responses in a variety of disease states. Not only do TLS correlate with the severity and chronicity of tissue injury, they are increasingly recognized as pivotal players in maladaptive tissue remodeling, autoimmunity and inflammation. Although anti-tumor immune responses triggered and propagated from TLS are important pathways for controlling tumor growth, TLS are often associated with maladaptive autoimmune reactivity and tissue destruction in an array of autoimmune, alloimmune and chronic inflammatory diseases. The identification of ApoExo released by dying apoptotic cells as novel inducers of TLS biogenesis provides new insights into the mechanisms of cross talk that contribute to TLS formation at sites of injury.
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The complex tumor microenvironment (TME) plays a vital role in cancer development and dramatically determines the efficacy of immunotherapy. Tertiary lymphoid structures (TLSs) within the TME are well recognized and consist of T cell-rich areas containing dendritic cells (DCs) and B cell-rich areas containing germinal centers (GCs). Accumulating research has indicated that there is a close association between tumor-associated TLSs and favorable clinical outcomes in most types of cancers, though a minority of studies have reported an association between TLSs and a poor prognosis. Overall, the double-edged sword role of TLSs in the TME and potential mechanisms need to be further investigated, which will provide novel therapeutic perspectives for antitumor immunoregulation. In this review, we focus on discussing the main functions of TLSs in the TME and recent advances in the therapeutic manipulation of TLSs through multiple strategies to enhance local antitumor immunity.
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Introduction

Tumors originate and develop in a complicated and dynamic microenvironment, and there are endothelial cells, immune cells, and stromal cells existing around or within the tumor microenvironment (TME) and interacting with tumor cells (1, 2). Effective antitumor immunity is recognized to require the existence and activation of a variety of immune cells, including B cells, CD8+ T cells, and CD4+ T cells, etc. This concept is confirmed by the presence of intratumoral tertiary lymphoid structures (TLSs), which are well-organized tumor-infiltrating lymphocyte (TIL) clusters and may generate an advanced immune response (3). As is known to us, immunotherapy can utilize positive feedback to activate the immune system and boost the infiltration of endogenous T cells into tumors and subsequent destruction of tumor cells (4–6). However, only 5%-30% of patients with malignancies exhibit activated intratumoral T cell immunity after anti-programmed cell death protein-1 (PD-1)/programmed death-ligand 1 (PD-L1) immunotherapy (7, 8). This failure is mainly due to the extensive immunosuppressive mechanisms in the TME that lead to the decreased number and dysfunction of infiltrating T cells (9–11).

TLSs are ectopic lymphoid organs that can develop at sites of chronic inflammation, such as those associated with infection and autoimmunity, but also form within the TME (12, 13). TLSs share similar structural and functional characteristics with secondary lymphoid organs (SLOs) (14). However, TLSs lack a capsule and can form in various nonlymphoid tissues, such as stroma and epithelium (15). The prognostic impact of TLSs has been widely explored and most reports have indicated that TLSs are associated with positive immunoreactivity and favorable clinical outcomes in most types of cancers (12, 16–20). For example, TLSs are shown to be associated with relapse-free survival in patients with oral carcinoma or early-stage hepatocellular carcinoma (21, 22). Moreover, germinal centers (GCs) in TLSs may determine the prognostic value of TLSs (23, 24). Even though, TLSs show an association with poor prognosis in a minority of studies (25–27). It is urgent to comprehensively illustrate the function of TLSs in the TME.

SLOs, such as lymph nodes (LNs), provide three-dimensional structures for immune cells to optimize cell-cell interactions and produce an effective immune response (28, 29). Effector T (Teff) cells are activated after being instructed by DCs, and migrate from external draining LNs into the tumor to exert their function (30, 31). Increasing studies have shown that the antitumor immune response originates not only in LNs but also directly in TLSs (32). In general, the cells and molecules that regulate the signaling underlying TLS formation and promote immune responses within TLS remain to be further studied. In this review, we briefly summarize the development of TLSs and focus on discussing the function of TLSs and multiple approaches that had been developed to induce TLS formation.



Development and Formation of TLSs

SLO development is a highly organized process that is initiated and continued during embryogenesis, which has similarities to TLS formation and provides a classical model for understanding TLS development (33). However, there are some differences between the canonical SLOs and TLSs. A chronic inflammatory state is sufficient to induce TLS formation even in the absence of lymphoid tissue inducer (LTi) cells (34), indicating that chronic inflammation may be an important factor that favors lymphoid neogenesis and promotes TLS formation (35). Some studies have revealed that DCs (36), T helper 17 (Th17) cells (37, 38), B cells (39), M1 macrophages (40), and T follicular helper (TFH) cells (41) can initiate TLS neogenesis in various pathological conditions. In addition, group 3 innate lymphoid cells (ILC3s) are associated with ectopic lymphoid aggregates (42). Tumor-infiltrating ILC3s may interact with fibroblasts and lung tumor cells to facilitate cytokine release, contributing to protective TLS formation (43). Lymphotoxin (LT) signaling plays a vital role in TLS formation (44, 45). The LTα1β2-LTβ receptor (LTβR) interaction initiates signaling that leads to the production of various chemokines and adhesion molecules, such as CCL19, CCL21, CXCL13, and CXCL12 (46). CCR7-expressing T cells are recruited by their homologous ligands CCL21 and CCL19, and this recruited population forms a T cell zone. In addition, B cells can express CXCR5 and CXCR4 on their surface to transmigrate to the follicle through the activity of the CXCL12-CXCR4 and CXCL13-CXCR5 axis (47, 48). These findings show that the CCL19/CCL21-CCR7 and CXCL13-CXCR5 axes are vital for regulating TLS development (49). Although the knowledge of TLS formation mechanisms is widely researched, the possible mechanisms and factors need to be further explored in future studies. The main molecular and cellular mechanisms of TLS formation are shown in Figure 1.




Figure 1 | Main molecular and cellular mechanisms of TLS formation in tumors. The development of TLSs is similar to that of SLOs. A chronic inflammatory state is sufficient to induce TLS formation in the absence of lymphoid tissue inducer (LTi) cells. Many immune cells can be used as LTi cells, such as B cells, DCs, M1 macrophages, Th17 cells, ILC3s, and TFH cells. Immune and stromal cell cross-talk mediates TLS formation mainly through the binding of lymphotoxin (LT) αβ and LTβR, which can further release many chemokines (CXCL13, CXCL12, CCL21, and CCL19) and adhesion molecules (VCAM1, ICAM1, and MADCAM1). These chemokines recruit lymphocytes from HEVs and form T and B cell zones. ILC3s, group 3 innate lymphoid cells; VCAM1, vascular cell adhesion molecule 1; ICAM1, intercellular adhesion molecule 1; MADCAM1, mucosal addressable cell adhesion molecule 1.





The Function of TLSs in the TME


Favorable Impact of TLSs on Antitumor Properties

Mature TLSs are similar to SLOs, which contain T cell-rich areas with CD3+ T cells and dendritic cell (DC)-lysosomal associated membrane protein+ (DC-LAMP) mature DCs and follicular CD20+ B cell-rich zones (12). The B cell follicles in TLSs comprise follicular dendritic cells (FDCs), B cells, plasmablasts, and TFH cells required for GC formation and B cell differentiation (50). Macrophages, neutrophils, and regulatory T (Treg) cells have been discovered in the TLSs of lung cancer, pancreatic cancer, and ovarian cancer (51–54). TLSs are divided into classical and nonclassical structures. Classical structures are mature and contain T cells, DCs, B cells, and FDC compartments and comprise more active components than nonclassical structures, mainly B cells. Nonclassical TLSs usually contain B cells that are less activated than those in classical structures (14). TLSs are distributed intratumorally and peritumorally and are more abundant in the invasive margin than in the tumor core (12). Intratumoral TLSs may have greater prognostic significance, but this has not been widely established. In some studies, intratumoral TLSs are a favorable prognosticator in pancreatic cancer and hepatocellular carcinoma (20, 21). One study proposed a hypothesis to explain the better prognosis of intratumoral TLSs. Tumors with, rather than without, intratumoral TLSs are less invasive, especially regarding blood vessel invasion, and have a role related to the immune response. These tumors retain a relatively complete vascular network to transport immune cells and other molecules into the tumor and initiate a more effective antitumor immune response (17).

Increasing evidence shows that TLSs play an important role in controlling tumor invasion. Mature TLSs exhibit evidence for the formation of GCs (24) and GC B cells in TLSs are characterized by FDCs and Ki67+ proliferating B cells (51). Oligoclonal B cell responses have been identified in melanoma, which suggests an active humoral antitumor response within TLSs that is driven by B cells (55). High PC counts are associated with higher numbers of TLSs and B cells in breast cancer and neck carcinomas (56, 57). PCs surrounded by TLSs are associated with the highest levels of TILs and cytotoxicity-related gene products in ovarian cancer. This study showed that CD8+ TILs can predict prognosis only in combination with PCs, CD20+ TILs, and CD4+ TILs, suggesting that these four lymphocyte subsets work in concert to promote antitumor immunity, which indicates that TLSs may facilitate coordinated antitumor responses involving the combined actions of cytolytic T cells and PCs (58). B cells in TLSs are organized and highly differentiated and can produce tumor-specific antibodies in adenocarcinomas and ovarian cancer (59). In omental metastases from ovarian cancer, memory B lymphocytes essentially located within TLSs had higher clonality and somatic hypermutation rates, and they produced chemokines attracting DCs, T cells, and natural killer (NK) cells. The density of B cells also correlated with that of mature DCs in the stroma of tumors (53). Recent studies have shown the important role of TLSs and B cells in immunotherapy. The frequencies of memory B cells, PCs, and GC-like B cells in the tumors of responders treated with immune checkpoint blockade (ICB) therapy are significantly higher than those in nonresponders. Increased B cell proliferation indicating GC activity and formation within TLSs has been observed (60). High expression of B-lineage markers is associated with improved prognosis and TLS formation in sarcoma (61). B cells within TLSs can predict favorable prognosis in melanoma patients receiving ICB therapy. In addition, B cell-rich tumors are associated with elevated levels of initial and memory T cells. T cells in tumors without TLSs possess a dysfunctional molecular phenotype, which indicates that TLSs have a key role in the melanoma TME by conferring distinct T cell phenotypes (62). In summary, these studies demonstrate a major role of TLS-associated B cells in TLS function. B cells probably act together with key immune constituents of TLSs by altering T cell activation and function. Memory B cells may act as antigen-presenting cells (APCs) to drive the expansion of both memory and naive T cell responses. B cells can also activate and recruit other immune effector cells by secreting an array of cytokines (60). The potential functions of TLSs in the TME are shown in Figure 2.




Figure 2 | Potential functions of tertiary lymphoid structures in the TME. As in canonical SLOs, TLSs may constitute a critical site where specific T and B cells can undergo terminal differentiation into effector cells. GC B cells can differentiate into memory B cells and plasma cells in TLSs, and fully differentiated B cells and exert their antitumor effects. T cells can differentiate and expand, and they are activated as effector cells that exert cytotoxic effects. B cells and T cells in TLSs may interact with each other and play a synergistic role, which needs to be confirmed by more studies. Treg cells within TLSs could exert a negative influence on the capacity of TLSs to generate effector and memory lymphocytes.



The existence of TLSs at metastatic tumor sites is the key factor in the level of TILs, which directly determines the antitumor effect (19). Moreover, the presence of TLSs led to increased infiltration and activation of T cells and other immune cells and was associated with a good prognosis in liver cancer and pancreatic carcinoma (21, 63, 64). There is evidence that TLSs can activate effector T cells in tumors (65). In MC38 tumors, T cells from TLSs exhibited a largely enhanced baseline level of IFN-γ (interferon-gamma) release. This finding revealed successful antitumor T cell priming activity within induced TLSs, and TLSs may act as immune factories where T cells activate effector cells to mediate synergistic antitumor effects (66). Studies of lung and ovarian cancers showed that TLS-associated DCs establish unique immune states characterized by a strong T helper (Th) 1 orientation and facilitate a good prognosis, indicating that antigen presentation allows local T cells to initiate responses to tumor-associated antigens in TLSs (67, 68). Whether TLS-associated DCs present tumor antigens directly to CD8+ T cells or whether CD4+ Th cells participate in the production of CD8+ cytotoxic T cell responses in TLSs remains to be further studied. TFH cells produce CXCL13, potentially resulting in the formation of TLSs to trigger the GC B cell response (69). FDCs can also produce chemokines and cytokines involved in B cell proliferation and migration in LN, such as interleukin (IL) -6 and CXCL13 (70). B cells produce LTα1β2, which has a crucial function in the differentiation of FDCs within TLSs (71).

HEVs in TLSs are associated with T and B cell infiltration and indicate favorable outcomes in oral carcinoma and breast cancer (72, 73). The emergence of HEVs also contributes to the formation of TLSs (74). There is ample evidence that the function of HEVs in TLSs is similar to that in LNs, providing a channel for immune cells to accumulate in the tumor. HEVs in TLSs express molecules similar to those expressed in LNs, such as CCL21 and peripheral node addressing (PNAd), and cells expressing CCR7 and L-selectin ligands for receptors on HEVs are found in TLSs (75). PNAd expression indicates that HEVs are essential for recruiting lymphocytes to lymphoid organs (76), an event that orchestrates the extravasation of Lselectin+ and CCR7+ immune cells into TLSs (77, 78). LTαβ plays a key role in PNAd expression in HEV (79). Single-cell analysis revealed the heterogeneity of HEVs in LN. LTβR signaling and inflammation also have crucial effects on HEV transcriptomes (80). However, the study showed that HEV neogenesis is dependent on tumor necrosis factor receptor (TNFR) rather than LTβR signaling in Treg-depleted tumors, suggesting another mechanism for HEV formation. The expression of PNAd is not dependent on the LTβR signal but is stimulated by activation of TNFR mediated by LTα3 derived from CD8+ T cells (81). HEV formation is associated with increased T and B lymphocyte infiltration and activation in murine pancreatic cancer and breast cancer (82, 83). In mouse models of melanoma and lung cancer, the LN-like vasculature in tumors, characterized by the expression of PNAd and chemokine CCL21, induced by effector lymphocytes allows naive T cells to enter tumors and enhance antitumor immunity. Vasculogenesis is regulated by a mechanism involving CD8+ T cells that secrete IFN-γ and LTα3 (84). In summary, T cells may contribute to the formation of the peripheral vasculature and HEV.



The Adverse Impact of TLSs on Tumors

Nevertheless, a few studies have indicated that TLSs have a negative impact on prognosis in colorectal cancer and breast cancer (25–27). The studies showed that TLSs that develop in the inflamed liver during hepatitis can function as a niche for tumor progenitor cells in hepatocellular carcinoma and are associated with an increased risk of late recurrence and decreased survival. It can be postulated that TLSs, which persist in the liver and are associated with a viral infection, play a different role than TLSs induced by tumors (25). Lymphoid aggregates are associated with more advanced diseases and indicate an adverse prognosis in colorectal cancers. These structures form in association with more advanced tumors, suggesting that they are a reaction to progressive tumor invasion, and their prognostic significance varies with disease progression and according to the inherent immunogenicity of the tumor (26). TLSs are associated with adverse prognosis in renal carcinoma with lung metastasis. TLSs are rarely found in lung metastasis of renal carcinoma, and studies speculated that the presence of T cells may not be educated in peritumoral TLSs but may reflect a chronic inflammatory response, which is known to be harmful to the host. At the same time, the high expression of vascular endothelial growth factor (VEGF) and IL-6 genes in renal carcinoma may also inhibit the differentiation of DCs, resulting in an impaired T cell response and poor prognosis (85). TLS Treg cells are detected in breast and colorectal cancers (86, 87). The decrease in the number of TLS Treg cells is associated with tumor regression in metastatic prostate cancer (88). Treg cells are present in TLSs in tumor-bearing lungs and exhibit activated phenotypes. Costimulatory ligand expression by DCs and T cell proliferation rates increased in TLSs after Treg cell depletion, enhancing the antitumor immune response. The reason may be that Treg cells in TLSs regulate DC function by reducing costimulatory levels, the immunosuppression of Treg cells to DCs is relieved after Treg cell depletion, and the TLS microenvironment may become more immunostimulatory to promote antitumor responses by T cells (54). The recruitment of Treg cells and myeloid-derived suppressor cells (MDSCs) to lymphoid aggregates in mouse B16 melanomas expressing CCL21 was found to correlate with the promotion of tumor growth (89). Therefore, TLS-associated Treg cells and MDSC presence may exert a negative influence on the capacity of TLSs to generate effector and memory lymphocytes.




Development of Multiple Approaches to Induce the TLS Formation

A variety of LN modifications to improve the efficacy of tumor immunotherapy have been widely discussed and researched. Targeting LN can affect the efficacy of cancer vaccines, ICB therapy, and adoptive cell transfer (ACT) at the cellular level. Macroscopic biomaterials mimicking LN characteristics can be used as immune niches for cell reprogramming and in vivo transmission and can be used for preclinical testing of drugs and vaccines in vitro at the tissue level (90). TLSs may be the first line of T cell differentiation and expansion and are the key to inducing intratumoral immune sensitization in situ. Therefore, similar principles can be used for developing strategies to induce TLS formation, and a new antitumor immune strategy can be constructed. Although biomaterials for transporting or recruiting APCs can mimic the cellular characteristics of SLOs, other strategies aim to induce TLS formation specifically, as observed in situ. These strategies aim to mimic the chemokine and inflammatory signals of the main molecular and cellular mechanisms of TLS formation. In the next section, we discuss strategies that induce TLS formation through the delivery of chemokine-expressing cells or chemokines, implantation of biomaterial scaffolds containing these inflammatory factors and agents, and multiple therapeutic approaches.


Chemokines and Cytokines

A chemokine delivery strategy for TLSs provides a convenient way to generate ectopic lymphoid tissue in tumors. Recent electronic screening techniques involving the identification of TLS-related chemokine genes that induce lymphocyte chemotaxis have offered a framework for a more effective design of TLSs (91, 92). A 12-chemokine gene signature also provided a promising starting point for the potential construction of designed TLSs (93–96). In early studies, chemokines produced by lymphoid structures were expressed in various ways, which led to the formation of lymphoid tissue structures. For example, transgenic mice expressed B lymphocyte chemokines in pancreatic islets, and the expression of B lymphocyte chemokines resulted in the formation of LN-like structures that included HEVs, interstitial cells, and B and T cell zones and illustrated that the maintenance of B lymphocyte chemokine-induced lymphoid structures depends on LTβR signaling (97). CCL21 exhibits a stronger capacity than CCL19 to induce more organized infiltrates in the islets of transgenic mice (98). Intratumoral injection of CCL21 facilitated lymphocyte infiltration into pancreatic tumors (99), and targeting lymphotoxin-α can induce lymphocyte infiltration and lymphoid-like tissue formation in B16 melanoma (100). LN-like lymphocyte infiltration was also found in transgenic mice expressing CCL21 driven by the thyroglobulin promoter in the thyroid gland and transgenic pancreas (101, 102). Type I interferon can also drive B cell recruitment by CXCR5–CXCL13 signaling and initiate ectopic GC formation within TLSs in pulmonary virus infection (103). In the salivary glands of adult mice, IL-7 regulates lymphatic vessel expansion and promotes the neogenesis of TLSs in the first phase, and LTβR signaling regulates TLS neogenesis in the second phase (104). Th17 cytokines can regulate TLS development and function. For instance, IL-22 modulates CXCL12, CXCL13, and IL-23 production, contributing to the formation of TLSs (105–107). In conclusion, these studies show that many chemokines and cytokines involved in lymphoid structure formation can be used as novel and feasible inducers in combination with other stimulants and multiple methods to induce the formation of TLSs.

LIGHT, the 14th member of the tumor necrosis factor superfamily (TNFSF14), is a protein primarily expressed on activated T cells and immature DCs (108). LIGHT can function as both a soluble and cell surface-bound type II membrane protein and interact with its two primary functional receptors: Herpes Virus Entry Mediator and LTβR (109). LIGHT can interact with Herpes Virus Entry Mediator and deliver co-stimulatory signals to T cells (44). LTβR is found on the surface of epithelial, stromal, and myeloid cells (110). LIGHT-LTβR signaling plays an important role in immune responses, functioning to repair tumor vasculature and to support effector cells cell trafficking to and infiltration into tumors (111). Recently, LTβR signal transduction induced by LIGHT has become a focus of the investigation. When combined with an anti-VEGF antibody, LIGHT can activate LTβR signaling and mediate chemokine production to recruit T cells (112). In pancreatic cancer, targeting LIGHT for homing to tumor vessels via a vascular targeting peptide (VTP), LIGHT-VTP showed a dual ability to induce TLS formation and regulate the angiogenic vasculature (83). LIGHT targeting to tumor vessels induces vessel normalization, and HEVs and TLS formation may occur through a self-amplifying loop in pancreatic cancer. The mechanism may involve the LIGHT-triggered expression of inflammatory cytokines in macrophages, such as IL-1β, IL-6, CXCL13, TNF, and CCL21, These chemokines further recruit T cells. Macrophages and T cells have been deemed essential for HEV and TLS formation (83, 113) (Figure 3A). LIGHT-VTP in combination with ICB therapy can produce intratumoral memory T cells and Teff cells and improve prognosis (114). In addition, LIGHT-VTP combined with anti-VEGF and ICB therapy can increase the frequency of HEVs and normalize tumor vessels and the accumulation of T cells in glioblastoma and lung metastases (115, 116). The LT-LIGHT axis provides key differentiation signals guiding the differentiation of the reticular network and vascular system, maintaining the mesenchymal differentiation pathway of the specialized network, and remodeling reactive LNs (117). The LTβR signaling pathway plays a critical role in HEV differentiation and function in LN (44). Because of the similarity between SLOs and TLSs, it is speculated that LTβR signaling is also involved in HEV differentiation and function in TLSs. Further studies are required to understand the precise mechanisms by which HEV formation in TLSs is induced and the effects of HEVs on different types of cancer. This knowledge may guide the therapeutic objectives of cancer interventions. Other means can also be used to deliver LIGHT to tumor sites, and the oncolytic activity of attenuated Salmonella Typhimurium was enhanced by the stable insertion of the gene encoding LIGHT. Attenuated S. Typhimurium expressing LIGHT inhibited the growth of primary tumors and the spread of lung metastasis (118). The findings suggest that avirulent bacteria can be used as targeted carriers for the local production of therapeutic proteins in tumors. In recent years, the potential use of exosomes in the treatment and control of many diseases has expanded because of their inherent characteristics in regulating complex intracellular pathways. The characteristics of exosomes can also be exploited to induce TLSs. Exosomes are extracellular vesicles derived from endosomes and have a diameter of approximately 40-160 nm. They can carry a variety of substances, such as proteins and DNA, to allow these substances to be absorbed by other cells (119, 120). Therefore, we hypothesize that exosomes can be used as carriers to load many chemokines and cytokines to induce the formation of TLSs.




Figure 3 | Strategies for therapeutic induction of TLS formation. TLS inducers, such as chemokines, cytokines, DCs, and therapeutic approaches, can induce TLS formation in different ways. (A) Cytokines and chemokines involved in lymphogenesis, including LIGHT, CCL21, CXCL13, LT, and IFN-γ, can lead to the formation of TLSs. LIGHT-VTP targeting tumor vessels can induce vessel normalization, and HEV and TLS formation may occur through a self-amplifying loop. The mechanism may be related to the LIGHT-triggered expression of the inflammatory cytokines IL-6, TNF, and CCL21 in macrophages. These chemokines can recruit T cells. Macrophages and T cells play an important role in the formation of HEVs and TLSs (83). HEV formation and vascular normalization can also recruit more immune cells. (B) Some immune cells, such as modified DCs and stromal cells, leading to the formation of TLSs. DCs engineered to secrete IL-36γ also initiate therapeutic TLS formation, which can upregulate the expression of T-bet. T-bet and IL-36γ cooperate to reinforce their expression and recruit immune cells, leading to TLS formation. DCs modified with the CCL21 gene can significantly increase T cell infiltration. Activated DCs can also upregulate many factors associated with TLS formation. (C) Biomaterials can provide 3D scaffolds in situ and deliver cells and chemokines. Collagen scaffolds containing LT, CCL21, CXCL13, and activated DCs were transplanted into mice. The recruited lymphocytes can form artificial lymph node structures.



Toll-like receptors (TLRs) have also been researched concerning TLS formation. Myofibroblasts were stimulated with TLR agonists and cytokines in giant cell arteritis, which upregulated B cell-activating factor and CXCL13 and resulted in the formation of TLSs (121). Inhalation of TLR9 agonists can generate profound remodeling of tumor-bearing lungs and lead to TLS formation in adjacent tumors (122). In addition, both the anti-HBV response to the TLR7 agonist GS-9620 and TLR4 agonists in mouse models of myasthenia gravis can induce TLS generation (123, 124). Transforming growth factor-β (TGF-β) plays a noncanonical role in coordinating immune responses against ovarian cancer. CD8+ T cells in the presence of TGF-β upregulate the secretion of CD103 and CXCL13, and CD8+ TILs play a role in mediating B cell recruitment and TLS formation (125).



Cells

An alternative approach to produce TLSs is to deliver cells that express chemokines or to engineer chemokines that are associated with lymphomagenesis. DC-based therapeutic strategies can be used therapeutically to promote the extranodal priming of antitumor immunity (126). DCs expressing T cell chemokines were injected into melanoma tumors, which yielded rapid T cell infiltration and initiation of intratumor responses (127). Additionally, intraperitoneal injection of murine DCs promoted the acute infiltration of immature T cells and NK cells into the TME, an effect related to upregulated expression of NK and T cell recruitment chemokines by murine DCs (128). DCs engineered to overexpress T-bet suppressed the growth of sarcomas in vivo after intratumoral injection and prolonged the overall survival of mice (126, 128). DCs promote LT signaling through LTβR for HEV differentiation and function in LN (129). DCs, which coordinate adaptive immune responses, have historically been a promising target. DCs are a source of LT, and homeostatic chemokines (CXCL12, CXCL13, CCL19, and CCL21) are known to contribute to TLS formation in the lungs of influenza virus-infected mice. Similar to the depletion of DCs, blockade of LTβR signaling after virus clearance leads to the disintegration of TLSs and GC reactions. It is suggested that the DC-mediated LTBR pathway contributes to the formation of TLSs (36). Other methods have focused on modifying and editing DCs to express the transcription factor T-bet and secrete IL-36γ to play a vital role. IL-36 cytokines are an IL-1 subfamily consisting of three agonists that signal through the common heterodimeric receptor IL-36R (130), which is expressed on endothelial cells and many immune cells, including T cells and DCs (131). IL-36γ is involved in polarizing type-1 immune responses. It is a downstream target of the type-1 transactivator T-bet and can induce T-bet expression in target cells (132). Research has shown that IL-36γ predominantly expressed by M1 macrophages and vasculature cells, including smooth muscle cells and HEVs, mediates polarization toward a type 1 immune response. This pattern of IL-36γ expression increased CD4+ central memory T cell infiltrate and the density of B cells and led to TLS formation in human colorectal cancer (133). The injection of tumors with DCs engineered to secrete a bioactive form of mIL-36γ also initiated therapeutic TLS formation and slowed tumor progression in a mouse model of colorectal carcinoma. Furthermore, DC.IL-36γ cells show strongly upregulated expression of T-bet, suggesting that T-bet and IL-36γ cooperate to reinforce each other’s expression in DCs, rendering them competent to promote TLS formation in the therapeutic TME (134) (Figure 3B). In lung cancer, autologous DCs transduced with an adenoviral vector modified with the CCL21 gene significantly reduced the tumor load and T cell infiltration (135), accompanied by enhanced expression of IFN-γ, IL-12, and CXCL10, as well as molecules related to reduced immunosuppression in the TME (136). Mice vaccinated with DCs charged with apoptotic/necrotic B16 cells are protected against B16 challenge, and TLSs form at the vaccination site (137). In conclusion, DCs play an important role in inducing TLS formation. These results provide a framework for the usage of DCs. Promoting the expression of multiple chemokines by targeting DCs is a valuable strategy to induce TLS formation.

LTi-like cells from newborn mouse LNs were injected intradermally into adult mice and formed TLSs in the skin, and the results indicated that hyperactivated lymphocytes can fulfill the role of LTi cells during inflammatory responses (138). Subcutaneous injection of the LN-derived stromal cell line resulted in the formation of TLSs that promote infiltration of immune cell subsets and inhibit tumor growth by improving the antitumor activity of TILs (66). Lymphoid tissue-like organoids were constructed by transplantation of stromal cells embedded in biocompatible scaffolds into the renal subcapsular space in mice. The structure is similar to that of SLOs and contains clusters of B and T cells and HEVs, DCs, and FDC networks (139). Other cells, such as immune fibroblasts, bone marrow mesenchymal stem cells (MSCs), adipocytes, and macrophages, also play their roles. Research on autoimmune conditions demonstrated that external triggers at mucosal sites can induce gradual differentiation of stromal cell populations into immune fibroblast networks, which supports the establishment of TLSs at an early stage. This process is mediated mainly by paracrine and autocrine signals regulated by IL-13. Once lymphocytes are recruited, the initial fibroblast network is expanded by local production of IL-22 and lymphotoxin. This finding demonstrates the role of immune fibroblasts in maintaining TLS and supporting their formation and identifies new therapeutic targets (140). Human MSCs stimulated with TNF-α and IL-1β significantly increased the expression of CCL19, VCAM1, ICAM1. Stimulated MSCs can induce CD4+ T cell proliferation. MSCs could play a key role as LTo cells in promoting the early inflammatory and initiating the formation of kidney-specific TLSs (141). Mucosa-resident CXCL13+CX3CR1hi macrophages are responsible for recruiting B cells and CD4+ T cells to sites of Salmonella invasion and subsequently activating them, resulting in TLS formation and a local pathogen-specific IgA response (142). Recently, the combination of TNF-α and lipopolysaccharide was shown to directly induce adipocytes to produce TLS-related chemokines, thereby coordinating the formation of functional TLSs in the mesentery affected by Crohn’s disease (143). In summary, these studies have further proved the various initiating factors and mechanisms of the formation of TLSs and provided more references and insights for inducing the TLS formation.



Biomaterials

Biomaterials can support the formation of TLSs by locally and controllably releasing chemokines and providing cellular support. Scaffolds are usually three-dimensional microporous structures designed to achieve cell encapsulation in vitro or cell penetration in vivo while providing mechanical support, cell adhesion capability, and a continuous supply of biological cues to promote cell migration and interaction (144). Biomaterial scaffolds can boost the efficacy of immunotherapies, such as cancer vaccines and ACT (145–147). For instance, biomaterials loaded with signaling molecules and engineered T cells have been evaluated in vitro. These biomaterials were surgically implanted near the tumor or under a resected tumor bed, where they maintained continuous proliferation and release of specific T cells (148).

In early cases, collagen scaffolds containing both thymus-derived stromal cells expressing LTα and activated DCs were transplanted into the renal subcapsular space of mice. The recruited lymphocytes formed artificial lymph nodes (ALN) structures, which contained FDC, T cell, and B cell regions and HEV-like structures. ALN induced a potent immune response in vivo and the accumulation of memory and effector T and B cells. The engineered structures elicited a humoral response after vaccination and could be transplanted into immunodeficient mice to secrete antibodies after secondary immunization (139, 149, 150) (Figure 3C). Based on this strategy, cell-free biomaterials have been explored. Hydrogels can provide a controlled cellular microenvironment for immune cells so that they can be recruited, expanded, and activated in vitro and in vivo (151). Hydrogels can be used to deliver antigens, chemokines, and other factors to DCs and induce T and B cell responses, and they can effectively encapsulate immunomodulators and immune cells. DCs can be activated in vitro in hydrogels before implantation and can be recruited and activated in gels by immobilized stimulators, as in a bioreactor (152, 153). In another study, collagen sponge scaffolds embedded with sustained-release gel beads containing LTα1β2, and many chemokines were transplanted into the subcapsular space of mice to establish ALN-like TLSs, recruiting memory T cells and B cells and induced a strong antigen-specific immune response (154). A synthetic immune priming center consisting of an in situ cross-linking hydrogel delivering chemokines and particles loaded with DNA and siRNA can attract numerous DCs and can both generate a strong transition to a T helper 1 response and increase the cytotoxic T lymphocyte (CTL) response. The multimode injectable system can simultaneously deliver chemokines, DNA, and siRNA antigens to DCs. This system constitutes a novel strategy to regulate immunotherapy in situ and could provide an effective vaccine strategy to prevent cancer (155).

Other biomaterials include polylactide-coglycolide (PLG), nano-sapper, and nanoparticles. A macroporous PLG matrix was used to deliver granulocyte-macrophage colony-stimulating factor (GM-CSF), tumor antigens, and danger signals in vivo. GM-CSF recruited DCs and significantly enhanced their homing to LNs, and danger signals and cancer antigens further activated the recruited DCs. These materials elicited protective antitumor immunity and showed prospects as cancer vaccines (156). A study demonstrated improved immune function by targeting DCs with adjuvant vector cells engineered from MKT cell ligands loaded with tumor antigen mRNAs. This method also enhanced the local immune response via TLS formation (157). Importantly, these polymers may be designed to program the transport of various types of cells in vivo. Nano-sapper was co-loaded with an antifibrotic protein and a plasmid expressing LIGHT. By normalizing the tumor vasculature, reducing collagen deposition, and stimulating the expression of lymphocyte-recruiting chemokines, Nano-sapper induces TLS formation to promote CTL infiltration and remodel the TME (158). Recognition of ectopic HEVs in human pancreatic ductal adenocarcinoma by engineered MECA79-coated nanoparticles can increase the transport of Taxol to the tumor and distinctly reduce tumor growth (159). Nanomaterials are promising for inducing TLS formation. Local delivery of engineered biomaterials can play a role by establishing synthetic immune niches to enhance antitumor immunity. Immunotherapy based on biomaterials will facilitate the development of the next generation of tumor therapies.



Other Therapeutic Approaches

Multiple cancer therapeutic strategies, such as cancer vaccines, ICB therapy, antiangiogenic therapy, radiotherapy, and chemotherapy, contribute to TLS formation. After therapeutic vaccination against human papillomavirus serotype 16 with E6/E7 antigens, significant immune changes in the TME were observed in subjects with CIN2/3, and TLSs formed in the immune-infiltrated cervical tissues. At the molecular level, these histological changes in the matrix were characterized by increased gene expression and associated with immune activation (CXCR3) and effector function (T-bet and IFN-β) (160). A prominent study of patients with resected pancreatic cancer showed that 33 of the 39 patients treated with the GM-CSF vaccine exhibited TLS formation after 2 weeks. Further analysis showed that these structures could regulate adaptive immunity. Inhibition of the Treg signaling pathway and enhancement of the Th17 signaling pathway in TLS aggregates were associated with increased survival and intratumoral Teff: Treg ratios and upregulation of the mechanism of immunosuppression (161). The findings help to guide the production of the next generation of effective cancer vaccines and facilitate better responses to ICB therapy. TLSs containing lymphocytes and APCs appeared in all 11 patients who received cisplatin neoadjuvant chemotherapy in a study on hepatoblastoma, indicating that cisplatin can induce TLS infiltration and synergistically induce the death of immunogenic cells and trigger an antitumor immune response. This may involve so-called immunogenic cell death, a controlled cell death process that produces damage-associated molecular patterns that can be used as adjuvants to initiate an immune response through the recruitment and activation of DCs (162). Administration of preoperative chemoradiotherapy (neoadjuvant chemotherapy, NAC) was associated with increased TLS formation and may affect the immunological composition of the TME and confer a favorable prognosis in patients with pancreatic ductal adenocarcinoma (163). However, corticosteroid therapy during chemotherapy impaired GC formation and reduced TLS prognostic value in patients with lung cancer (164). After radiotherapy, apoptosis in tumors with TLSs increased significantly. The TLSs also showed an acute increase in apoptosis and size reduction. Although their size tended to normalize after 2 weeks, the apoptotic rate remained high, suggesting active and continuous proliferation in residual irradiated cells and providing them with a window to optimize their unique function (165). Low-dose stimulator of interferon genes (STING) agonist treatment can upregulate the expression of various cytokines and increase the infiltration of T cells and DCs to establish a proinflammatory TME, which can also lead to normalization of the tumor vasculature, ultimately inducing the formation of TLSs and controlling tumor growth. Stimulating DC maturation and local production of vascular normalization-promoting and TLS-promoting factors, such as CCL19, CCL21, LTα, LTβ, and LIGHT (166). A study showed that Treg elimination can activate CD8+ T cells and promote the development of HEVs in tumors. The study proposed a model in which a positive feedback loop of T cell activation by Treg cell depletion can promote HEV development, T cell infiltration, and tumor destruction (81). A prostate cancer study showed that Treg cells and cyclooxygenase 2 are attractive therapeutic targets that can be used to strengthen TLS-driven tumor immunity. In particular, the existence of HEVs and lymphatic vessels suggests that TLSs can also be used as a platform for cell-based or cyclooxygenase 2 blockade therapy to control tumor growth (88).

PD-L1+, PD-L2+, LAG3+, and TIM3+ cells were detected in some breast cancer-related TLSs, and PD-1 was used as a marker of T cell activity in both the T and B cell areas in TLSs. The expression levels of immune checkpoint molecules were associated with the level of TILs and TLS formation (167). In a group of patients with renal carcinoma, the low expression of immune checkpoints and the localization of mature DCs in TLSs are associated with a better prognosis (168) (NCT03387761). Recently, some prominent studies have shown that B cell and TLS formation promote the immunotherapy response in patients with melanoma and sarcoma after ICB therapy (60–62). In a study of locoregionally advanced urothelial carcinoma, the formation of TLSs was observed in responding patients after treatment with combined CTLA-4 and PD-1 blockade therapy, which could be an effective preoperative treatment strategy (169). Another study compared the metabolic, transcriptional, and functional characteristics of intratumoral CD8+ T cell subtypes with high, moderate, and no PD-1 expression from patients with non-small cell lung carcinoma. PD-1+ high T lymphocytes produce CXCL13, which mediates the recruitment of immune cells to TLSs and has the potential to be predicted after treatment with PD-1 blockade therapy (170). Combination therapy with anti-VEGFR2 and anti-PD-L1 antibodies can induce HEV formation in pancreatic and breast cancer. LTβR signaling plays an important role in the generation and activation of tumor HEVs. HEV formation can increase the activity of CTLs, which makes tumors sensitive to ICB therapy (82). An anti-mouse LTβR agonistic antibody increased TIL infiltration in a mouse model of colon cancer. Agonistic monoclonal antibodies targeting LTβR are a novel method for treating colorectal cancer and potentially other types of cancer (171). Considering that the formation of TLSs is strongly related to the LTBR signaling pathway, targeting LTβR can also be used as an approach to induce TLS formation and enhance antitumor immunity.

TLSs formation induced by multiple therapeutic strategies may involve a complex network of mechanisms, such as various types of cells, chemokines, and molecular mechanisms. We speculate that the main reason for TLS formation may be that the immune suppression in the TME is relieved after multiple therapeutic strategies, and the function of many immune cells can be restored. These cells interact with each other to activate LTβR signaling and other pathways and induce the production of various chemokines and cytokines, which can ultimately lead to the formation of TLSs. TLSs formation further enhances antitumor immunity, which may explain why the existence of TLSs is related to a more favorable prognosis after therapy.




Conclusion and Future Perspectives

In summary, current research has revealed the significance of TLSs in tumor immunotherapy. TLSs may constitute a privileged niche for educating T cells and B cells, which can activate and enhance immune responses. Although the major cellular and molecular mechanisms of TLSs have been elucidated, how to utilize them as an important part of the immune-related cancer control strategy is still being developed. Targeting the molecular pathways of TLSs development to induce formation is a promising immunotherapeutic strategy, which may directly enhance the antitumor response in situ. HEV induction therapy deserves more research in the design of new immunotherapies, and a more in-depth understanding of the mechanisms in terms of the types of cytokines and chemokines leading to the formation of HEVs in different types of cancer is needed. In the future, we need to focus on the combination of methods inducing HEV and TLSs formation with new therapeutic strategies that can alleviate immunosuppression, such as chemotherapies, radiotherapies, and ICB therapies. These strategies may promote the formation of TLSs as well to synergistically enhance adaptive immunity and provide insight into ultimately effective immune-mediated tumor control.
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High endothelial venules (HEVs) are specialized postcapillary venules composed of cuboidal blood endothelial cells that express high levels of sulfated sialomucins to bind L-Selectin/CD62L on lymphocytes, thereby facilitating their transmigration from the blood into the lymph nodes (LN) and other secondary lymphoid organs (SLO). HEVs have also been identified in human and murine tumors in predominantly CD3+T cell-enriched areas with fewer CD20+B-cell aggregates that are reminiscent of tertiary lymphoid-like structures (TLS). While HEV/TLS areas in human tumors are predominantly associated with increased survival, tumoral HEVs (TU-HEV) in mice have shown to foster lymphocyte-enriched immune centers and boost an immune response combined with different immunotherapies. Here, we discuss the current insight into TU-HEV formation, function, and regulation in tumors and elaborate on the functional implication, opportunities, and challenges of TU-HEV formation for cancer immunotherapy.




Keywords: high endothelial venules, tertiary lymphoid structures, tumor endothelial cells, tumor immunity, immunotherapy, lymphotoxin beta receptor, sentinel lymph node, metastasis



Introduction


Tumoral Angiogenesis and Immune Escape

Solid tumors are heterogeneous and complex cellular ecosystems in which cancer cells shape their microenvironment to their advantage by actively remodeling the local immune, vascular and stromal compartments (1). Thus, tumors have also been considered as “wounds that never heal” because they increasingly promote immunosuppression and neovascularization to sustain the rapid growth of cancer cells (2, 3). Due to the anomalous proangiogenic signals, these tumors exhibit a continuously growing tumor vasculature with a chaotic composition of venules, postcapillary venules, arterioles, and capillaries. Consequently, angiogenic tumor vessels typically exhibit abnormal structural and functional characteristics of poor vessel maturation, leakiness, and staggered blood flow due to the elevated interstitial pressure (4–6) (Figure 1). With these vascular aberrations, hypoxic, acidic, and necrotic regions appear in tumors that induce an additional wave of proangiogenic signals, exacerbating disease because they support metastasis by enabling tumor cell intravasation into the bloodstream and obstructing adequate delivery of anti-cancer drugs (4, 7). Importantly, as part of the wound repair program, angiogenic factors including vascular endothelial growth factor (VEGF) and angiopoietins also convey immunosuppressive signals. They reduce the expression of ICAM1 and VCAM1 lymphocyte adhesion molecules in endothelial cells that limit vascular adhesion of lymphocytes and subsequent infiltration into the tumor (8, 9). Further, VEGF can directly inhibit dendritic cell (DC) maturation and activate antigen-specific regulatory T-cells (8, 9). Tumor-recruited innate immune cells, including macrophages, myeloid-derived suppressor cells (MDSC), and neutrophils, are an additional source of angiogenic and immunosuppressive factors to suppress immunosurveillance and promote vascular and matrix remodeling (Figure 1) (3, 10). Thus, tumors employ multiple mechanisms of the tissue repair program to keep their environment in a favorable, immunosuppressive and angiogenic state.




Figure 1 | Modulating vascular-immune interactions in solid tumors via TLS and HEV formation. (A) In solid tumors, vascular-immune interactions promote immunosuppression and neovascularization to allow the growth of cancer cells. Continuous angiogenic sprouting of ECs leads to an abnormal, less mature tumor vasculature with poor pericyte coverage leading to leakiness, dysfunctional blood flow and increased interstitial pressure which in turn promotes hypoxia and necrosis. Importantly, tumor blood vessels convey immunosuppressive signals that inhibit CD4+ and CD8+ lymphocyte infiltration, DC maturation and activate immunosuppressive regulatory T-cells (Tregs). Finally, innate immune cells, including TAMs and neutrophils, also suppress immunosurveillance and promote vascular remodeling. (B) Tumoral TLS and HEV induction promote anti-tumor immunity. In an immune-stimulatory setting, the tumor vasculature becomes transiently normalized with increased pericyte coverage, thus re-establishing blood flow and perfusion and reducing hypoxic and necrotic areas of the tumor. Due to the enhanced functionality, vessels are angiostatic and more prone to recruit immune cells which can lead to the formation of HEVs. Subsequently, HEV-containing TLSs form, with immune cell centers composed of CD4+ and CD8+ T, B lymphocytes, and mature DCs that promote an anti-tumor immune response. Tregs, TAMs, and neutrophils are less abundant, thus no longer exerting an immunosuppressive function. Altogether, re-awakening and boosting the immune system via TLS and HEV formation leads to reduced tumor cell growth and is ultimately beneficial for cancer progression. ECM, extra-cellular matrix; EC, endothelial cell; TLS, tertiary-lymphoid structure; HEV, high endothelial venule; HEC, high endothelial cell; iDC, immature dendritic cell; mDC, mature dendritic cell NK, Natural Killer cell; TAM, tumor-associated macrophage; RBC, red blood cell.





TLSs in Tumors

The in situ detection of tumor-infiltrating lymphocytes has been commonly used in the clinic because the degree of CD8 T cell infiltration often correlates with patient survival (11). Such histopathological studies revealed substantial lymphocyte aggregates in some tumors of patients who had a predominantly favorable outcome compared to those who did not. These structures display variably organized T- and B cell aggregates, sometimes even a T cell-rich zone with mature DCs juxtaposing a B cell follicle with germinal center characteristics. They are commonly located at the tumor interphase or in adjacent areas to the tumor and entail blood and lymphatic vessels and other stromal cells that are commonly observed in secondary lymphoid organs (SLOs). Indeed, due to their resemblance with SLOs, these ectopic lymphoid-like structures have been coined tertiary lymphoid structures (TLS) and have been observed in the pathological contexts of chronic inflammatory and autoimmune diseases (12, 13); including rheumatoid arthritis (14, 15), autoimmune thyroiditis (16), inflammatory bowel disease (17, 18), and H. pylori gastritis infections (19, 20). The reader can refer to (21–23) for their detailed description. Under these conditions, TLSs are abnormal structures of an active immune response against self-antigen, promote autoimmune reactions, and subsequently aggravate the disease. Since TLSs in solid tumors are mostly associated with improved tumor response, it is conceivable that they are also sites of activated lymphocytes generating an immune response (22). This raises the question as to how lymphocytes can preferentially infiltrate these locations despite the presence of an overall immunosuppressive vascular environment.



TLSs, Like SLOs, Contain High Endothelial Venules

While histopathological studies have extensively characterized immune infiltrates and defined tumoral TLSs in human cancer for the last 30 years (22), less is known regarding the vascular components of tumoral TLSs. TLS vessels present a resemblance to those in lymph nodes and other SLOs. Lymphatic vessels (LV) have been identified around multiple TLSs and are recognized by the typical lymphatic markers such as LYVE-1, PROX-1, and podoplanin (24). LVs remove interstitial fluid (containing plasma proteins, lipids etc.) that extravasate from blood capillary filtrates back into the blood circulation. They serve as the main route for dendritic cells, antigens, and inflammatory mediators into the lymph node (LN) and are essential players in peripheral tolerance, immunosurveillance, and resolution of inflammation (25). Only about a decade ago, Martinet and colleagues made the first observations of unusual blood vessels in human solid cancer samples which resembled high endothelial venules (HEV) in SLOs (26). HEVs are morphologically and functionally specialized blood vessels that deliver naïve lymphocytes from the bloodstream into the LN, in which lymphocytes become primed and educated by antigen-presenting cells (APC) (e.g., DCs) (Figure 1). Lymphocytes exit then through efferent LVs, which lead into the blood vascular system via the thoracic duct to circulate the cells through the body (27–31).

These observations beg the question as to whether HEVs and LVs in TLSs play comparable roles and are regulated similarly to those in LNs. In this review, we will focus on recent advances in HEV formation, function, and regulation in the tumoral context. From observations in human cancer, we will highlight studies of intratumoral HEVs in several mouse cancer models and describe the morphological and functional HEV alterations in premetastatic and metastatic LNs. Finally, we will discuss the functional implication, opportunities, and challenges of tumoral HEV formation for cancer immunotherapy.




Physiological HEVs in SLOs


Characteristics of HEVs

HEVs develop from postcapillary venules in LN, Peyer’s patches (PPs), and other SLOs but are absent in the spleen. In SLOs, adaptive immune responses are initiated through the active recruitment of naïve lymphocytes, which is facilitated by HEVs. In contrast to the common flat appearance of endothelial cells (EC), ECs lining HEVs have a cuboidal appearance with a prominent glycocalyx for which they have been coined “high” endothelial cells (HEC) (27, 32). HEVs form a thick basal lamina and are encompassed by a perivascular sheath of fibroblastic reticular cells (FRC) (33–36). Due to their specialized function as lymphocyte portals, HEVs express high levels of the ligand of L-Selectin/CD62L, the classic homing receptor for T and B-lymphocytes. L-Selectin ligands are sialomucins that entail sulfated mucin-like glycoproteins, including podocalyxin, endomucin, CD34, nepmucin, and GlyCAM-1 (rodent-specific) (30, 37). Importantly, sialomucins bind more effectively L-selectin after HEV-specific post-translational modifications by sulfotransferases and glycosyltransferases, including Carbohydrate Sulfotransferase 4 (CHST4) (38, 39) and Alpha-(1,3)-Fucosyltransferase VII (FucT-VII) (40, 41), which are highly expressed in HECs but not in other endothelial cells. Thus, antibodies have been developed that recognize HEVs by binding to these modified sialomucins. The most prominent antibody MECA79 (“Mouse Endothelial Cell Antigen-79”) detects sulfated peripheral node addressin (PNAd) that is decorated with the carbohydrate element 6-sulfo sialyl LewisX, (sialic acidα2-3Galβ1-4(Fucα1-3(sulfo-6) GlcNAcβ1-R) (37, 42, 43). Aside from these HEV-specific characteristics, HEVs express different vascular addressins in an SLO-dependent manner. While PNAd+ HEVs are mainly found in peripheral LNs (pLN), HEVs in PPs express mucosal addressin cell adhesion molecule-1 (MAdCAM-1) but not PNAd (44). Notwithstanding, neonatal pLN-HEVs first express MAdCAM-1 for 3-4 weeks after birth before they switch to the PNAd+ phenotype concomitant with HEV maturation, suggesting that MAdCAM-1 is an immature HEV marker in pLNs (45). Finally, mesenteric, sacral, and cervical LN-HEVs display expression of both PNAd and MAdCAM-1 vascular addressins (46, 47). It is noteworthy that most of our knowledge of HEV biology is derived from studies on pLNs.



HEVs Facilitate the Transmigration of Lymphocytes

The detailed migration process of lymphocytes across endothelial cells, including HEVs has been thoroughly studied by intravital microscopy (48, 49). This multistep event of lymphocyte tethering, rolling, sticking, and transmigration is tightly regulated by a coordinated interplay of adhesion molecules, integrins, and chemokines (37, 45, 48, 50). Migration of naïve and central memory T cells, as well as naïve B cells, starts with the binding of L-selectin to the 6-sulfo sialyl LewisX on the HEV walls. This tethering interaction reduces lymphocyte rolling and enables binding to the chemokines CCL19, CCL21, CXCL12, and CXCL13, which are presented on the luminal surface of HEVs, via CCR7, CXCR4, and CXCR5 receptors (51–53).

The chemoattractant-chemoattractant receptor axes that predominately govern the trafficking of lymphocytes into and out of LNs are CCL19/CCR7 and sphingosine 1-phosphate (S1P)/sphingosine 1 receptor 1 (S1PR1), respectively (30, 54). Blood-borne lymphocytes downregulate S1PR1 and use CCR7 signaling to adhere to HEVs for transmigration. During their LN residency, recirculating lymphocytes reacquire S1PR1 and attenuate their sensitivity to chemokines. Eventually, lymphocytes exit the LN by entering the cortical or medullary lymphatics, a process that depends upon S1PR1 signaling. Upon entering into the lymph, lymphocytes lose their polarity, downregulate their sensitivity to S1P due to the high concentration of S1P, and upregulate their sensitivity to chemokines (55). However, many of the details of lymphocyte transmigration across endothelial barriers remain poorly understood.

The integrin lymphocyte function-associated antigen 1(LFA-1/αLβ2) on lymphocytes interacts with the ICAM1 and ICAM2 adhesion molecules on the HEV surface, which leads to a firm arrest and subsequent paracellular or transcellular lymphocyte transmigration into the LN parenchyma (56, 57). Another notable characteristic of HEVs is their ability to form HEV pockets in which lymphocytes can be temporarily retained before their egress (56, 58). Although their function remains obscure, it is tempting to speculate that they exhibit specific lymphocyte communication centers and/or form when an overflow of lymphocytes arrives.

While HEVs typically recruit naïve and central memory lymphocytes in homeostatic LNs (30), HEVs of inflamed LNs become phenotypically remodeled, expand, and are capable of recruiting novel immune subsets into the LN. Specifically, they upregulate P-selectin, E-selectin, and CXCL9 and appear less mature because they induce gene expression of MAdCAM-1 while reducing Fut7 and Glycam1 transcription (59–61). Inflamed LN-HEVs can therefore recruit activated/effector T cells, plasmacytoid DCs, monocytes and neutrophils, whereas their capability to enroll naïve lymphocytes is not compromised (59, 60, 62–64)



HEV Regulation and Signaling in Lymph Nodes

The development of LNs is a well-organized event that involves the crosstalk between the hematopoietic lymphoid tissue inducer (LTi) cells and the mesenchymal lymphoid-tissue organizer (LTo) cells (65). It is thought that HEVs develop concomitantly with the accumulation of LTi cells to form the lymphoid anlagen; however, the developmental ontogeny of HEVs in lymphoid organs as well as the stepwise transcriptional program of HEV specification has not been clearly identified so far (66). The most important signaling pathway that has been directly linked to developmental LN-HEV formation and maintenance is the lymphotoxin- (LT)/lymphotoxin β receptor (LTβR)–signaling pathway (67–69). LTβR is a member of the TNF receptor superfamily which binds the LTα1β2 heterotrimers or LIGHT (“homologous to lymphotoxin, exhibits inducible expression and competes with HSV glycoprotein D for binding to herpesvirus entry mediator, a receptor expressed on T lymphocytes”) also known as TNSF14 (tumor necrosis factor superfamily member 14). Although the LTβR can activate both the canonical and non-canonical NFκB pathways, the non-canonical axis appears to be preferentially activated, specifically through the NIK kinase and the RelB/p52 transcriptional complex (70). Deletion of LTβR in ECs impaired the formation of HEVs in LN and subsequently LN homeostasis (69).

More recently, the S1P/S1PR1 axis has also been proposed to regulate HEV integrity in an autocrine manner and to facilitate HEV-DC interactions in LNs (71), thus suggesting the involvement of alternative signaling pathways regulating LN-HEV maintenance.




High Endothelial Venules in Human Cancer

Martinet and colleagues made the first and formal observations of ectopic HEVs in human cancer samples (26). They observed MECA79+ vessels by immunohistochemistry in a subset of human primary and naïve melanoma and breast, ovarian, colon, and lung tumor sections. They further confirmed with additional human HEV-specific marker HECA-452 (72) and human HEV-specific antibodies G72 and G152 (73) that these vessels phenotypically resembled LN-HEVs and thus, termed them tumor HEVs (TU-HEV). Importantly, TU-HEVs were specifically located within lymphocyte-rich areas and frequently contained luminally-attached or extravasating CD3+ cells. Indeed, the density of TU-HEVs in breast cancer was a predictor of CD3 T cell and B cell infiltration, suggesting that TU-HEVs, like their homologs in LNs, are major gateways for lymphocyte infiltration (26). Importantly, the density of TU-HEVs positively correlated with disease-free, metastasis-free, and overall survival rates in a retrospective cohort of primary breast cancer patients, thus suggesting their implication in the formation of immune-active TLS-like structure (74).

To date, these seminal results have been confirmed by other groups in breast cancer (75) and extended to a broader panel of other human cancers (76–79). Thus, MECA79+ vessel-containing lymphocyte aggregates were described in renal (80), gastric (81), pancreatic (82–84), and head and neck carcinomas (85–88), among many other cancer types (89).

Although these studies defined a common TU-HEV phenotype by MECA79-positivity across the different human tumor types, they also described a more heterogeneous phenotype in comparison to that of LN-HEVs. For instance, in lung cancer, MECA79+ blood vessels were also shown to express high levels of MAdCAM-1 (78). Additionally, in human melanoma (90) and oral squamous cell carcinoma (85, 88), the typical thick MECA79+ vasculature with cuboidal ECs coexists with thin-walled MECA79+ vessels displaying a flattened EC morphology and dilated lumens. It is conceivable that these observations could reflect different degrees and stages of TU-HEV maturation, thus implying functional differences among intratumoral MECA79+ vessels. Indeed, plump TU-HEVs, that are surrounded by substantial lymphocyte aggregates are thought to be more mature than some isolated and flat TU-HEVs located at the periphery.

Since these observations are, however, only correlative, there is still a debate to which extent TU-HEVs are necessary to actively influence cancer progression in TLSs or TLS-like structures. Certainly, there are discrepancies between studies that are not only inherent to the considered tumor type but also dependent on intratumoral heterogeneity of TU-HEVs and TLSs, respectively. For instance, TU-HEVs can be present in T cell- and DC-rich areas (74, 91) while also present in B cell-rich areas (92, 93). Moreover, TU-HEVs appear to be more frequent than TLSs in breast cancer (26, 94) and melanoma (79, 91). Thus, it appears that the presence of TU-HEVs does not always correlate with bona fide intratumoral TLSs that inherit a “strict” definition but instead with a broader spectrum of TLS-like structures (23).

As the correlation of spontaneous TU-HEV and TLS formation with a positive outcome is preferentially observed in specific cancer types, one can envision that these naïve cancers have obtained a permissive environment for ectopic HEV formation. In line with this idea, “hot” tumors may be more prone to TU-HEV formation while “cold” tumors remain anergic (95).

This further raises the question as to whether cancer therapies and specifically those generating an immune-stimulating reaction, can instigate HEV and TLS formation. So far, only a few reports in breast (75, 96) and colorectal (97) tumors have correlated the presence of tumoral TLSs/HEVs with a favorable response to combined radio- and chemotherapy (22). Given the plethora of ongoing clinical trials evaluating the effects of immune checkpoint inhibitors (ICI), it is of great interest to evaluate thoroughly TU-HEV/TLS formation and its correlation with patient response. In support, higher TLS density in tumors correlated with an improved response to ICIs and increased survival in melanoma and soft-tissue sarcoma patients (92, 93, 98),

In summary, there is accumulating evidence from these clinical data that the formation of HEV-containing TLSs can be a marker of good prognosis but whether TU-HEV formation is a prerequisite for instigating TLS formation and antitumor response in human cancer remains obscure.



Lessons Learned From HEVs in Murine Tumors


Spontaneous TU-HEV Formation

Why do some tumors spontaneously form HEVs while others do not? One clue comes from the observation that spontaneous HEV formation in tumors of mice was only observed when tumor cells expressed strong antigens, i.e., the commonly used OVA-antigen peptide in tumor cell lines or the viral oncoprotein simian virus SV40 large T-antigen to drive endogenous tumor formation in pancreatic islets (99, 100). The presence of such antigens suggests that strongly antigenic tumors may have a more robust lymphocyte activity and, thus, be better poised to instigate TU-HEV formation.

So far, observations of spontaneous TU-HEVs in mice are rare and only reported in B16-OVA melanomas, LLC-OVA lung carcinomas and Rip1Tag5 (RT5) pancreatic neuroendocrine premalignant lesions (99–101). In line with the requirement of a tumor antigen to elicit a robust immune response, expression of SV40 Tag in the beta cells of pancreatic islets in RT5 mice does not commence before 10–12 weeks of age, leading to the recognition of Tag as a nonself protein (102). In contrast, pancreatic beta cells express Tag in Rip1Tag2 (RT2) mice already during embryonic development, probably due to differences in the site of integration of the transgene, and thus become tolerant to Tag (103). As a consequence, Tag expression in RT5 mice causes a severe immune response with intense infiltration of CD4 and CD8 T cells, B cells, and macrophages in hyperplastic RT5 islets, while islets of RT2 mice display a paucity of lymphocytes and do not become inflamed. This leads to the formation of immature MAdCAM-1+ HEVs in inflamed RT5 hyperplastic islets but not in non-inflamed RT2 hyperplastic islets suggesting that immune cell infiltrates are required to initiate HEV formation although they appear not to be fully developed (100). Similarly, the spontaneously formed TU-HEVs in B16-OVA melanoma and LLC-OVA exhibited much weaker PNAd positivity compared to LN-HEVs likely reflective of an immature HEV phenotype similar to that observed in RT5 hyperplastic islets (99, 100). What these data also imply is the necessity of reactive immune cells to enable HEV formation in tumors.



Immune Cells Regulate HEV Neogenesis in Tumors

The first evidence that hematopoietic cells can regulate LN-HEVs in adulthood comes from the study of Moussion and Girard (68). Depleting CD11c+ DCs in adult CD11c-DTR mice by administering diphtheria toxin (DTX) degenerated HEVs and reverted them to a MAdCAM-1+ immature stage reminiscent of neonatal HEVs. Congruently, CD11c+ DCs are crucial for the switch from MAdCAM-1 to MECA79/PNAd expression during neonatal development of peripheral LNs (104). Consequently, due to the reduced HEV ability to recruit lymphocytes into the LN, LN size and cellularity was reduced (68).

Observations of DC-LAMP+ mature DCs in close proximity of TU-HEVs in human breast cancer and melanoma tissue led to the initial proposition that DCs may also regulate HEVs in cancer (74, 105, 106) (Figure 2). Nevertheless, most of the studies in mouse tumor models point to a more predominant role of lymphocytes. Spontaneous HEVs did not occur in B16-OVA tumors grown in Rag2-/- mice, lacking B and T lymphocytes but appeared when Rag2-/- mice were reconstituted with CD8 T cells before tumor implantation (99). Similarly, CD3 and CD8 T cell depletion led to a reduction of TU-HEV frequency and lymphocyte infiltrates in the pancreatic RIP1-Tag5 and a methylcholanthrene-induced fibrosarcoma tumor models (107, 108). The role of CD8 T cells as critical inducers of TU-HEV formation is further underscored by the observation that depletion of immunosuppressive CD4 T regulatory (Treg) cells renders tumors permissive to TU-HEV and TU-TLS neogenesis (108–110) (Figure 2). Noteworthy, FoxP3+Treg cell depletion with DTX using the FoxP3-DTR system, also disrupted the physiological LN-HEV network (108). DCs were, however, not required to form HEVs in Treg-depleted fibrosarcomas because HEVs were unaffected upon DC depletion (108). Although CD11c is a marker traditionally associated with pan-DCs, the expression of CD11c often overlaps in macrophages and DCs in non-lymphoid tissues (111). Therefore, the depletion of CD11c+ cells in the before-mentioned study may not be restricted to the intratumoral DCs. So far, it remains unknown whether Tregs may directly suppress HEV neogenesis by interacting with tumor endothelial cells or indirectly by inhibiting CD4 and CD8 lymphocytes and creating an immunosuppressive environment.




Figure 2 | Mechanisms of TU-HEV formation and maintenance. Several treatment regimens in mouse model studies have demonstrated the transition from TU-ECs to TU-HECs expressing PNAd; including 1- the combination of anti-VEGFR2 anti-angiogenic therapy with anti-PD-L1 immunotherapy, 2- the single activation of the LTβR axis with LTβR agonists, 3- the triple combination of anti-VEGFR2 anti-angiogenic therapy with anti-PD-L1 immunotherapy and LTβR agonists, 4- the triple combination of anti-VEGFR2 anti-angiogenic therapy with anti-PD1 immunotherapy and Myct1 siRNA-mediated silencing, 5- engineered EC-specific VTP peptides expressing LIGHT and 6- fusion protein antibodies delivering LTα to the tumors (antibody-LTα fusion protein). TU-HECs are regulated by specific immune cell types and signaling cues within the tumor microenvironment; including 1- CD3+/CD8+ T cells via TNFα, LTα3 and IFNγ, 2- FoxP3+ Tregs that either directly regulate PNAd expression or indirectly by exerting an immune-suppressive effect on CD3+CD8+ T cells, 3- NK cells via LTα3 and IFNγ, 4- CD11c+ DC-LAMP+ DCs via membrane-bound LTα1β2, 4- LIGHT-induced CD68+ macrophages via TNFα and 5- GR1+ neutrophils. TU-EC, tumoral endothelial cell; TU-HEC, tumoral high endothelial cell; PNAd, peripheral node addressin; DC, dendritic cell; NK, Natural Killer cell.



Although lymphocytes appear to be the main regulators of TU-HEV neogenesis, innate immune cells have also been proposed as potential candidates (107, 112). Particularly, CD68+ macrophages have also been shown to facilitate TU-HEV formation in the Rip1Tag5 tumor model by producing the TNF receptor ligands TNFα and LTα (107). Moreover, in a Kras (G12D)-driven mouse model of lung cancer, the depletion of GR1+ neutrophils increased the intensity of MECA79 staining in CD31+ ECs, indicating that Gr1+ neutrophils are negative regulators of TU-HEVs (112) (Figure 2).

What are then the signaling pathways in ECs that instigate HEV formation in tumors? So far, it appears that the signaling cues and mechanisms involved in LN-HEV formation are also involved in tumoral HEV neogenesis. Several studies point to the lymphotoxin (LIGHT, LTα1β2)/LTβR pathway as the prevailing signaling cue in inducing TU-HEVs. Treatment with the LTβR agonist or the LTβR ligand LIGHT, which had been targeted to the tumor vasculature by fusing it to a vascular zip code peptide, induced MECA79+ HEVs in various mouse tumor models, including those of breast cancer, neuroendocrine pancreatic tumors, and glioblastomas (107, 113–115).

Important to note is that anti-angiogenic immunotherapy in the form of anti-VEGF plus anti-PDL1 induced the noncanonical LTβR pathway in ECs of breast and pancreatic endocrine tumors, which enabled HEV formation, enhanced lymphocyte infiltration, and prolonged survival of tumor-bearing mice (113). The addition of agonistic LTβR antibodies to anti-VEGF plus anti-PDL1 therapy, thus fully activating the LTβR signaling cues, further increased HEV numbers and maturation in breast and pancreatic cancer and sensitized glioblastoma to the therapy. Combination treatment with LTβR antagonists, however, reversed these effects (113, 114) (Figure 2).

Further, TNFR1 stimulation via TNFα or LTα3 seems to be accountable for spontaneous TU-HEV formation independent of LTβR. While LTβR-Ig blockade did not alter spontaneous HEVs in B16-OVA melanomas, HEVs were absent in these tumors when grown in TNFR1/2-/- mice or Rag2-/- mice replenished with LTα-/- CD8 T cells (99). In a carcinogen-induced fibrosarcoma model, Treg depletion increased numbers, proliferation, and activation of TNFα-producing intratumoral CD8+ T cells, which then induced the formation of intratumoral HEVs in a TNFR-dependent manner. Blockade of TNFR with TNFRII.Ig, anti-TNF antibodies, or via anti-LTα treatment reduced TU-HEV areas specifically in Treg-depleted fibrosarcomas, while LTbR-Ig had no effect (108). Targeting an LTα fusion protein to the tumor site has been shown to be another strategy to successfully induce MECA79+ HEVs and lymphoid aggregates in the tumor microenvironment. In this study, electron microscopy observations confirmed the HEV morphology of around 30% of the blood vessels. Moreover, the therapy was efficient in eradicating subcutaneous B78-D14 melanomas and their established pulmonary metastases (116). These observations are in line with a study conducted in chronic inflammation where the transgenic expression of LTα under the control of a rat insulin promoter generated structures resembling lymph nodes concerning the cellular composition and HEV detection (117).

Another potential signaling molecule involved in HEV formation is IFNγ produced by NK cells and T cells because it stimulates the expression of the CXCR3 ligands CXCL9 and CXCL10, and the CCR7 ligand CCL21 as well as ICAM-1 in ECs, which all together induce T cell recruitment and infiltration (118). Although IFNγ is not sufficient to directly induce HEV neogenesis (99), it may have supporting functions in instigating TU-HEVs by increasing lymphocyte influx. This may have important implications because the signaling pathways described above, induce vessel normalization. During this process, excessive immature tumor vessels become pruned, lymphocyte adhesion molecules increase, and pericytes align more closely to and stabilize the vasculature which leads to enhanced blood flow and T-cell infiltration. Vessel-targeted LIGHT normalized blood vessels in murine primary tumors and metastases (107, 114, 115, 119) and antiangiogenic therapy, alone and in combination with checkpoint blockade induced vessel normalization and boosted by further activation of the LTβR signaling using a LTβR agonistic antibody (113). In addition, a recent study has shown that genetic deletion of Myct1, a direct target gene of ETV2, was sufficient to normalize tumor vessels and induce TU-HEV formation in subcutaneous sarcoma, concomitant with antitumoral immunity. Myct1 deletion combined with immunotherapy was successful in increasing long-term survival in anti-PD1 refractory breast cancer model (120).

Thus, although it remains obscure whether vessel normalization is a prerequisite for HEV formation, it is tempting to speculate that vessel normalization in tumors is a trigger to enhance lymphocyte infiltration which in certain areas reaches a signaling threshold that could lead to HEV neogenesis.

What these studies also reveal is that the complex process of TU-HEV development likely involves multiple pathways and signals, and requires further investigation. It is plausible that a process similar to the proposed two-step differentiation model of HEV formation in chronic inflammation, may take place. In accordance with this model, TNFR1 is required in the initial stages of chronic inflammation and induces flat MECA79+ blood vessels, whereas the LTβR pathway is involved for the additional maturation and acquisition of a fully mature HEV phenotype (121, 122).



Do Tumoral HEVs Generate Specific Immune-Reactive Centers?

Naïve T cells are thought to become primed and activated by tumor antigen-presenting DCs, expand and differentiate in the tumor-draining lymph node, also referred to as sentinel LN, from which they home to the tumor site (123).

Interestingly, analysis of T cell clonality and homing indicate that TU-HEVs can facilitate infiltration of naïve T cells via the selectin L/CD62L axis into the tumor (99, 116). T cell activation, therefore, not only occurs in the sentinel LN, but may also take place at the tumor site (22, 116, 124). The recruitment of naïve T cells into the tumor, bypassing the activation in the sentinel LN, may help to speed up and favor the generation of an in situ antitumoral response but also requires antigen presentation by DCs and other APCs for T cell activation (125). Congruently, TLSs have been shown to facilitate interactions between T cells and tumor-antigen-presenting CD11c+ DCs in a genetically engineered mouse model of lung adenocarcinoma. Staining of γ-tubulin (a marker of the microtubule-organizing center [MTOC]) depicted immunological synapses between DCs and CD8 T cells, in the tumors, which in turn upregulated the early activation marker (CD69) and became proliferative (109). The concept that naïve T cells may be educated within the tumor has also been observed in human tumors. Mature LAMP+ DCs closely associated with CD3 T-cells have been identified in juxtaposition to TU-HEVs in human breast cancer (74). Importantly, dense aggregates of MHC-II+ APCs and CD8 T cells have been identified in human renal cell carcinomas (RCC). These niches contain TCF1+PD1+stem-like CD8 T-cells that undergo slow self-renewal and give rise to terminally differentiated CD8 T cells. They provide the proliferative burst and thereby foster the antitumoral immune response seen after anti-PD1-immunotherapy (126, 127). Interestingly, these T cell-enriched nests appear to be active immune centers that closely resembled the extrafollicular regions of the lymph node and were quite distinct from the typical B cell-enriched-identified TLSs found in RCCs which did not exhibit closely interacting DCs and T cells (126). Whether TU-HEVs are also an integral part of these APC niches remains to be investigated.

Besides therapeutically exploiting TU-HEVs as lymphocyte gateways, they also offer a “route” to deliver chemotherapeutic agents. One of the key features of the pancreatic ductal adenocarcinoma (PDAC) is the dense and poor vascularized microenvironment which limits the penetrance of drugs to the site of the tumor. TU-HEVs have been identified in the stroma of human PDAC implanted in a humanized mouse model (84). Targeting TU-HEVs with MECA79-Taxol-nanoparticles has been shown to improve efficacy in delivering Paclitaxel to the tumor, resulting in tumor growth inhibition (84). Similarly, in preclinical models of breast as well as pancreatic tumors, an antibody (MHA112)-based strategy has been used to directly deliver the chemotherapeutic agent to tumors via targeting of TU-HEVs (128). Given these results, combining HEV-inducing strategies with HEV-specific deliverables of chemotherapeutical agents may represent a synergistic approach for future cancer therapy.




HEV Alterations in Sentinel LNS

LNs are critical for immune surveillance, providing a highly organized hub to obtain optimal conditions for naïve lymphocytes to interact with APCs. In response to certain stimuli such as infection and inflammation, the draining LNs undergo considerable expansion, known as lymphadenopathy, to accommodate the increased need of lymphocyte priming. This process is characterized by increased blood flow and lymphocyte trafficking while the lymphocyte exit via lymphatics is temporarily blocked (129–131). These changes increase the probability of antigen presentation and ensure the initiation of the appropriate antigen-specific immunity. LN expansion is orchestrated by transient LN-vasculature remodeling. Upon inflammation, HEVs quickly expand by undergoing clonal proliferation of a putative progenitor cell and succumb upon cessation of inflammation to return to their homeostatic stage (132). LN-HEV plasticity and remodeling upon inflammation are controlled by extensive reprogramming and have been comprehensively investigated at the transcriptional level (59).

Sentinel LNs are considered the major site at which the anti-tumoral immunity is initiated, but they also represent a privileged site for cancer cell dissemination (133) (Figure 3).




Figure 3 | Remodeling of LN-HEVs during cancer metastasis. (A) Metastasis is a stepwise process leading to the dissemination of cancer cells from the primary tumor towards preferential metastatic sites. Most commonly, metastatic cancer cells use the lymphatic system to exit the primary tumor, reach a proximal sentinel LN, circulate into adjacent LNs and eventually drain from the thoracic duct into the systemic venous system, thus spreading towards metastatic sites (e.g., lungs). Metastatic tumor cells in the LN parenchyma can also directly intravasate into the bloodstream via LN-HEVs and disseminate towards metastatic sites. (B) This alternative route involves an important remodeling of the sentinel LN already at the pre-metastatic stage, in preparation for the arrival of cancer cells. Overall, the sentinel LN expands, as evidenced by 1- expanded T and B cell compartments in the paracortex and cortex, respectively, and by 2- an extensive lymphangiogenesis. Importantly, HEVs are remodeled as 1- HECs switch to a PNAdlow flat phenotype with thin-walled basal lamina and enlarged lumens filled with numerous RBCs, and 2- CCL21 expression is dysregulated in FRCs, suggesting impaired lymphocyte-recruiting functions of sentinel LN-HEVs. Whether tumor cells from the primary site secrete specific factors preparing this pre-metastatic niche prior to their circulation into the sentinel LN remains to be elucidated. Altogether, the expanded sentinel LN and remodeled HEVs allow the direct spreading of cancer cells from afferent lymphatics into the venous bloodstream during the metastatic stage. LN, lymph node; HEV, high endothelial venule; HEC, high endothelial cell; RBC, red blood cell; FRC, fibroblastic reticular cell.



Similar to inflamed LNs, sentinel LNs also undergo vascular remodeling (88, 134–137). Sentinel LN-HEVs often show dramatic morphological changes, shifting from thick-walled blood vessels with a small lumen to a thin-walled vasculature with an enlarged lumen and abundant red blood cells (RBC). Moreover, HEVs of sentinel LNs can display loss in PNAd/MECA79 expression in association with dysregulation of CCL21 in perivascular FRCs (134–136). Given the importance of PNAd and CCL21 in the recruitment remodeling of naïve T cells and initiation of the adaptive response, the dysregulation of these components in sentinel LNs may indicate impaired LN functionality.

Noteworthy, experiments in nude mice have shown that these dramatic changes occur only in tumor-reactive LNs and not in endotoxin-induced lymphadenopathy, indicating that the mechanism of vascular reorganization in sentinel LN may differ from that of inflammatory-reactive LNs. Importantly, these studies have also shown that T cells are not the major players in the vascular remodeling of sentinel LN (135).

HEV abnormality has been observed in sentinel LNs of breast cancer, melanoma, and squamous cell cancer patients (88, 134–137). As these modifications occur before detection of metastatic cancer cells in the sentinel LN (135, 136), it is conceivable that tumor-emanating factors induce LN-HEV alterations to establish a pre-metastatic niche permissive for tumor cells. One could also speculate that the presence of enlarged HEV lumen engorged with RBC, could enhance oxygen and nutrient delivery for arriving cancer cells.

The majority of cancers invade the sentinel LN via lymphatic vessels before spreading to distant organs (138). Until recently, it was expected that metastatic cancer cells would also leave the LN through the efferent lymphatic vessels, the LNs of higher echelons, and the thoracic duct (139) (Figure 3). However, two recent seminal studies in mice have revealed that cancer cell dissemination can occur through the LN-HEVs by intravital microscopy. In the first study, murine 4T1 breast cancer cells intra-lymphatically infused into the subcapsular sinus of pLNs, migrated towards the LN center, then localized around HEVs, transmigrated through HEVs, and subsequently disseminated into the lungs. Importantly, lymphatic ligation did not compromise the capability of cancer cells to colonize the distal organs (140). Similar results were obtained in the second study, in which, using time-lapse multiphoton intravital microscopy, the photo-converted metastatic cancer cells were first seen in the subcapsular sinus and later invaded the cortex of the LN where they transmigrated into HEV+ vessels. Metastatic cancer cells were then eventually detected in the systemic blood circulation and in the lungs (141).

Overall, these experimental studies revealed that LN-HEVs serve as a gateway not only for lymphocyte trafficking into the LN but can also enable tumor cell intravasation into the bloodstream. Concomitantly, HEV alterations into flattened, dilated blood vessels occur that have lost their morphological and likely functional properties and may likely be induced by the tumor. To this end, the implication of tumor-emanating factors in HEV remodeling in the premetastatic niche in LNs is unknown (Figure 3). In addition, whether tumor cell dissemination in human LNs also occurs through HEVs, remains to be clarified, but substantial LN-HEV remodeling preceding LN metastasis has also been shown in human breast cancer patients (136). The premetastatic LN alterations also provide an opportunity for identifying biomarkers of vascular changes in sentinel LNs that could be used to predict disease progression in human cancer (136).



Concluding Remarks and Future Directions

Since sufficient infiltration of intratumoral T cell effector cells in malignant lesions is a major hurdle in anti-cancer immunotherapy (11, 142), therapeutic induction of HEVs represents a compelling approach to boost effective transmigration of lymphocytes into the tumor. This may increase the benefits of immune checkpoint blockade and improve cell-based immunotherapies using chimeric antigen receptor (CAR) T cells in solid tumors. An additional and specific advantage of therapeutic HEV induction may be the creation of immune-reactive niches that spurt T cell activation and differentiation and replace exhausted and dysfunctional effector T cells.

Although these are tantalizing concepts, they also raise several questions about the tumor-specific ontogeny, regulation, and function of HEVs. Studies in mouse tumor models have provided the first insight into the cellular and molecular regulators of HEV formation and maintenance, partly resembling those of LN-HEVs and partly depicting disparities. The varying degrees of HEV morphology in tumors may also affect HEV functionality, as shown in sentinel LNs, raising concerns about the implication of HEVs in recruiting tolerance-promoting lymphocytes in tumors. Indeed, TLSs are correlated with a worse prognosis in some tumor types, including hepatocellular carcinomas, RCC lung metastases, and head and neck cancer, although the reasons are unknown (22, 143, 144).

An accumulation of Tregs has been observed in TLSs of a lung cancer mouse model (109). However, Treg depletion enhanced HEVs and improved an immune response in these tumors (109), as also observed in fibrosarcoma (108). Recent single-cell transcriptomic analyses of homeostatic and inflamed LNs (59, 145) have provided a specific transcriptional signature of LN-HEVs that has shed some light on LN-HEV-specific signals (146). Comparing transcriptomics between LN-HEVs and TU-HEVs will be important to inform about general and tumor-specific HEV characteristics and functions. To this end, HEV development in LNs and in tumors remains obscure. When LNs become inflamed and enlarged, HEVs quickly expand in part by progenitor cell propagation but by what means HEVs arise from tumor endothelial cells and expand is unknown. Such knowledge, however, will be crucial to therapeutically switch on and off HEV formation in a controlled manner in malignant lesions to avoid potential autoimmune reactions.

Finally, in situ HEV model systems can help to dissect the cellular and molecular circuits controlling TU-HEV neogenesis. To date, nonetheless, HEVs cannot be cultured and maintained ex vivo, thus rendering mechanistic analyses difficult. Indeed, several attempts to culture purified HEV-ECs have failed due to a rapid loss of their unique features once plated as monolayers suggesting the necessity of additional cell types, factors and specific growth conditions (147–150). One attractive model system may be bona fide vascular organoids that have been successfully generated from human ES cells and fully recapitulate the heterogeneity and functionality of vessels in vitro and in vivo upon transplantation (151–153). Other systems involve microfluidics (154) or EC reprogramming (155) which could serve as more relevant platforms to induce and maintain HEV ex vivo.

High endothelial venules display a unique specialization of blood endothelial cells and due to their explicit interaction with lymphocytes, only arise in specific lymphoid organs during development. The fact that they can also ectopically develop in non-lymphoid organs during chronic (tumor) inflammation in the adult is again linked to their intimate relationship with lymphocytes, which may go far beyond mere lymphocyte transportation. Looking into the future, further investigations of TU-HEV blood vessels are timely to better comprehend their nature and functionality because enabling their therapeutic induction in tumors offers promising avenues, not only for immunotherapies, but also for other types of cancer treatment.
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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.
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In the light of the success and the expected growth of its arsenal, immuno-therapy may become the standard neoadjuvant procedure for many cancers in the near future. However, aspects such as the identity, organization and the activation status of the peri- and intra-tumoral immune cells would represent important elements to weigh in the decision for the appropriate treatment. While important progress in non-invasive imaging of immune cells has been made over the last decades, it falls yet short of entering the clinics, let alone becoming a standard procedure. Here, we provide an overview of the different intra-vital imaging approaches in the clinics and in pre-clinical settings and discuss their benefits and drawbacks for assessing the activity of the immune system, globally and on a cellular level. Stimulated by further research, the future is likely to see many technological advances both on signal detection and emission as well as image specificity and resolution to tackle current hurdles. We anticipate that the ability to precisely determine an immune stage of cancer will capture the attention of the oncologist and will create a change in paradigm for cancer therapy.
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Introduction

The success of immune checkpoint blockade has initiated a shift in the way we view the relationship between the immune system and cancer. The immune system is no longer seen as the underdog in an unequal duel with cancer but increasingly as a powerful system, potentially capable of fighting and even eradicating tumor cells. While formerly relatively little attention has been paid to the immune system in cancer therapy, it has now been recognized to provide precious information regarding tumor staging and to present a serious therapeutic option, in particular when amplified after releasing it from immune-checkpoint blockades. This raises the question of preserving rather than resecting the local immune tissues, especially the sentinel lymph node, where many critical immune-stimulatory and modulatory processes take place. Along the same lines, preserving and amplifying existing intra-tumoral immune cells, structured or not as tertiary lymphoid tissue may benefit patients in the long run. However, this depends on an accurate means to non-invasively estimate the activity of the immune system in order to make the right choice between resection, chemotherapy and/or immune stimulatory treatment. Over the last decade, efforts to image precisely and specifically tissue and tissue-resident single cell-types have greatly accelerated so that the capacity to accurately visualize immune cells in vivo becomes reality (1). These technologies have seen applications to observe lymph nodes, especially its architecture and the presence of micro-metastasis, with further clinical applications including pre-operative guidance for selected lymph node resection. Intra-vital imaging techniques are being refined for direct antitumor therapy and will provide the basis for further development towards pre-operative immune cell imaging (2). Here, we review the current approaches for in vivo imaging in clinical and pre-clinical settings and how these technologies and methods could pave the way to intra-vital imaging of immune cells to guide oncologists in the choice of the best treatment option.



Lymph Node Imaging in the Clinics

The spatial resolution of standard imaging modalities does not enable the direct visualization of immune cells. However, a variety of conventional imaging techniques (e.g., lymphography, ultrasound, computed tomography, magnetic resonance imaging and positron emission tomography) may be used to detect and visualize normal and pathological human lymph nodes  (Table 1). For instance, lymphography has been widely used to image the lymph nodes and the lymphatic system (3). This technique bears the unique ability to demonstrate changes in the internal architecture of lymph nodes (with normal nodes appearing homogeneous with a fine granularity owing to the opacification of the sinus and the non-opacification of the lymphoid follicles) especially useful in pathological nodes such as in hemopathies (e.g. lymphomas) and/or genitourinary cancers. Similarly, ultrasound (US) has been extensively used to detect superficial lymph nodes and guide needle biopsies. It provides a real-time, radiation-free, access to the lymph node substructure, visualizing micro-metastasis (0.2 - 2 mm) as well as inflammatory changes within the node, resulting from either tissue inflammation or metastatic invasion (4–6). On US, inflamed lymph nodes usually present with increased size (small axis >10 mm), a thicker cortex and increased vascular flow (using Doppler mode). Such findings are not specific and it may sometimes be difficult to differentiate inflamed nodes from metastatic ones. The use of microbubble-based contrast agent, Doppler imaging (with blood flow velocity measures of microvascular network) and elastrography (using tissue stiffness) improved the US-detection of lymph node metastasis and the distinction between malignant (harder) and benign (softer) nodes (4–6). However, US is observer-dependent, limited by the depth of tissue penetration and subject to air/bone artifacts. Presently, routine lymph node imaging relies on multimodal imaging by CT (computed tomography), PET (positron emission tomography) and/or MRI (magnetic resonance imaging), which are free from limitations imposed by the type of surrounding tissue and the depth of exploration. Validated morpho-functional criteria applied to the node (i.e., small axis > 10mm, presence of necrosis, round shape) are used to detect metastasis on imaging (8, 13). Unfortunately, all techniques reveal several limitations (Table 1). For instance, due to their current spatial resolution and acquisition time, CT, PET and MRI are currently insufficient to detect micro-metastasis (< 2 mm), which can be an issue for the accurate preoperative staging of cancers. Additionally, they fail to provides architectural information on the lymph nodes, and CT mostly reveals changes in nodal size. Yet, enlargement of the organ may be secondary to a metastatic invasion, inflammation and/or follicular hyperplasia (9). Therefore, evaluation of lymph node size or shape is no longer sufficient and more functional approaches are required. For instance, metastatic lymph nodes present with restricted diffusion on MRI and lower rADC (apparent diffusion coefficient ratio) than inflammatory ones (21). Additionally, [18F] Fluorodeoxyglucose ([18F] FDG) uptake on PET appears more sensitive and more specific than restricted diffusion on MRI to detect metastatic nodes (14). Similarly, dual-energy CT techniques have been used to differentiate between normal, inflammatory and metastatic lymph nodes in cervical squamous cell carcinoma (10). Unfortunately, despite constant progress, the current imaging approaches remain limited to lymph nodes and have not yet reached the cellular level.


Table 1 | Critical assessment of the imaging modalities for intravital immune assessment.





From Lymphatic Tissue to Immune Cells

Pre-clinical in vivo micro-imaging techniques offer superior technical possibilities compared to current human imaging modalities because of i) the immobility of the studied specimen (e.g., ex vivo lymph node, anesthetized animal), ii) higher spatial resolutions (e.g., special coils, higher frequency probes or higher magnetic fields) and the possible use of novel contrast-agents, not approved for clinical use. Pre-clinical multimodal imaging, especially in mice, progressed from a macroscopic lymph node-centered approach to a cellular and functionally-driven aspect of imaging. For instance, the introduction of gold-nanoparticles (AuNPs) as CT contrast agent allows the detection of T cells (11) or monocytes (12). Concerning MRI, an ex vivo study on a limited number of samples of normal and metastatic lymph nodes produced a series of images of the node substructure and metastatic changes that presented a good correlation with the corresponding histological slides, using very high sub-millimetric spatial resolution and longer scanning time (22). Additionally, cell-specific imaging approaches make use of contrast or tracer agents to label and track cells after their intravenous injection (23, 24). Similarly, Magnetic particle imaging (MPI) of superparamagnetic iron oxide SPIO nanoparticles are promising, with new cell-specific applications awaiting further development (25–27). Recently, large progress has been made in immuno-imaging with the development of new probes targeting endogenous immune cells for PET or SPECT (single-photon emission computed tomography) and a large toolbox of lymphocyte and myeloid cell-targeting antibodies is becoming available (15). Molecular imaging has a pivotal role to visualize immune cells, such as the different immune cells and structures in the tumor microenvironment. Several advances within PET imaging of immune checkpoint blockade (e.g., PD-L1, PD-1) and CD8 have been evaluated on animal models and are now finding their way to the clinics. For instance, site-specific immune-PET tracers (64Cu-NOTA-αPD-L1 or 68Ga-NOTA-Nb109) has been developed to image PD-L1 and PD1 (68Ga-DOTA-HACA-PD1) (16–18). Additionally, specific immune-PET tracers for endogenous CD8 imaging have also been developed (19) and one of them (89Zr-IAB22M2C) is currently undergoing a human phase I clinical trial (20). Similarly, the tumor-associated-macrophages localized in a tumor microenvironment that can represent up to 50% of a tumor mass can now be visualized using macrophage-directed radiotracers in PET (e.g., using 64 Cu-labeled polyglucose nanoparticles) and MRI (28, 29). The non-invasive detection of tumor-associated-macrophages appears promising to monitor cancer immunotherapies, especially when combined with iron oxide nanoparticles, emerging as a novel prognostic assay for more refined patient stratification and personalized therapeutic choices (30).

Alternative imaging systems have been developed. Here, the challenges are specificity, sensitivity and penetrance that preclude so-far the dominance of one particular imaging approach (Table 1). Optoacoustic or photoacoustic tomography (PA) is based on the generation of an acoustic wave resulting from the absorption of optical energy and combines optical contrast and high ultrasonic resolution in a single modality (31). It has a spatial resolution of less than 5 µm and higher imaging depth than US. PA combined with ultrasound proved useful to image sentinel lymph node metastasis in vivo in a rabbit compared to histology (7). Using multi-wavelength measurements and the hemoglobin as endogenous contrast agent, venous and arterial blood flow can be imaged. Multispectral optoacoustic tomography (MSOT) offers the possibility of simultaneously imaging cell-specific signals with high tissue penetration. Near infrared (NIR) fluorescent dyes, such as indocyanine green, widely used in angiography, can detect immune cells such as macrophages in mice (41). AuNPs have seen increased use as contrast agents for PA with the advantage of different absorption spectra and multiplex targeting moieties (32). Coupled to tumor cell-specific antibodies, they allow simultaneous detection of different tumor cells (33) and antigen delivery to dendritic cells (34). NIR excitation combined with photoacoustics efficiently tracks T cells in mouse tumor models (35). Optical coherence tomography (OCT) uses interference of light rather than the sound exploited in US to generate two-dimensional cross-sectional images. Although its resolution is higher than US, it suffers from a low (~1-2 mm) penetration depth. Small lymph nodes such as those of rodents can be entirely analyzed, whereas the analysis of the larger human lymph nodes is restricted to its periphery (36–38). A means to overcome this constraint is to minimize the imaging probe to the size of a needle allowing tissue-imaging biopsies. Thus, internal human nodal B cell follicles and germinal centers can be observed (39) making it in theory possible to detect intra-tumoral tertiary lymphoid structures. Because of lack of molecular sensitivity, there have been efforts to combine OCT with fluorescence detection systems (40).

Analogous to radioisotopes or contrast NPs, various optical tags such as fluorescent dyes can be used to observe cells in vivo. Fluorescence imaging is well established for superficial investigations, but at the generally-employed wavelengths (from 450 nm [ultraviolet] to 650 nm [visible]) the strong interaction between the photon and the tissue that it traverses causes image inaccuracy. Photon scattering is therefore dependent on wavelength, tissue optical properties and depth of imaging (42). Confocal and multiphoton microscopy have greatly improved image resolution, with depth reaching several hundreds of µm. Further improvements were made with selective plane illumination microscopy (light sheet) and optical clearing of tissue allowing a depth of up to 2 mm. These improvements are welcomed in research laboratories but are unlikely to see clinical pre-operative applications. More promising are fluorophores with excitation and emission spectra in the NIR wavelength range (700–900 nm) or the second NIR range (up to 1700 nm) owing to their improved depth penetration (43). The cancer-cell targeting antibody recognizing EGFR (Cetuximab) coupled to IRDye800CW allows the visualization of tumor margins and the identification of lymph nodes with micro-metastasis (44, 45). Other therapeutic antibodies are undergoing repurposing with fluorescent dyes (46). In pre-clinical models, myeloid cells were detected using dual NIR imaging with NPs coupled to anti-Gr-1 and to anti-CD11b antibodies (47). Likewise, the use of anti-CD5 and anti-CD20 antibodies, coupled to NIR emitting NPs allowed the detection of CD5+ CD20+ mantle cell lymphoma (48).



A Fine Line Between Imaging and Therapeutics: Theranostics/Theragnostics

Before fluorescence is applied to the detection of specific immune cells in vivo, hurdles such as the toxicity of fluorophores and the feasibility of imaging instrumentation must be taken. In this context, photoactivated therapy for directed cancer treatment should be considered. Several NPs used for imaging present themselves intrinsic cytotoxicity by liberating - upon illumination - reactive oxygen species (PDT, Photo-Dynamic Therapy), bioactive chemicals (Photo-Activated Chemotherapy, PACT), or even heat (Photo-Thermal Therapy, PTT) (49–51). Hence, these bifunctional NPs are valuable tools to simultaneously treat and assess treatment efficacy by visualizing the tumor or the immune cells. This combined approach defines the concept of theranostics. The NPs used for theranostics are of multiple sorts that can be categorized into at least two types based on the principal constituent: either purely organic or containing one or multiple metals (such as silica, zinc, gold, or ruthenium) (52, 53). The metal present in the NPs can either function as structural support for light-emitting compounds or for bioactive molecules. It can also be exploited for its intrinsic physicochemical properties. For instance, in PDT, light-sensitive transition metals, such as ruthenium, can change their peripheral electronic content to generate reactive oxygen species after reacting with O2. The reactive oxygen species degrade several intracellular biological macromolecules, including DNA (54). Besides directly inducing cancer cell death by apoptosis, PDT can produce danger signals that recruit and activate cytotoxic immune cells (55). Indeed, PLGA-PEG NPs stimulate the accumulation of myeloid cells within the tumor microenvironment (56). This opens interesting opportunities to assess immune cell localization within the tumors while releasing compounds capable of recruiting and activating immune cells with antitumor activity. For PACT, bioactive ligands are liberated from the bond with the metal core to stimulate immune cells or directly kill cancer cells. Similar to the NPs that are used in diagnostics, the NPs with therapeutic properties can be functionalized for targeting specifically the tumors or infiltrating cells by using antibodies or other bioactive molecules (57). So far, only a limited number of tumors are targeted by these light-induced therapies, such as head and neck cancer, melanoma and bladder cancers. A better translation of theranostics from the pre-clinical stage to the clinic is likely to depend on the ability of NPs to be activated within the tissues. In line with the trend seen in imaging, the development of NPs for theranostics is moving toward the conception of NIR-sensitive compounds. Other innovative strategies include self-illuminating NPs that would avoid the requirement of external illumination while auto-generating light for PDT and imaging (58). Another complexing factor is the choice of the necessity of oxygen within the tumor for PDT and the choice of the target when considering the development of targeted NPs using monoclonal antibodies.



Outlook and Challenges

The imaging of immune entities, such as different immune cells and structures in the tumor microenvironment represents an area of molecular imaging that has a pivotal role for the development of personalized and modern medicine. With the rise of immunotherapy for cancer treatment, one of the main issues on imaging is the enlargement of tumors related to the infiltration of the tumor microenvironment by immune cells that may be misinterpreted for tumor progression due to cancer growth (especially as both cases would show increased [18F]-FDG uptake on PET). Therefore, the non-invasive molecular imaging approaches of different immune cell subtypes would represent a change of paradigm, especially in the era of immunotherapy and personalized medicine (59). While cutting-edge non-invasive imaging modalities, coupled to contrast agents with optimized cell specificity had been restricted to pre-clinical tests for years, they are now mature and are likely to reach the routine clinic in the near future. These include specific PET radiotracers for the immune checkpoint blockade or CD8/TAM that can be of crucial help for assessing the immune status of tumors and help select the patients who have the highest probability to respond to immunotherapy. Challenges will be to control cell toxicity in a way to avoid adverse effects, while preserving the option of targeted cell death for direct tumor destruction and to create inflammation. Another issue will be to refine the measures in a way to allow the distinction between pro- versus anti-inflammatory immune cell infiltration. The direct way to tackle this difficulty would be to distinguish between cell types such as M1 versus M2 macrophages or the release of inflammatory mediators such as IFN-γ, TNF-α or IL-1 versus anti-inflammatory IL-10 or TGF-β. An alternative, probably technically less challenging, could be to consider not only the number but also the localization of the immune cells. Their tumor-peripheral residence is likely characteristic of an inactive immune system and an ability of the tumor to resist immune attack, while an infiltrated tumor translates to an active immune cell response. To take this further, the presence of tertiary lymphoid structures comprising a large variety of hematopoietic cells including B cells in an organized fashion would suggest a chronic inflammatory and a potent anti-tumoral activity. In this general context of questioning anti- versus pro-inflammatory immune cell activity, it is important to also consider the draining lymph node. A pro-inflammatory immune cell activity in the tumor will necessarily translate into active draining lymph nodes characterized by increased size, rich immune cell traffic and extensive vascularization. All things considered, by bringing the immune cell into the foreground of the oncologist’s attention new diagnostic and therapeutic possibilities will certainly emerge. Molecular imaging and nanomedicine will probably help to improve the cancer patient management, for improved patient stratification for a more personalized care, providing a novel axis of success that has the potential to revolutionize cancer immunotherapy.



Author Contributions

All authors contributed to the article and approved the submitted version.



Funding

CM acknowledges the support by grants 10-IDEX-0002, 20-SFRI-0012, 11-EQPX-022, ANR-20-CE93-0006 and ANR-19-CE14-0021-02. AV is supported by French state funds managed within the “Plan Investissements d’Avenir” and by the ANR (ANR-10-IAHU-02). CG is CNRS scientist supported by grants Ligue Contre le Cancer, Strasbourg university IDEX-excellence, ITMO Cancer (TPDTRu), ITMO Cancer (HNCARTMOL), ANR-10-IDEX-0002, ANR-20-SFRI-0012, PHC-Proteus (44234XC), Alsace Contre le Cancer, ECOS-Nord (M15PS01).



Acknowledgments

We thank Alain Jung, ICANS, Strasbourg for critical reading of the manuscript.



References

1. McCarthy, CE, White, JM, Viola, NT, and Gibson, HM. In Vivo Imaging Technologies to Monitor the Immune System. Front Immunol (2020) 11:1067. doi: 10.3389/fimmu.2020.01067

2. Abadjian, MZ, Edwards, WB, and Anderson, CJ. Imaging the Tumor Microenvironment. Adv Exp Med Biol (2017) 1036:229–57. doi: 10.1007/978-3-319-67577-0_15

3. Guermazi, A, Brice, P, Hennequin, C, and Sarfati, E. Lymphography: An Old Technique Retains Its Usefulness. Radiographics: Rev Publ Radiol Soc North America Inc (2003) 23(6):1541–58. doi: 10.1148/rg.236035704

4. Saegusa-Beecroft, E, Machi, J, Mamou, J, Hata, M, Coron, A, Yanagihara, ET, et al. Three-Dimensional Quantitative Ultrasound for Detecting Lymph Node Metastases. J Surg Res (2013) 183(1):258–69. doi: 10.1016/j.jss.2012.12.017

5. Belanger, AR, Hollyfield, J, Yacovone, G, Ceppe, AS, Akulian, JA, Burks, AC, et al. Incidence and Clinical Relevance of Non-Small Cell Lung Cancer Lymph Node Micro-Metastasis Detected by Staging Endobronchial Ultrasound-Guided Transbronchial Needle Aspiration. J Thorac Dis (2019) 11(8):3650–8. doi: 10.21037/jtd.2019.05.36

6. Tucker, NS, Cyr, AE, Ademuyiwa, FO, Tabchy, A, George, K, Sharma, PK, et al. Axillary Ultrasound Accurately Excludes Clinically Significant Lymph Node Disease in Patients With Early Stage Breast Cancer. Ann Surg (2016) 264(6):1098–102. doi: 10.1097/sla.0000000000001549

7. Kang, J, Chang, JH, Kim, SM, Lee, HJ, Kim, H, Wilson, BC, et al. Real-Time Sentinel Lymph Node Biopsy Guidance Using Combined Ultrasound, Photoacoustic, Fluorescence Imaging: In Vivo Proof-of-Principle and Validation With Nodal Obstruction. Sci Rep (2017) 7:45008. doi: 10.1038/srep45008

8. Chong, V. Cervical Lymphadenopathy: What Radiologists Need to Know. Cancer Imaging: Off Publ Int Cancer Imaging Soc (2004) 4(2):116–20. doi: 10.1102/1470-7330.2004.0020

9. Studer, UE, Scherz, S, Scheidegger, J, Kraft, R, Sonntag, R, Ackermann, D, et al. Enlargement of Regional Lymph Nodes in Renal Cell Carcinoma Is Often Not Due to Metastases. J Urol (1990) 144(2 Pt 1):243–5. doi: 10.1016/s0022-5347(17)39422-3

10. Tawfik, AM, Razek, AA, Kerl, JM, Nour-Eldin, NE, Bauer, R, and Vogl, TJ. Comparison of Dual-Energy CT-Derived Iodine Content and Iodine Overlay of Normal, Inflammatory and Metastatic Squamous Cell Carcinoma Cervical Lymph Nodes. Eur Radiol (2014) 24(3):574–80. doi: 10.1007/s00330-013-3035-3

11. Meir, R, Shamalov, K, Betzer, O, Motiei, M, Horovitz-Fried, M, Yehuda, R, et al. Nanomedicine for Cancer Immunotherapy: Tracking Cancer-Specific T-Cells In Vivo With Gold Nanoparticles and CT Imaging. ACS Nano (2015) 9(6):6363–72. doi: 10.1021/acsnano.5b01939

12. Chhour, P, Naha, PC, O’Neill, SM, Litt, HI, Reilly, MP, Ferrari, VA, et al. Labeling Monocytes With Gold Nanoparticles to Track Their Recruitment in Atherosclerosis With Computed Tomography. Biomaterials (2016) 87:93–103. doi: 10.1016/j.biomaterials.2016.02.009

13. Torabi, M, Aquino, SL, and Harisinghani, MG. Current Concepts in Lymph Node Imaging. J Nucl Med: Off Publication Soc Nucl Med (2004) 45(9):1509–18.

14. Stecco, A, Buemi, F, Cassarà, A, Matheoud, R, Sacchetti, GM, Arnulfo, A, et al. Comparison of Retrospective PET and MRI-DWI (PET/MRI-DWI) Image Fusion With PET/CT and MRI-DWI in Detection of Cervical and Endometrial Cancer Lymph Node Metastases. La Radiol Med (2016) 121(7):537–45. doi: 10.1007/s11547-016-0626-5

15. Mayer, AT, and Gambhir, SS. The Immunoimaging Toolbox. J Nucl Med: Off Publication Soc Nucl Med (2018) 59(8):1174–82. doi: 10.2967/jnumed.116.185967

16. Wissler, HL, Ehlerding, EB, Lyu, Z, Zhao, Y, Zhang, S, Eshraghi, A, et al. Site-Specific Immuno-PET Tracer to Image PD-L1. Mol Pharm (2019) 16(5):2028–36. doi: 10.1021/acs.molpharmaceut.9b00010

17. Mayer, AT, Natarajan, A, Gordon, SR, Maute, RL, McCracken, MN, Ring, AM, et al. Practical Immuno-PET Radiotracer Design Considerations for Human Immune Checkpoint Imaging. J Nucl Med: Off Publication Soc Nucl Med (2017) 58(4):538–46. doi: 10.2967/jnumed.116.177659

18. Lv, G, Sun, X, Qiu, L, Sun, Y, Li, K, Liu, Q, et al. PET Imaging of Tumor PD-L1 Expression With a Highly Specific Nonblocking Single-Domain Antibody. J Nucl Med: Off Publication Soc Nucl Med (2020) 61(1):117–22. doi: 10.2967/jnumed.119.226712

19. Tavaré, R, Escuin-Ordinas, H, Mok, S, McCracken, MN, Zettlitz, KA, Salazar, FB, et al. An Effective Immuno-PET Imaging Method to Monitor CD8-Dependent Responses to Immunotherapy. Cancer Res (2016) 76(1):73–82. doi: 10.1158/0008-5472.Can-15-1707

20. Farwell, MD, Gamache, RF, Pandit-Taskar, N, Postow, M, Gordon, MS, Wilson, IA, et al. eds. CD8 PET Imaging of Tumor Infiltrating T Cells in Advanced Solid Tumors. In: Society for Immunotherapy of Cancer.

21. Wang, J, Liao, Q, Zhang, Y, Yu, C, Bai, R, and Sun, H. Differential Diagnosis of Axillary Inflammatory and Metastatic Lymph Nodes in Rabbit Models by Using Diffusion-Weighted Imaging: Compared With Conventional Magnetic Resonance Imaging. Korean J Radiol (2012) 13(4):458–66. doi: 10.3348/kjr.2012.13.4.458

22. Dashevsky, BZ, D’Alfonso, T, Sutton, EJ, Giambrone, A, Aronowitz, E, Morris, EA, et al. The Potential of High Resolution Magnetic Resonance Microscopy in the Pathologic Analysis of Resected Breast and Lymph Tissue. Sci Rep (2015) 5:17435. doi: 10.1038/srep17435

23. Ahrens, ET, and Bulte, JW. Tracking Immune Cells In Vivo Using Magnetic Resonance Imaging. Nat Rev Immunol (2013) 13(10):755–63. doi: 10.1038/nri3531

24. Zanganeh, S, Spitler, R, Hutter, G, Ho, JQ, Pauliah, M, and Mahmoudi, M. Tumor-Associated Macrophages, Nanomedicine and Imaging: The Axis of Success in the Future of Cancer Immunotherapy. Immunotherapy (2017) 9(10):819–35. doi: 10.2217/imt-2017-0041

25. Talebloo, N, Gudi, M, Robertson, N, and Wang, P. Magnetic Particle Imaging: Current Applications in Biomedical Research. J Magn Reson Imaging: JMRI (2020) 51(6):1659–68. doi: 10.1002/jmri.26875

26. Sehl, OC, Gevaert, JJ, Melo, KP, Knier, NN, and Foster, PJ. A Perspective on Cell Tracking With Magnetic Particle Imaging. Tomogr (Ann Arbor Mich) (2020) 6(4):315–24. doi: 10.18383/j.tom.2020.00043

27. Furtado, AD, Ceschin, R, Blüml, S, Mason, G, Jakacki, RI, Okada, H, et al. Neuroimaging of Peptide-Based Vaccine Therapy in Pediatric Brain Tumors: Initial Experience. Neuroimaging Clin N Am (2017) 27(1):155–66. doi: 10.1016/j.nic.2016.09.002

28. Kim, HY, Li, R, Ng, TSC, Courties, G, Rodell, CB, Prytyskach, M, et al. Quantitative Imaging of Tumor-Associated Macrophages and Their Response to Therapy Using (64)Cu-Labeled Macrin. ACS Nano (2018) 12(12):12015–29. doi: 10.1021/acsnano.8b04338

29. Yang, R, Sarkar, S, Yong, VW, and Dunn, JF. In Vivo MR Imaging of Tumor-Associated Macrophages: The Next Frontier in Cancer Imaging. Magn Reson Insights (2018) 11:1–8. doi: 10.1177/1178623x18771974

30. Mukherjee, S, Sonanini, D, Maurer, A, and Daldrup-Link, HE. The Yin and Yang of Imaging Tumor Associated Macrophages With PET and MRI. Theranostics (2019) 9(25):7730–48. doi: 10.7150/thno.37306

31. Wang, LV. Prospects of Photoacoustic Tomography. Med Phys (2008) 35(12):5758–67. doi: 10.1118/1.3013698

32. Li, W, and Chen, X. Gold Nanoparticles for Photoacoustic Imaging. Nanomed (London England) (2015) 10(2):299–320. doi: 10.2217/nnm.14.169

33. Li, PC, Wang, CR, Shieh, DB, Wei, CW, Liao, CK, Poe, C, et al. In Vivo Photoacoustic Molecular Imaging With Simultaneous Multiple Selective Targeting Using Antibody-Conjugated Gold Nanorods. Opt Express (2008) 16(23):18605–15. doi: 10.1364/oe.16.018605

34. Liang, R, Xie, J, Li, J, Wang, K, Liu, L, Gao, Y, et al. Liposomes-Coated Gold Nanocages With Antigens and Adjuvants Targeted Delivery to Dendritic Cells for Enhancing Antitumor Immune Response. Biomaterials (2017) 149:41–50. doi: 10.1016/j.biomaterials.2017.09.029

35. Zheng, S, Li, H, Lai, K, Chen, M, Fu, G, Liu, WH, et al. Noninvasive Photoacoustic and Fluorescent Tracking of Optical Dye Labeled T Cellular Activities of Diseased Sites at New Depth. J Biophotonics (2018) 11(9):e201800073. doi: 10.1002/jbio.201800073

36. Nguyen, FT, Zysk, AM, Chaney, EJ, Adie, SG, Kotynek, JG, Oliphant, UJ, et al. Optical Coherence Tomography: The Intraoperative Assessment of Lymph Nodes in Breast Cancer. IEEE Eng Med Biol Mag: Q Mag Eng Med Biol Soc (2010) 29(2):63–70. doi: 10.1109/memb.2009.935722

37. Jung, Y, Zhi, Z, and Wang, RK. Three-Dimensional Optical Imaging of Microvascular Networks Within Intact Lymph Node In Vivo. J Biomed Opt (2010) 15(5):050501. doi: 10.1117/1.3496301

38. Galanzha, EI, and Zharov, VP. Circulating Tumor Cell Detection and Capture by Photoacoustic Flow Cytometry In Vivo and Ex Vivo. Cancers (2013) 5(4):1691–738. doi: 10.3390/cancers5041691

39. Shostak, E, Hariri, LP, Cheng, GZ, Adams, DC, and Suter, MJ. Needle-Based Optical Coherence Tomography to Guide Transbronchial Lymph Node Biopsy. J Bronchol Intervent Pulmonol (2018) 25(3):189–97. doi: 10.1097/lbr.0000000000000491

40. Gora, MJ, Suter, MJ, Tearney, GJ, and Li, X. Endoscopic Optical Coherence Tomography: Technologies and Clinical Applications [Invited]. Biomed Opt Express (2017) 8(5):2405–44. doi: 10.1364/boe.8.002405

41. Tzoumas, S, Zaremba, A, Klemm, U, Nunes, A, Schaefer, K, and Ntziachristos, V. Immune Cell Imaging Using Multi-Spectral Optoacoustic Tomography. Opt Lett (2014) 39(12):3523–6. doi: 10.1364/ol.39.003523

42. Ntziachristos, V. Going Deeper Than Microscopy: The Optical Imaging Frontier in Biology. Nat Methods (2010) 7(8):603–14. doi: 10.1038/nmeth.1483

43. Zhang, RR, Schroeder, AB, Grudzinski, JJ, Rosenthal, EL, Warram, JM, Pinchuk, AN, et al. Beyond the Margins: Real-Time Detection of Cancer Using Targeted Fluorophores. Nat Rev Clin Oncol (2017) 14(6):347–64. doi: 10.1038/nrclinonc.2016.212

44. Rosenthal, EL, Warram, JM, de Boer, E, Chung, TK, Korb, ML, Brandwein-Gensler, M, et al. Safety and Tumor Specificity of Cetuximab-IRDye800 for Surgical Navigation in Head and Neck Cancer. Clin Cancer Res: Off J Am Assoc Cancer Res (2015) 21(16):3658–66. doi: 10.1158/1078-0432.Ccr-14-3284

45. Rosenthal, EL, Moore, LS, Tipirneni, K, de Boer, E, Stevens, TM, Hartman, YE, et al. Sensitivity and Specificity of Cetuximab-IRDye800CW to Identify Regional Metastatic Disease in Head and Neck Cancer. Clin Cancer Res: Off J Am Assoc Cancer Res (2017) 23(16):4744–52. doi: 10.1158/1078-0432.Ccr-16-2968

46. Hernot, S, van Manen, L, Debie, P, Mieog, JSD, and Vahrmeijer, AL. Latest Developments in Molecular Tracers for Fluorescence Image-Guided Cancer Surgery. Lancet Oncol (2019) 20(7):e354–67. doi: 10.1016/s1470-2045(19)30317-1

47. Yu, GT, Luo, MY, Li, H, Chen, S, Huang, B, Sun, ZJ, et al. Molecular Targeting Nanoprobes With Non-Overlap Emission in the Second Near-Infrared Window for in Vivo Two-Color Colocalization of Immune Cells. ACS Nano (2019) 13(11):12830–9. doi: 10.1021/acsnano.9b05038

48. Yang, G, Cao, Y, Yan, B, Lv, Q, Yu, J, Zhao, F, et al. Application of a Double-Colour Upconversion Nanofluorescent Probe for Targeted Imaging of Mantle Cell Lymphoma. Oncotarget (2018) 9(24):16758–74. doi: 10.18632/oncotarget.23860

49. Kim, H, Chung, K, Lee, S, Kim, DH, and Lee, H. Near-Infrared Light-Responsive Nanomaterials for Cancer Theranostics. WIREs Nanomed Nanobiotechnol (2016) 8(1):23–45. doi: 10.1002/wnan.1347

50. Imberti, C, Zhang, P, Huang, H, and Sadler, PJ. New Designs for Phototherapeutic Transition Metal Complexes. Angew Chem Int Ed (2020) 59(1):61–73. doi: 10.1002/anie.201905171

51. Yang, Y, Mu, J, and Xing, B. Photoactivated Drug Delivery and Bioimaging. WIREs Nanomed Nanobiotechnol (2017) 9(2):e1408. doi: 10.1002/wnan.1408

52. Aranda-Lara, L, Morales-Avila, E, Luna-Gutiérrez, MA, Olivé-Alvarez, E, and Isaac-Olivé, K. Radiolabeled Liposomes and Lipoproteins as Lipidic Nanoparticles for Imaging and Therapy. Chem Phys Lipids (2020) 230:104934. doi: 10.1016/j.chemphyslip.2020.104934

53. Osterrieth, JWM, and Fairen-Jimenez, D. Metal–Organic Framework Composites for Theragnostics and Drug Delivery Applications. Biotechnol J (2021) 16(2):2000005. doi: 10.1002/biot.202000005

54. Kessel, D. Photodynamic Therapy: Apoptosis, Paraptosis and Beyond. Apoptosis: Int J Programmed Cell Death (2020) 25(9-10):611–5. doi: 10.1007/s10495-020-01634-0

55. Alzeibak, R, Mishchenko, TA, Shilyagina, NY, Balalaeva, IV, Vedunova, MV, and Krysko, DV. Targeting Immunogenic Cancer Cell Death by Photodynamic Therapy: Past, Present and Future. J ImmunoTher Cancer (2021) 9(1):e001926. doi: 10.1136/jitc-2020-001926

56. Huis in ‘t Veld, RV, Ritsma, L, Kleinovink, JW, Que, I, Ossendorp, F, and Cruz, LJ. Photodynamic Cancer Therapy Enhances Accumulation of Nanoparticles in Tumor-Associated Myeloid Cells. J Controlled Release (2020) 320:19–31. doi: 10.1016/j.jconrel.2019.12.052

57. Vijayan, V, Uthaman, S, and Park, I-K. Cell Membrane-Camouflaged Nanoparticles: A Promising Biomimetic Strategy for Cancer Theragnostics. Polymers (2018) 10(983):1–25. doi: 10.3390/polym10090983

58. Xu, X, An, H, Zhang, D, Tao, H, Dou, Y, Li, X, et al. A Self-Illuminating Nanoparticle for Inflammation Imaging and Cancer Therapy. Sci Adv (2019) 5(1):eaat2953. doi: 10.1126/sciadv.aat2953

59. Galli, F, Aguilera, JV, Palermo, B, Markovic, SN, Nisticò, P, and Signore, A. Relevance of Immune Cell and Tumor Microenvironment Imaging in the New Era of Immunotherapy. J Exp Clin Cancer Res: CR (2020) 39(1):89. doi: 10.1186/s13046-020-01586-y




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 Mueller, Gaiddon and Venkatasamy. 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.




ORIGINAL RESEARCH

published: 20 December 2021

doi: 10.3389/fimmu.2021.793964

[image: image2]


The Tumor Immune Landscape and Architecture of Tertiary Lymphoid Structures in Urothelial Cancer


Nick van Dijk 1†, Alberto Gil-Jimenez 2,3†, Karina Silina 4, Maurits L. van Montfoort 5, Sarah Einerhand 1, Lars Jonkman 6, Charlotte S. Voskuilen 1, Dennis Peters 7, Joyce Sanders 5, Yoni Lubeck 5, Annegien Broeks 7, Erik Hooijberg 5, Daniel J. Vis 2,3, Maries van den Broek 4, Lodewyk F. A. Wessels 2,3,8, Bas W. G. van Rhijn 9,10 and Michiel S. van der Heijden 1,2*


1 Department of Medical Oncology, The Netherlands Cancer Institute, Amsterdam, Netherlands, 2 Department of Molecular Carcinogenesis, The Netherlands Cancer Institute, Amsterdam, Netherlands, 3 Oncode Institute, Utrecht, Netherlands, 4 Institute of Experimental Immunology, University of Zurich, Zurich, Switzerland, 5 Department of Pathology, The Netherlands Cancer Institute, Amsterdam, Netherlands, 6 Department of Medical Oncology, Maastricht University Medical Center, Maastricht, Netherlands, 7 Core Facility Molecular Pathology & Biobanking, The Netherlands Cancer Institute, Amsterdam, Netherlands, 8 Department of Electrical Engineering, Mathematics and Computer Science, Delft University of Technology, Delft, Netherlands, 9 Department of Urology, The Netherlands Cancer Institute, Amsterdam, Netherlands, 10 Department of Urology, Caritas St. Josef Medical Center, University of Regensburg, Regensburg, Germany




Edited by: 

Anna Dimberg, Uppsala University, Sweden

Reviewed by: 

Alain Le Moine, Université libre de Bruxelles, Belgium

Frank James Ward, University of Aberdeen, United Kingdom

*Correspondence: 

Michiel S. van der Heijden
 ms.vd.heijden@nki.nl


†These authors have contributed equally to this work and share first authorship


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








Received: 12 October 2021

Accepted: 30 November 2021

Published: 20 December 2021

Citation:
Dijk Nv, Gil-Jimenez A, Silina K, Montfoort MLv, Einerhand S, Jonkman L, Voskuilen CS, Peters D, Sanders J, Lubeck Y, Broeks A, Hooijberg E, Vis DJ, Broek Mvd, Wessels LFA, Rhijn BWGv and Heijden MSvd (2021) The Tumor Immune Landscape and Architecture of Tertiary Lymphoid Structures in Urothelial Cancer. Front. Immunol. 12:793964. doi: 10.3389/fimmu.2021.793964



Candidate immune biomarkers have been proposed for predicting response to immunotherapy in urothelial cancer (UC). Yet, these biomarkers are imperfect and lack predictive power. A comprehensive overview of the tumor immune contexture, including Tertiary Lymphoid structures (TLS), is needed to better understand the immunotherapy response in UC. We analyzed tumor sections by quantitative multiplex immunofluorescence to characterize immune cell subsets in various tumor compartments in tumors without pretreatment and tumors exposed to preoperative anti-PD1/CTLA-4 checkpoint inhibitors (NABUCCO trial). Pronounced immune cell presence was found in UC invasive margins compared to tumor and stroma regions. CD8+PD1+ T-cells were present in UC, particularly following immunotherapy. The cellular composition of TLS was assessed by multiplex immunofluorescence (CD3, CD8, FoxP3, CD68, CD20, PanCK, DAPI) to explore specific TLS clusters based on varying immune subset densities. Using a k-means clustering algorithm, we found five distinct cellular composition clusters. Tumors unresponsive to anti-PD-1/CTLA-4 immunotherapy showed enrichment of a FoxP3+ T-cell-low TLS cluster after treatment. Additionally, cluster 5 (macrophage low) TLS were significantly higher after pre-operative immunotherapy, compared to untreated tumors. We also compared the immune cell composition and maturation stages between superficial (submucosal) and deeper TLS, revealing that superficial TLS had more pronounced T-helper cells and enrichment of early TLS than TLS located in deeper tissue. Furthermore, superficial TLS displayed a lower fraction of secondary follicle like TLS than deeper TLS. Taken together, our results provide a detailed quantitative overview of the tumor immune landscape in UC, which can provide a basis for further studies.




Keywords: immunotherapy, tertiary lymphoid structures (TLS), multiplex immunofluorescence, urothelial cancer, tumor microenvironment, bladder cancer



1 Introduction

Muscle-invasive urothelial cancer (UC) is an aggressive disease with limited treatment options that originates in the bladder and parts of the urinary tract. Although UC can be cured by resection of the bladder (cystectomy), recurrence rates are high and 5-year survival is only 60-70% for pT2N0 tumors, and even worse for high-risk patients having pT3-4aN0 (40-50%) or pTxN+ (10-35%) at cystectomy. Immune checkpoint inhibitors (ICIs) have changed the treatment paradigm in metastatic urothelial cancer. Currently, ICIs have been approved for the first-line and second-line treatment (1–5), and are being tested in the adjuvant and preoperative setting. In the PURE-01 trial (6) and ABACUS trial (7), preoperative pembrolizumab (anti-PD-1) and atezolumab (anti-PD-L1) were clinically tested in patients diagnosed with cT2-4N0 UC, respectively. These trials revealed promising pathological complete response (pCR) rates upon treatment with neo-adjuvant pembrolizumab and atezolizumab. However, pCR to ICI monotherapy was primarily found in patients having less extensive disease (cT2N0), whereas patients with more extensive disease (cT3-4N0) or loco-regional lymph node involvement (T2-4N+) showed only limited pCR to anti-PD1 or anti-PD-L1. Recent clinical studies testing combination strategies targeting PD-1/PD-L1 plus CTLA-4 in the metastatic setting found higher response rates than in trials testing anti-PD1 or anti-PD-L1 alone (8, 9). In the NABUCCO trial (10), preoperative ipilimumab plus nivolumab was tested in high-risk patients having locoregionally-advanced UC (cT3-4N0/cT2-4N1-3) without distant metastases. Histopathological examination showed that 58% of patients in NABUCCO had no remaining invasive disease (pT0 or CIS/pTa) after ipilimumab plus nivolumab (10). A study testing preoperative tremelimumab plus durvalumab in cT2-4N0 UC observed a pCR in 37.5% (pT0 or CIS) of patients having surgery, whereas the pCR rate was 31.7% in all patients analyzed (8).

Associations between ICI response and candidate biomarkers, such as PD-L1 immunohistochemistry and tumor mutational burden (TMB), have been observed in metastatic UC. These biomarkers are currently imperfect and lack sufficient predictive power for clinical utility (11, 12). In addition, comparison of biomarker findings across trials is complicated by variability in biomarker assays (i.e. PD-L1 assessment) and heterogeneity in tumor tissue used to assess biomarkers. In the preoperative setting, the pCR rate to pembrolizumab in the PURE-01 study was high in TMB-high and PD-L1-high (PD-L1 >10%; tumor plus immune cells combined) tumors (6), whereas no significant associations were found for TMB-high and PD-L1-high (PD-L1 >5% of immune cells) subgroups in anti-PD-L1 treated patients in ABACUS (7). Both studies found that baseline pre-existing CD8+ T-cell immunity based on high CD8 presence and interferfon-γ signaling was associated with pCR to ICI monotherapy. Qualification of immune phenotypes by CD8 immunohistochemistry showed that “immune desert” tumors in ABACUS were unresponsive to ICI (7). In sharp contrast, the clinical response to combination ICI in NABUCCO was independent of baseline CD8+ T-cell density by multiplex immunofluorescence and inflammatory signatures such as interferon-gamma, tumor inflammation and T-cell effector signatures (10). Similarly, baseline pre-existing CD8+ T-cell immunity did not differ between responders and non-responders to neo-adjuvant tremelimumab plus durvalumab (13), suggesting that the addition of anti-CTLA4 can induce responses in immunologically “cold” tumors.

Tertiary lymphoid structures (TLS) are ectopic lymph node formations that share functional features such as antigen presentation and B-cell activation with secondary lymphoid organs. TLS emerge upon chronic inflammatory stimuli in non-lymphoid tissues and can also be found in the tumor micro-environment. In an analysis of the presence of TLS, responders to tremelimumab plus durvalumab showed higher baseline TLS and B-cell abundance than non-pCR tumors. Intriguingly, baseline TLS and B-cell abundance did not differ between responders and non-responders in NABUCCO. However, both studies found that responders to combination ICI showed a higher TLS abundance in post-treatment tissue than non-responders (10, 13). Thus, conflicting results on baseline candidate biomarkers for immunotherapy response were found between comparable studies. The complex interplay between immune cells in the UC tumor-immune microenvironment and TLS is still poorly understood, hampering the discovery and development of novel cancer immunotherapy as well as predictive biomarkers for immunotherapy response, underscoring the urgent need to better characterize the tumor immune landscape in UC.

In this study, we employ quantitative multiplex immuno-fluorescence to assess the UC tumor-immune contexture in untreated and immunotherapy-treated tumors. We first provide a general overview of the UC tumor-immune microenvironment, followed by a more detailed assessment of the TLS immune composition in untreated and immunotherapy-treated tumors.



2 Results


2.1 Untreated Urothelial Cancer Demonstrates Heterogeneous Immune Cell Infiltration

To examine the UC immune context, we analyzed immune cell infiltration by multiplex immunofluorescence (IF) on whole-slide cystectomy tissue sections from untreated (n=32, Table 1) and ipilimumab (anti- CTLA-4) plus nivolumab (anti-PD1) treated (n=24, Table 2) UC patient cohorts (Figure 1A). In the current study, cystectomy specimens obtained from NABUCCO are analyzed, while we previously (10) reported CD8+ and CD20+ immune cell presence in pretreatment biopsies. Additionally, we segmented tumor areas into various regions of interest. Our antibody panel allowed the quantitation of immune cells actively involved in anti-tumor immunity and response, such as B-cells (CD20+), macrophages (CD68+) and distinct CD3+ T-cell populations. CD3+ T-cell populations were further specified by expression of CD8 or FoxP3, resulting in CD8 T-cells (CD3+CD8+), FoxP3 T-cells (CD3+FoxP3+) and CD4 T-cells (CD3+CD8-FoxP3-), a non-CD8+/FoxP3+ T-cell population which is likely to involve primarily CD4 T-cells. CD3+FoxP3-CD8- was thus used as an approximation of CD4+ T-cells to make the manuscript easier to read. CD4 IF was not used in our multiplex panel given the expression of CD4 on other immune cells (including macrophages and dendritic cells) when using CD4 antibodies in our pilot studies. Immune cells were separately quantified for tumor and stroma areas within the central tumor and square grids were computed for spatial sampling to assesses heterogeneity of immune subsets within tumors (Figure 1B and Supplementary Methods 1). We additionally quantified immune cell abundance in the tumor margin and TLS. The tumor margin was annotated from the outermost edge of the invasive tumor, with an extend of 250µm (Supplementary Methods 1). To promote readability, immune cell labels and not markers are reported throughout the results.


Table 1 | Untreated cohort characteristics.




Table 2 | Ipilimumab plus nivolumab treated cohort (NABUCCO Cohort 1) characteristics.






Figure 1 | Untreated urothelial cancer demonstrates heterogeneous immune cell infiltration. (A) Cohort interventions and timepoints of tissue collection for biomarker analysis. (B) 1) Example of annotated regions of interest in untreated urothelial cancer analyzed by multiplex immunofluorescence and HALO image analysis, involving annotations of central tumor (blue), central tumor tiles (yellow, n = 30 tiles per slide), tumor margin (red, 250 micrometers diameter and tertiary lymphoid structures (green). Central tumor area can be distinguished in tumor and stroma area by employing and training a tissue classifier. 2) Corresponding H&E slides were consulted to support annotation of regions of interest. (C) Intratumoral and stroma immune subset densities per mm2 within tumor tiles (violin plots, n = 30 tiles per sample), whole tumor (pink) and tumor margin (cyan) for the untreated UC cohort (n = 31). The median immune subset densities and distribution across tumor tiles were analyzed by quantitative multiplex immunofluorescence. Samples were sorted by intratumoral CD8 T-cell central tumor density. (D) Relative abundance of T-cell subsets in the total T-cell population in central tumor tissue classes and tumor margin by multiplex IF (n = 31). Samples were sorted by CD8 T-cell ratio. (E) Immune subset densities per mm2 for tumor tissue regions in the untreated UC cohort (n = 31). (F) Intratumoral, stroma and tumor margin immune subset densities per mm2 for the combined untreated UC cohort (n = 31) between recurrence (n = 19) and non-recurrence (n = 12) groups. The boxplots from the panels display the median and 25th and 75th percentiles, and the whiskers expand from the hinge to the largest value not exceeding the hinge 1.5×Interquantile range. Unless otherwise stated, a two-sided Mann-Whitney test was used for the comparison between distributions. The p-value is presented in-between boxplots. No adjustments were implemented for multiple comparisons. IF, Immuno-fluorescence; FFPE, Formalin-fixed paraffin-embedded tissue; Ipi, Ipilimumab; Nivo, Nivolumab; TLS, Tertiary lymphoid structure.



We first examined immune cell infiltration by multiplex IF for tumor and stroma areas to provide a comprehensive overview of the UC immune contexture and assess intratumor heterogeneity. We observed that the median density of immune subsets varied greatly across the untreated tumor cohort, particularly for B-cells, FoxP3 T-cells and CD8 T-cells (Figure 1C). Variable intratumoral heterogeneity existed for specific immune cells upon a comparison of separate tiles in the computed square grid (Figure 1C). Next, we examined the relative abundance of T-cell subsets in the total T-cell population. We found that the fraction of CD4 T-cells was highly heterogeneous across tumors in the untreated cohort (Supplementary Figure 1A). Further explorative analysis revealed that tumors having a low CD8 T-cell ratio demonstrated a higher proportion of FoxP3 T-cells in tumor (Figure 1D and Supplementary Figure 1B). We then compared the immune cell density between central tumor regions and the tumor margin. A significantly higher presence of immune cells was found in tumor margins when compared to the tumor region (p<0.02 Figure 1E). In non-recurring tumors, the tumor margins displayed a significantly higher CD8 T-cell presence than in recurring tumors (p=0.0097, Figure 1F), while immune cell presence in tumor and stroma did not inform clinical outcome in untreated tumors. In conclusion, the UC immune landscape is heterogeneous between tumors, and pronounced immune infiltration is found in the UC tumor margin (7, 14).



2.2 Urothelial Cancer Immune Phenotypes Show Distinct Patterns of Cytotoxic T-Cell Exclusion in the Stroma and Tumor Margin

CD8 T-cell tumor infiltration patterns can be segregated into three immune phenotypes (“immune-inflamed”, “immune-excluded” and “immune-desert”) of pre-existing tumor-immunity (15). Previous studies found that these distinct immune phenotypes harbor prognostic relevance (16) and predictive value (17, 18) for an immunotherapy response, including in UC (7, 14). Currently, limited knowledge exists on the presence of distinct immune subsets beyond cytotoxic T-cells across CD8-based immune phenotypes in UC, while their presence may impact CD8 effector function and the extend of CD8 tumor-immunity. Using multiplex IF, immune phenotypes (Figure 2A) were classified based on CD8 T-cell density (Supplementary Methods 1.2) in the tumor and stroma compartment and the tumor margin in the untreated UC cohort. We first explored the distribution of tumor immune phenotypes in the untreated cohort and assessed possible correlations with prognosis for “inflamed”, “excluded” and “desert” tumors separately. In line with results in the ABACUS study (7), “immune-inflamed” (42%) tumors were most abundant in our cohort, whereas 32% and 26% of tumors exhibited the “excluded” and “desert” phenotype, respectively. The separate tumor immune phenotypes did not inform recurrence outcome in the untreated cohort (Figure 2B), although tumors qualified as “immune-desert” showed a high recurrence rate (87.5%, p=0.1). Next, we explored the immune composition in tumor subgroups qualified as “immune-inflamed”, “immune-excluded” and “immune-desert” based on CD8-based immune phenotypes. Intratumoral immune cell densities were generally higher in “inflamed” tumors compared to “excluded” and “desert” tumors, as shown for the significantly higher macrophages compared to “desert” tumors (p=0.006. Figure 2C). In the stroma compartment, immune cell densities were lowest in “desert” tumors, as shown for the significantly lower CD4 T-cells when compared to “excluded” (p=0.027) and “inflamed” tumors (p=0.013) (Figure 2D). Interestingly, FoxP3 T-cells were an exception, as these cells were similar across immune phenotypes in absolute density and higher as a percentage of total T-cells in “desert” tumors, compared to “inflamed” tumors (p=0.037, Supplemental Figure 2A). Macrophage abundance in tumor margins of “inflamed” tumors was significantly higher than in “excluded” (p=0.049) and “desert” (p=0.005) tumors, (Figure 2E).




Figure 2 | Urothelial cancer immune phenotypes display a varying abundance of immune cells and distinct patterns of cytotoxic T-cell exclusion in stroma and tumor margins. (A) Examples of tumor immune phenotypes by multiplex immunofluorescence and CD8 immunohistochemistry in untreated urothelial cancer (B). Proportion of patients having recurrence (n = 19) and no recurrence (n = 12) stratified by immune phenotype for the untreated UC cohort. The group size is indicated on each bar. A Fisher’s exact test was implemented on a 2x2 contingency table between recurrence and immune phenotype (i.e. Desert vs No Desert) for each phenotype. The p-value for each phenotype is indicated at the top of each bar. All statistical tests were two-sided. C-E. Comparison of immune subset densities per mm2 in central tumor parenchyma (C), central tumor stroma (D) and tumor margin (E) between inflamed (n = 13), excluded (n = 10) and desert (n = 8) tumors by quantitative multiplex IF. The boxplots from the panels display the median and 25th and 75th percentiles, and the whiskers expand from the hinge to the largest value not exceeding the hinge 1.5×Interquantile range. Unless otherwise stated, a two-sided Mann-Whitney test was used for the comparison between distributions. The p-value is presented in-between boxplots. No adjustments were implemented for multiple comparisons. IF, immunofluorescence.





2.3 Markers of T-Cell Exhaustion in Untreated and Immunotherapy Treated UC

Exhausted CD8 T-cells are characterized by impaired effector function and sustained expression of immune inhibitory checkpoints such as TIM3, LAG3 and PD1 (19). Immuno-therapies targeting these checkpoints demonstrate promising therapeutic potential in several studies (20–26), presumably by reinvigorating exhausted T-cells. Given the implication of T-cell exhaustion as a target of immunotherapy, we employed immunohistochemistry in our untreated cohort to examine the expression of TIM3 and LAG3, as well as co-expression of CD8 and PD1. In untreated tumors, we observed considerable TIM-3 expression (example image in Figure 3A) on tumor-infiltrating lymphocytes (15% median positivity, range 5%-30%, Supplementary Figure 3A) in most central tumors, as well as in lymph nodal T-cell zones in rare cases having perivesical lymph nodes adjacent to the central tumor (Supplementary Figure 3B). In contrast to TIM-3, expression of LAG-3 was virtually non-existent in untreated tumors (Supplementary Figure 3C), as illustrated in Supplementary Figure 3D. Following CD8/PD1 co-staining, an algorithm was trained (Supplementary methods 1.3), based on a similar approach as in colorectal cancer (20), to assess CD8+PD1+ T-cells in tumor and stroma. CD8+PD1+ T-cells were clearly present in untreated UC, as shown in Figure 3B. Upon quantitation, we found that CD8+PD1+ T-cell abundance in tumor and stroma did not inform recurrence (Figure 3C). We then examined CD8+PD1+ T-cells in NABUCCO tumors having complete response (CR, qualified as pCR or CIS/pTa) and non-CR following ipilimumab plus nivolumab. CD8+PD1+ T-cells were enriched irrespective of response compared to untreated cystectomies, whereas CD8+PD1+ T-cells were highest in tumors achieving CR to immunotherapy (Figure 3D). Altogether, TIM-3 was highly expressed on lymphocytes and abundant CD8+PD1+ T-cells were found in cystectomies, particularly following immunotherapy, in both responders and non-responders.




Figure 3 | Markers of T-cell exhaustion in untreated and immunotherapy treated UC. (A) Representative tumor analyzed by TIM-3 immunohistochemistry. (B) Representative tumor analyzed by CD8 (purple) PD1 (yellow) co-stainings in untreated UC, showing CD8+PD1+ (red) T-cells marked by black arrows. (C) CD8+PD-1+ cell densities in central tumor regions stratified by recurrence outcome in untreated UC (nRecurrence = 19, nNo recurrence = 13). (D) CD8+PD-1+ cell densities in central tumor regions in untreated (nUntreated Stroma = 32, nUntreated Tumor = 32) and immunotherapy treated cystectomies (nNABUCCO CR Stroma = 13, nNABUCCO non-CR Stroma = 8, nNABUCCO non-CR Tumor = 8). Non-significant comparisons, as well as comparisons between tumor and stroma regions, were excluded from the plot. The boxplots from the panels display the median and 25th and 75th percentiles, and the whiskers expand from the hinge to the largest value not exceeding the hinge 1.5×Interquantile range. Unless otherwise stated, a two-sided Mann-Whitney test was used for the comparison between distributions. The p-value is presented in-between boxplots. No adjustments were implemented for multiple comparisons. CR, complete response; non-CR, no complete response.





2.4 Urothelial Cancer TLS Display Distinct Cellular Composition Clusters and Checkpoint Inhibitor-Induced Changes

In many cancers, the immune landscape exhibits highly organized B-cell-rich clusters related to TLS formation. The presence of TLS has been associated with favorable clinical outcomes in untreated and treated malignancies (13, 27–29), whereas other studies found no correlation or immuno-suppressive TLS function (30–33). We hypothesized that heterogeneity in TLS immune composition might impact anti-tumor-immunity and patient outcome in the untreated and treated setting. We employed multiplex IF to assess the cellular composition of TLS and associations with clinical outcome in our untreated cohort. TLS were automatically annotated by a trained algorithm and manually revised when needed. In total, 754 TLS aggregates were identified in untreated tumors mainly found around the muscularis propria regions, fatty tissue and fibroinflammatory regression beds (Figure 4A). TLS often co-localized with nerve bundles as confirmed on the corresponding H&E slide (Supplementary Figure 4A). Following TLS assessment by multiplex IF, the majority of untreated tumors showed notable TLS presence, but no differences in TLS abundance were observed between recurrence groups (Supplementary Figure 4B). Upon quantitative analysis, TLS revealed a heterogeneous cellular immune composition, accompanied by strong variations in TLS size between TLS in untreated tumors (Figure 4B). No differences were found for immune subset density in aggregated TLS between recurrence groups (Figure 4C). As limited knowledge exists on TLS immune architecture and how immune composition impacts the clinical outcome, we grouped TLS based on immune cell density and their relative abundance in untreated tumors using a k-means clustering algorithm. We identified five distinct TLS clusters in untreated tumors (Figure 4D), characterized by varying abundance of immune cells (Figure 4E), whereas TLS cluster presence was balanced between immune phenotype subgroups (Supplementary Figure 4C). No differences were observed for TLS cluster abundance between outcome groups (Figure 4F) in untreated UC. Next, the relative abundance of TLS clusters was compared between untreated tumors and anti-PD-1/CTLA-4 treated tumors to examine how immunotherapy impacts these TLS clusters. In NABUCCO non-responders, cluster 1 (FoxP3 T-cell low) TLS were significantly enriched when compared to untreated tumors or NABUCCO responders (Figure 4G). Furthermore, cluster 5 (macrophage low) TLS were significantly higher in NABUCCO (non-CR or CR) tumors compared to untreated tumors (Figure 4G). These findings suggest that UC displays distinct TLS clusters that change in cellular composition upon immunotherapeutic treatment.




Figure 4 | Urothelial cancer displays distinct TLS clusters and differences in treatment effect on TLS composition between responders and non-responders. (A) 1) Multiplex immunofluorescence example showing substantial peritumoral TLS formation. 2) Corresponding hematoxylin and eosin stain, showing TLS formation in muscle (red arrow), fatty tissue (blue arrow) and fibroinflammatory regression bed (yellow). 3). Close-up image of A2, showing TLS formation around muscle, fatty tissue and in regression bed. 4) Regression bed TLS and depositions of scar tissue in areas previously harboring muscle suggest that pre-existing invasive tumor has been cleared and replaced by scar tissue, suggesting pre-existing antitumor immunity. (B) Heatmap showing the variability of immune cell density in untreated UC TLS. Each column represents an individual TLS (n=754) from n=32 patients. Z-score high expression levels (red) and low expression levels (blue) and varying TLS size (pink) are indicated for each TLS. (C) TLS immune subset densities per mm2, stratified by recurrence outcome groups (nRecurrence=19, nNo Recurrence=13). (D) Clustering map upon computing a trained k-means model using 754 untreated TLS from 32 unique patients of the untreated cohort (Median 16.5 TLS per patient, Mean 24 TLS per patient, Materials and Methods 3). Each TLS type is assigned a color label and an interpretation. (E) Abundance of Immune subsets per mm2 for each TLS cluster. TLS clusters are depicted in distinct colors. (nCluster1 = 19, nCluster 2 = 165, nCluster 3 = 203, nCluster 4 = 341, nCluster 5 = 26) (F). Comparisons of TLS relative area per cluster based on multiplex immunofluorescence between non-recurring tumors (n = 13) and tumors having recurrence (n = 19). (G) Comparisons of post-treatment TLS cluster fractions between untreated tumors (n = 32) and complete-responders (n = 10) and non-responders (n = 9) in NABUCCO. The boxplots from the panels display the median and 25th and 75th percentiles, and the whiskers expand from the hinge to the largest value not exceeding the hinge 1.5×Interquantile range. Unless otherwise stated, a two-sided Mann-Whitney test was used for the comparison between distributions. The p-value is presented in-between boxplots. No adjustments were implemented for multiple comparisons. CR, complete response; non-CR, no complete response; TLS, Tertiary lymphoid structures.





2.5 Discrepant TLS Patterns and Variable Expression of CD4 T-Cells Between Superficial and Deeper TLS in Urothelial Cancer

Although pretreatment B-cell and TLS enrichment has been associated with favorable clinical outcomes and immunotherapy response, other studies reported no positive associations (10, 13), suggesting that B-cells and TLS can have opposite roles. In NABUCCO, we previously found that immature TLS, B-cells, and genes associated with B-cell proliferation and plasma cells were enriched in pretreatment biopsies in non-CR tumors, compared to CR tumors (10). Conversely, a study testing preoperative tremelimumab plus durvalumab in UC reported higher pretreatment TLS and B-cells in responders (13). As other stimuli have been shown to induce TLS (31, 34, 35), we hypothesized that a subset of TLS may be unrelated to anti-tumor immunity, particularly in pretreatment tissue obtained by transurethral resection (TUR, debulking of a tumor from the luminal layer of the bladder). TUR biopsies primarily collect superficial tissue that is highly exposed to urinary toxins, microbial pathogens (especially in the presence of a bladder tumor) and inflammatory mediators (Supplementary Figure 5A, B). These TLS could cloud the tumor-associated TLS analysis, particularly in superficial parts of the tumor. To examine this, we explored whether TLS composition in superficial regions differed from TLS in deeper tissue regions. In line with quantitated results in our previous report (10), a high TLS presence was observed in NABUCCO pretreatment TUR, especially in non-CR tumors, while TLS abundance was limited in their corresponding post-treatment tissues (Figure 5A). TLS abundance in pretreatment TUR was particularly high in the urothelial submucosa (Figure 5B). TLS present in the urothelial submucosa (Superficial TLS) were characterized by pronounced CD4 T-cell presence, whereas deeper TLS showed only limited CD4 T-cell contribution to the immune cell composition (Figure 5B). The predominant abundance of superficial TLS was also found in a subset of post-treatment specimens from NABUCCO (Supplementary Figure 5C) and untreated tumors (Supplementary Figure 5D), further supporting the existence of a distinct TLS population in superficial tissue. Next, we stratified superficial and deep TLS in untreated UC to compare TLS composition and the relative abundance of TLS clusters. In untreated tumors, superficial TLS showed a significantly higher CD4 T-cell presence (p=0.012, Figure 5C), which is in line with our visual observations. Next, we quantified TLS maturation stages for superficial and deep TLS using a 7-plex multiplex immunofluorescence panel on a separate, larger cohort (n=40, involving 20 patients from the original untreated cohort, Supplementary Table 1). Upon assigning TLS maturation, we found that superficial TLS displayed a higher fraction of early TLS and lower germinal center positive TLS when compared to deeper TLS (p=0.001 and p=0.01, respectively Figure 5D).




Figure 5 | Discrepant TLS patterns and variable expression of T-helper cells between superficial and deeper TLS in urothelial cancer. (A) Example of TLS abundance in baseline TUR and post-treatment cystectomy by multiplex immunofluorescence and hematoxylin and eosin stain in a non-responding patient in NABUCCO. Baseline TUR tissue shows a higher TLS presence than in the post-treatment specimen, particularly in submucosal regions. (B) Two different TUR examples showing TLS that display pronounced CD4 T-cell presence. (C) Comparison of TLS aggregated immune cell density (counts per mm2) between superficial (n = 10 patients) and deeper TLS (n = 30 patients). (D) TLS maturation states quantified by CD21-expressing Follicular Dendritic Cell networks and CD23+ Germinal center zones by multiples IF (Materials and Methods). Quantifications were done on 40 untreated UC cystectomies (18 patients from the original untreated cohort (Figure 1A) and 22 additional untreated UC cystectomies, Supplementary Table 1). Fraction of TLS maturation states are depicted for Deep TLS (n = 37) and Superficial TLS (n = 13), for Early TLS (germinal center negative) and Secondary Follicle-like TLS (germinal Center positive). 27 patients had only Deep TLS present, 3 patients had only Superficial TLS present, and 10 patients had both Superficial and Deep TLS present. The boxplots from the panels display the median and 25th and 75th percentiles, and the whiskers expand from the hinge to the largest value not exceeding the hinge 1.5×Interquantile range. Unless otherwise stated, a two-sided Mann-Whitney test was used for the comparison between distributions. The p-value is presented in-between boxplots. No adjustments were implemented for multiple comparisons. TLS, Tertiary lymphoid structures; TUR, Transurethral Resection; UC, Urothelial Carcinoma.



Altogether, our findings suggest that superficial TLS may be compositionally different from deeper TLS. These observations could impact the approach to immune biomarkers in UC and provides the rationale to dissect TLS populations further and study their precise role in anti-tumor immunity in the UC tumor-immune microenvironment.




3 Discussion

The introduction of ICI changed the treatment landscape of UC. Despite recent successes, a substantial proportion of patients do not respond to immunotherapy (36, 37). As the biology driving anti-tumor immunity is still poorly understood, the characterization of the tumor immune contexture is critical to broaden our understanding of the immune landscape to ultimately improve immunotherapeutic treatment of UC patients (11).

The aim of our study was to characterize the immune landscape in tumor, stroma and TLS using computational analysis of multiplex IF. We started with a general overview of the UC immune landscape and observed substantial variation in immune subset presence across untreated tumors. Immune cells were more abundantly present in the tumor margin, compared to tumor and stroma. In previous UC immune biomarker studies, the tumor margin immune infiltrate was not specifically reported (6) or incorporated into the immune phenotype classification system (7, 14). In other cancer types such as colorectal cancer, breast cancer and melanoma, tumor margins have been extensively used for immune phenotype assessment (38). In UC, T-cell exclusion by TGF-beta signaling has been proposed as a mechanism of resistance by excluding T-cells, emphasizing the importance of incorporating the tumor margin compartment in biomarker assessment in UC.

Tumor-specific T-cells can be re-activated through blocking immune inhibitory checkpoints (20–26). We observed high TIM-3 expression and abundant CD8+PD1+ T-cell presence in UC. CD8+PD1+ T-cells were enriched upon immunotherapy, and surprisingly, also in immunotherapy non-responders. These data suggest that, despite the immune system being able to mount an anti-cancer response upon checkpoint blockade, resistance mechanisms beyond the CTLA-4 and PD-1 checkpoints may limit cytotoxic T-cell effector function and tumor elimination in these cases. A further dissection of the tumor-immune landscape in non-responders is crucial to identify the resistance mechanism limiting the efficacy of checkpoint blockade.

In this study, we found that UC exhibits distinct TLS clusters with varying cellular composition. We observed that upon CTLA-4/PD-1 blockade, the fraction of TLS clusters 1 (FoxP3 T-cell low) was enriched in non-responding tumors when compared to untreated tumors and responding tumors. Tregs are generally believed to have immune-suppressive functions, though limited data exist on the function of these cells within TLS. In a lung cancer mouse model, Treg presence in TLS was associated with a suppressed T-cell function (39). Studies in colorectal cancer (40) and melanoma (41) found no correlation between Treg presence in TLS and patient survival. A possible reason for the enrichment of Treg-low TLS may be a direct therapeutic effect of anti-CTLA4, depleting Tregs in TLS. Despite Treg depletion, these tumors did not respond, suggesting that other causes for resistance might be present in these tumors (11, 42).

Generally, TLS in the tumor-microenvironment is considered tumor-associated. Our findings suggest that superficial TLS may define a distinct TLS category in UC that may not be tumor-responsive. Superficial bladder tissue may exhibit immune features (e.g., TLS) unrelated to anti-tumor immunity, given the high exposure to urinary toxins or microbial pathogens, especially in the presence of a bladder tumor disrupting the mucosal barrier. We found that these superficial TLS had a higher density of CD4 T-cells. The proportion of secondary follicle-like TLS, which are required for the prognostic benefit of TLS in other cancer types (27, 43), was significantly lower in superficial TLS compared to deep TLS. Given the similar characteristics, we hypothesize that superficial TLS may be related to Hunner-type interstitial cystitis, an idiopathic inflammatory disease characterized by submucosal lymphocytic pan-cystitis, lymphoid aggregates (Hunner lesions) with varying maturation stages (44) and expression of follicular T-helper cell markers (45). In addition, a recent study showed that Hunner-type interstitial cystitis was associated with enrichment of B-cell receptor signaling genes and B-cell clonal expansion (46). In line with these findings, we previously found that immature TLS, B-cells and genes associated with B-cell proliferation and plasma cells were enriched in baseline TUR tissue in non-CR tumors (10). These discrepant findings in NABUCCO may be explained by the presence of tumor-unrelated TLS such as Hunner-type aggregates in the TUR samples. One can even speculate that high numbers of superficial TLS indicate prominent chronic inflammation with adverse effects on anti-tumor immunity, explaining the association with non-response. This hypothesis needs further testing. In biomarker assessments, the presence of submucosal TLS may possibly enrich B-cell and TLS levels independent of anti-tumor immunity, particularly in TUR (which removes superficial layers) and smaller biopsies. In non-UC patients, the prevalence of interstitial cystitis is 0.5% in the western world (47). No data exists on interstitial cystitis in muscle-invasive bladder cancer, because of the prognostic impact of bladder cancer and overlapping locoregional symptoms.

The strengths of the current study are the comprehensive computational analysis and the automated nature of our assessments, enabling 1) in-depth analysis of the tumor bed, and 2) systematic assessment of tertiary lymphoid structure’s immune architecture in untreated and ICI treated tumors. Combined, our study provides a unique overview of the UC immune landscape. Limitations include the limited sample size, which precluded robust assessment of associations with outcome, and the number of immune markers profiled, which limited insight into the functional relevance of immune cells. Further limitations include the retrospective nature of our study and the risk of overinterpretation due to multiple testing.

In conclusion, our study provides a comprehensive overview of the tumor immune landscape and architecture of TLS in UC. We established distinct TLS clusters based on their cellular compositions. Compared to untreated tumors, TLS clusters showed a distinct immune cell composition in anti-CTLA-4/PD-1 ICI treated tumors. In addition, we identified a superficial TLS population, characterized by more pronounced CD4 T-cell expression than deeper TLS. The relevance of the superficial TLS population for antitumor immunity is currently unknown and warrants further investigation.



4 Materials and Methods


4.1 Study Cohort Characteristics

Tumors were obtained from untreated patients and a prospective clinical trial testing the efficacy of preoperative ipilimumab (anti-CTLA-4) plus nivolumab (anti-PD-1) (NABUCCO: NCT03387761). In NABUCCO, a total of 24 patients with stage III resectable urothelial cancer (cT3-4aN0M0 and cT1-4aN1-3M0) were treated with preoperative ipilimumab 3 mg/kg (day 1), ipilimumab 3 + nivolumab 1 mg/kg (day 22), and nivolumab 3 mg/kg (day 43) followed by surgical resection. In the untreated cohort (n=31), patients had upfront cystectomy without prior systemic therapy following diagnosis of muscle-invasive carcinoma in pretreatment transurethral resection (TUR) specimen. Cystectomy specimens were preferred over TUR, given that TUR specimens provide a limited overview of the overarching tumor contexture, as shown in Supplementary Figure 5. The NABUCCO trial was approved by the institutional review board of the Netherlands Cancer Institute and was executed in accordance with the protocol and Good Clinical Practice Guidelines defined by the International Conference on Harmonization and the principles of the Declaration of Helsinki. Use of the cohort of untreated cystectomies was approved by the NKI-AVL institutional research board, following national regulations. Archival FFPE tumor tissue cystectomy specimens were used for immunohistochemistry and multiplex immunofluorescent analysis. Non-recurring patients and patients having recurrence were compared for explorative biomarker analysis. In NABUCCO, tumors with complete response (CR, defined as pCR, pTis or pTaN0) were compared to non-CR tumors for biomarker exploration. We included non-invasive disease in the CR definition, which is generally believed to be cured by surgery.



4.2 Multiplex Immunofluorescence Analysis and Immunohistochemistry


4.2.1 Multiplex Immunofluorescence of CD8/CD4 T-Cells, B-Cells, Macrophages, and B-Cells

Analysis of immune cell subsets was performed by multiplex Immunofluorescence (IF) technology using an automated multiplex staining on a Discovery Ultra Stainer. Prior to multiplex staining, 3µm slides were cut on DAKO Flex IHC slides. Slides were then dried overnight and stored in +4°C. Before a run was started tissue slides were baked for 30 minutes at 70°C in an oven. Opan 7-color manual IHC kit (50 slides kit, Perkin Elmer, cat NEL81101KT) was used for staining. The protocol was initiated by heating the FFPE cuts for 28 minutes at 75°C, followed by dewaxing with Discovery Wash using the standard setting of 3 cycles of 8 minutes at 69°C. Cell Conditioning 1 (CC1, Ventana Medical Systems) was performed with Discovery CC1 buffer for 32 minutes at 95°C, after which Discovery Inhibitor was applied for 8 minutes to block endogenous peroxidase activity. Specific markers were detected consecutively on the same slide with the following antibodies, which included anti-CD3 (SP7, Cat RM-9107-S, ThermoScientific, 1/400 dilution 1 hour at RT), anti-CD8 (Clone C8/144B, Cat M7103, DAKO, 1/100 dilution 1 hour at RT), anti-CD68 (Clone KP1, M0814, Dako, 1/500 dilution, 1 hour at RT), anti-FoxP3 (clone 236A/47, Cat ab20034, Abcam, 1/50 dilution, 2 hours at RT), anti-CD20 (Clone L26, cat M0755, Dako, 1/500 dilution, 1 hour at RT) anti-PanCK (Clone AE1AE3, Cat MS-343P, Thermo Scientific, 1/100 dilution, 2 hours at RT).

Each staining cycle consisted of four steps: Primary Antibody incubation, Opal polymer HRP Ms+Rb secondary antibody incubated for 32 minutes at RT, OPAL dye incubation (OPAL520, OPAL540, OPAL570, OPAL620, OPAL650, OPAL690, 1/50 or 1/75 dilution as appropriate for 32 minutes at RT) and an antibody denaturation step using CC2 buffer for 20minutes at 95°C. Cycles were repeated for each new antibody to be stained. At the end of the protocol slides were incubated with DAPI (1/25 dilution in Reaction Buffer) for 12 minutes. After the run was finished slides were washed with demi water and mounted with Fluoromount-G (SouthernBiotech, cat 0100-01) mounting medium. After staining, imaging of the slides was done using the Vectra 3.0 automated imaging system (PerkinElmer). First, whole slide scans were made at 10x magnification. After selection of the region of interest, multispectral images were taken at 20x magnification. Library slides were created by staining a representative sample with each of the specific dyes. Using the InForm software version 2.4 and the library slides the multispectral images were unmixed into 8 channels: DAPI, OPAL520, OPAL540, OPAL570, OPAL620, OPAL650, OPAL690 and Auto Fluorescence and exported to a multilayered TIFF file. The multilayered TIFF’s were fused with HALO software (Indica Labs, v2.3). Analysis was done using HALO (Indica Labs, v2.3) image analysis. Pragmatic definitions and delineation of tumor regions in a spatial context are described in Supplementary Methods 1.1. Tumor and stroma regions were classified by HALO automated tissue segmentation. Quantitative assessment of central tumors was assessed in 31/32 patients, as one slide involved insufficient tumor material for appropriate assessment but did involve notable TLS (Supplementary Methods 1.4).



4.2.2 Multiplex Immunofluorescence of Tertiary Lymphoid Structures Maturation States

TLS maturation was analyzed in tissue sections by 7-plex multiplex IF as previously described (Silina et al., 2018, Springer Protocols) (48). Briefly, tissue sections were deparaffinized, rehydrated and retrieved all in one step using the Trilogy buffer (CellMarque) for 10 min at 110°C in a pressure cooker. The following antibodies and dilutions were used for a 7-plex IF; CD21 (1:5000, clone 2G9 Leica), DC-LAMP (1:1000, clone 1010E1.01, Dendritics), CD23 (1:1000, clone SP3, Abcam), PNAd (1:5000, clone MECA-79, Biolegend), CD20 (1:5000, clone L26, Dako), CD3 (1:1000, clone SP7, ThermoScientific) and 200x magnified images were acquired by Vectra 3.0 multispectral microscope (PerkinElmer/Akoya). Area segregation was done by Inform tissue segmentation algorithm of the Inform software (Akoya).

TLS maturation stages were defined by the presence or absence of CD21+ Follicular Dendritic cells (FDC) networks and CD23+ Germinal Center (GC) cells in dense CD20+ B-cell regions. Proportions of early TLS (no FDCs, no GC), primary follicle-like (PFL) TLS (has FDCs but no GC) and secondary follicle-like (SFL) TLS were determined as fractions out of all analyzed TLS for each patient.



4.2.3 Staining of TIM3, LAG3, and Co-Staining of CD8 and PD1

Stainings and co-stainings were performed by immunohistochemistry. Prior to the staining, 3µm sections were cut and dried overnight and subsequently transferred to Ventana Discovery Ultra autostainer. Briefly, paraffin sections were cut at 3 µm, heated at 75°C for 28 minutes, and deparaffinized in the instrument with EZ prep solution (Ventana Medical Systems). Heat-induced antigen retrieval was carried out using Cell Conditioning 1 (CC1, Ventana Medical Systems) for 64 minutes at 95°C. For the detection of TIM3, the clone D5D5R (Cell Signaling) was used (1/200 dilution, 1 hour, 370°C), and for the detection of LAG3, the clone 11E3 (1/50 dilution, 1 hour at 370°C, AbCam). The bound antibodies were detected using either Anti-Rabbit HQ (Ventana Medical Systems), 12 minutes at 37°C (TIM-3) or anti-mouse HQ (Ventana Medical Systems) for 12 minutes at 37°C (LAG-3) followed by Anti-HQ HRP (Ventana Medical Systems) for 12 minutes at 37°C and ChromoMap DAB Detection (Ventana Medical Systems). Slides were counterstained with Hematoxylin and Bluing Reagent (Ventana Medical Systems). For untreated tumors, the percentage of TIM-3 and LAG-3 expression on lymphocytes tumors was scored upon visual inspection of digital slides in Slidescore by a pathologist.

For the co-staining of PD-1 (yellow) and CD8 (purple), the protocol was adjusted. Detection of PD-1 was done using the antibody clone NAT105 (Ready-to-Use, 32 minutes at 37°C, Roche Diagnostics) in the first sequence. Visualization of the PD-1-bound antibody was done using anti-mouse NP (Ventana Medical Systems) for 12 minutes at 37°C, and subsequent anti-NP AP (Ventana Medical Systems) for 12 minutes at 37°C followed by the Discovery Yellow Detection Kit (Ventana Medical Systems). In the double-stain second sequence, CD8 was detected using the antibody clone C8/144B (Agilent, 1:200, 32 minutes at 37°C). CD8 was detected using anti-mouse HQ (Ventana Medical Systems) for 12 minutes at 37°C and subsequent anti-HQ horseradish peroxidase (Ventana Medical Systems) for 12 minutes at 37°C, followed by the Discovery Purple Detection Kit (Ventana Medical Systems). Slides were counterstained with Hematoxylin and Bluing Reagent (Ventana Medical Systems). All immunohistochemistry slides were uploaded to SlideScore for visual exploration.




4.3 TLS Clustering Approach

We employed an unsupervised learning strategy to identify TLS clusters with distinct immune cell composition. A k-Means algorithm was trained with the cellular densities (cells/mm2) of B-cells, CD4 T-cells, CD8 T-cells, FoxP3 T-cells, and macrophages in TLS using input from all TLS identified in the untreated cohort (n=754, Figure 1A, Table 1). Cellular densities per TLS (with a pseudo-count of 0.01 cells/mm2 to account for null densities) were transformed to a logarithmic scale and scaled by the standard deviation after subtracting the mean. The k-means clustering algorithm was trained by testing 1 to 10 centroids with a maximum of 300 iterations. An optimal number of k=5 clusters was selected based on a reduction or decrease of the total within-cluster sum of squares observed from k=5 to k=6 (Supplementary Figure 6), by visual exploration of the separation on a tSNE plot (Figure 4D), and by taking into account that only 5 features (distinct immune cell densities) were used to train the k-means algorithm.

To assign clusters to TLS identified in the treated NABUCCO cohort, cellular densities (with a pseudo-count of 0.01 cells/mm2 to account for null densities) were transformed to a logarithmic scale, followed by subtraction of means computed on the untreated, and scaling by the standard deviations computed on the untreated cohort. Then, we computed the distances between each TLS and each of the 5 centroids trained with the k-means clustering on the untreated cohort and predicted each TLS subtype by selecting the nearest centroid.
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Lymphoid neogenesis gives rise to tertiary lymphoid structures (TLS) in the periphery of multiple cancer types including muscle invasive bladder cancer (MIBC) where it has positive prognostic and predictive associations. Here, we explored molecular, clinical, and histological data of The Cancer Genome Atlas, as well as the IMvigor210 dataset to study factors associated with TLS development and function in the tumor microenvironment (TME) of MIBC. We also analyzed tumor immune composition including TLS in an independent, retrospective MIBC cohort. We found that the combination of TLS density and tumor mutational burden provides a novel independent prognostic biomarker in MIBC. Gene expression profiles obtained from intratumoral regions that rarely contain TLS in MIBC showed poor correlation with the prognostic TLS density measured in tumor periphery. Tumors with high TLS density showed increased gene signatures as well as infiltration of activated lymphocytes. Intratumoral B-cell and CD8+ T-cell co-infiltration was frequent in TLS-high samples, and such regions harbored the highest proportion of PD-1+TCF1+ progenitor-like T cells, naïve T cells, and activated B cells when compared to regions predominantly infiltrated by either B cells or CD8+ T cells alone. We found four TLS maturation subtypes; however, differences in TLS composition appeared to be dictated by the TME and not by the TLS maturation status. Finally, we identified one downregulated and three upregulated non-immune cell-related genes in TME with high TLS density, which may represent candidates for tumor-intrinsic regulation of lymphoid neogenesis. Our study provides novel insights into TLS-associated gene expression and immune contexture of MIBC and indicates towards the relevance of B-cell and CD8+ T-cell interactions in anti-tumor immunity within and outside TLS.
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Introduction

In chronically inflamed tissues including cancer, infiltrating lymphocytes can form ectopic lymphoid organs termed tertiary lymphoid structures (TLS) via lymphoid neogenesis (1, 2). TLS structurally resemble follicles of secondary lymphoid organs (SLO) like lymph nodes and can exert similar functions such as priming of antigen-specific T cells and mounting ectopic germinal center (GC) reactions (3, 4). TLS density in the tumor microenvironment (TME) correlates with increased infiltration of adaptive immune cells and improved patient survival in a growing list of solid tumors (5, 6) including muscle invasive bladder cancer (MIBC) (7). Along the same lines, TLS density as well as mRNA expression of CXCL13, a crucial regulator of lymphoid neogenesis, has a favorable prognostic association in the context of immune checkpoint inhibition (ICI) therapy of MIBC (8–10). Similar observations were reported in sarcoma, melanoma, and renal cell carcinoma patients (11–13). This has fueled the hypothesis that TLS are drivers of anti-tumor immunity and that, consequently, TLS induction could be considered as a therapeutic strategy (5, 6).

Lymphoid neogenesis and lymphoid organogenesis share central regulatory molecules such as CXCL13, surface lymphotoxin (LTα1β2), CCL21, and CCL19 (14). During embryogenesis, lymphoid tissue inducer (LTi) cells of hematopoietic origin and lymphoid tissue organizer (LTo) cells of mesenchymal origin interact via the abovementioned chemokines and receptor/ligand pairs to establish the developing SLO (15). Such cells are absent in adult organs but various hematopoietic cells like B cells, T cells, and dendritic cells (DC) exhibit functions of LTi cells (16), and stromal cells perform as LTo cells during lymphoid neogenesis (17). Lymphoid organogenesis takes place under sterile conditions, while lymphoid neogenesis requires antigenic stimulation (14). Particularly, T cells and B cells upregulate surface lymphotoxin expression upon activation (18). In peripheral organs, perivascular LTBR-expressing mesenchymal cells respond to surface lymphotoxin-expressing B cells and differentiate into follicular dendritic cells (FDCs), which govern B-cell zone organization and GC activation in TLS as well as in SLO (19–24). In the TME, targeted delivery of LIGHT, an alternative ligand of LTBR produced by activated T cells (25), drives vascular normalization and TLS formation (26, 27). Additionally, the extent of lymphoid neogenesis in a given organ depends also on composition of mesenchymal cells including fibroblasts (14), which affects the overall TLS development in different tumor-bearing organs (28).

Variation in TLS density is observed also between patients of the same tumor type and has significant prognostic associations (5, 6). IL-1R (29, 30) and IFNAR (31) signaling have been implicated as upstream events of lymphoid neogenesis in different inflammatory contexts. Here, we hypothesized that also non-immune, tumor cell-derived factors influence TLS development. To address this, we analyzed MIBC patient data of The Cancer Genome Atlas (TCGA) and the IMvigor210 dataset (32) as well as clinical samples from a retrospective MIBC cohort. Our data demonstrate a significant interaction between TLS density and tumor mutational burden (TMB) as well as increased T-cell activation. A particular feature of TLS-high tumors was the frequent co-infiltration of B cells and CD8+ T cells as well as the highest proportion of PD-1+TCF1+ progenitor-like T cells (33) in intratumoral regions. We found four TLS subtypes based on the presence of FDC and CD8+ T cell frequency. As in tumor regions, the highest proportion of PD-1+TCF1+ progenitor-like CD8+ T cells was found in the TLS subtype with the highest B cell and CD8+ T cell frequency. However, the main differences in TLS composition were found between TLS from TLS-high and TLS-low tumors rather than between their maturation stages. Finally, we identified one downregulated and three upregulated non-immune-related genes in tumors with high TLS density that are candidates for further studies of tumor-intrinsic regulation of lymphoid neogenesis.



Materials and Methods


Patient Cohorts

There are 412 MIBC patient cases available from TCGA. We excluded patients who had no diagnostic images available (n = 31) as well as patients for whom there was no peritumoral region visible in the diagnostic image (n = 77) (no tumor invasive margin and adjacent organ parenchyma). In total, 304 patients were included in the histological and molecular analyses. From these, 2 patients had no available survival information, 2—no available transcriptomic data and 1—no genomic data, and were thus excluded from the respective analyses. Cohort characteristics are shown in Supplementary Table 1.

There are 348 patients available in the IMVigor210 dataset obtained from a multicenter, single-arm, phase 2 trial that investigated efficacy and safety of atezolizumab in metastatic urothelial cancer (32). Clinical response, survival, and gene expression data of these patients were obtained from http://research-pub.gene.com/IMvigor210CoreBiologies/ (34). Cohort details and response criteria were described previously (32). For 50 patients, clinical response was not evaluated, while 25 patients had a complete response, 167—progressive disease, 43—partial response, and 63—stable disease.

A retrospective patient cohort of untreated MIBC patients (n = 40) was obtained from the Netherlands Cancer Institute (NKI) (Supplementary Table 2). TLS density was assessed in this cohort by mIF. We then selected 12 patients with highest and 11 with lowest TLS density for characterization of TLS-associated tumor immune infiltrates by mIF. Use of retrospective anonymized patient material for research was approved by NKI-AVL institutional research board, following national regulations.

The use of patient material in different analyses of this study is depicted in the study design schematic (Supplementary Figure 1).



TLS Quantification in Histological Images From TCGA

All diagnostic [formalin-fixed paraffin-embedded (FFPE)] and matched cryopreserved sample histology images (H&E staining) of the TCGA MIBC cohort were downloaded through the GDC portal. Dense lymphocytic clusters were marked as TLS annotations using the QuPath software. Presence of GC was also marked in TLS with the characteristic central morphology (Supplementary Figure 2). The generated annotations were exported to ImageJ software for automated measurement of TLS and GC number and size as well as total tissue area in each image. In diagnostic images, TLS and GC density was calculated as the number of TLS or GC annotations per measured tissue area. Average TLS or GC size was calculated as the mean area of the TLS or GC annotations for each patient. In cryopreserved sample images, TLS were assessed as present or absent.



Survival Analysis

Comparison of overall survival across different clinical, histological, and molecular parameters was performed by Kaplan–Meier curve and log-rank test. Patient groups were defined by median cutoffs for all continuous variables. Death was considered as event and patients alive at the last follow-up were censored. Hazard ratio for the different parameters was calculated by univariate Cox regression analysis. Prognostic independence of parameters with significant survival associations in univariate Cox regression was tested by multivariate Cox regression analysis.



Analysis of Molecular Data

All analysis were performed using R version 4.1.0.

MIBC RNA count, somatic mutation, copy number, and methylation data were downloaded with TCGAbiolinks (35). RNA count data were normalized with edgeR (36) and log2+1 transformed. Genes with less than 1 read per million in less than 10 samples were removed.

Gene expression was compared between TLS density groups. A change in average expression level of 50% (corresponding to fold change of 1.5 and log2 fold change of 0.585) was considered relevant. Two group comparisons were done by two-tailed t-test followed by Benjamini and Hochberg adjustment for multiple testing. Genes with adjusted p-value <0.05 (corresponding to log10 p-value of <−1.3) were considered as differentially expressed. Multiple group comparisons were done by one-way ANOVA.

Pathway analysis of identified differentially expressed genes (DEGs) was done using enrichplot and DOSE (37) for the gene ontology Biological Processes.

Gene signature encompassing the 122 significant TLS-associated DEGs was generated using GSVA (38).

Tumor mutation burden (TMB) was calculated by taking the sum of non-synonymous mutations and insertions and deletions (indels) per patient. Immune cluster and neoantigen data were acquired from Thorsson et al. (39) Abundance of cell population gene signatures was estimated by MCP counter (40).

ImVigor210 data were obtained from http://research-pub.gene.com/IMvigor210CoreBiologies/ (34). RNA count data were normalized with edgeR and log2 +1 transformed, and genes with less than 1 read per million in less than 10 samples were removed. Gene expression was compared between complete responders (n = 25) and progressive disease patients (n = 167) as described above for TLS density groups.



TLS–TMB Score

We integrated TLS density and TMB into a joint TLS-TMB score as follows: patients were split into four groups based on the median TLS density (1.08 TLS/cm2) and the median mutation count (166 mutations). The categorical score was obtained with 85 patients having both parameters above their medians (HiHi), 86 with both parameters below the medians (LoLo), and 65 patients in each of the mixed groups (HiLo and LoHi, respectively).

The same principle was applied to integrate TLS density and predicted neoantigen load.

Gene expression was compared between TLS-TMB groups (HiHi versus all other) as described above for TLS density groups.



Immunofluorescence

TLS were analyzed in a retrospective patient cohort by mIF as described before (41). Briefly, 4-μm-thick FFPE tissue sections were treated in Trilogy™ buffer (CellMarque) for 10 min in a pressure cooker at 110°C, blocked in 4% bovine serum albumin/PBS/0.1% Triton X solution, and subjected to sequential detection of CD23 (SP23, Abcam, 1:1,000), CD21 (2G9, Leica, 1:5,000), PNAD (MECA-79, BioLegend, 1:5,000), DC-LAMP (1010E1.01, Dendritics, 1:1,000), CD3 (SP7, ThermoFisher, 1:1,000), and CD20 (L26, Dako, 1:5,000), here referred to as the TLS panel, using tyramide-conjugated fluorophores of the 7-plex Opal system (Akoya). Multispectral images of 200× high-power fields were acquired for all TLS in each patient using the Vectra 3.0 microscope (PerkinElmer/Akoya) with one TLS per image.

For tumor immune infiltrate analysis, tissue processing prior to mIF was done as described above for TLS analysis. The following markers were sequentially detected using a 9-plex Opal system (Akoya): PD-1 (D4W2J, Cell Signaling Technology, 1:8,000), TCF1 (C63D10, Cell Signaling Technology, 1:5,000), CD3 (SP7, ThermoFisher, 1:2,000), CD8 (4B11, Bio-Rad, 1:5,000), CD20 (L26, Dako, 1:5,000), CD21 (2G9, Leica, 1:5,000), Pan-cytokeratin (h-240, Santa Cruz, 1:2,000), and SH2D2A (OTI3C7, ThermoFisher, 1:1,000), here referred to as the TIL panel. A representative set of intratumoral and peritumoral regions as well as all TLS regions in each patient were imaged in high power (200×) using a Vectra Polaris multispectral slide scanner (Akoya). Intratumoral regions were defined as regions not in direct contact with the normal organ parenchyma within the 200× high-power field (Supplementary Figure 1C). No intratumoral regions were defined for four patients with highly fragmented tumors that were dispersed throughout the organ parenchyma.



Quantitative Image Analysis

The workflow of multispectral image analysis of the TLS panel included the following steps: (1) spectral unmixing; (2) tissue segmentation of the following TLS regions: B-cell zone, T-cell zone, follicular dendritic cell (FDC) zone, GC zone, and the remaining non-TLS tissue; (3) measurement of whole TLS area as the sum of the different TLS regions per image; and (4) measurement of total tissue area from the whole slide image. Steps 1–3 were done using the Inform software (version 2.5.1), and step 4 was done using the ImageJ software. TLS maturation stage was determined by the presence or absence of FDC and GC zones in images containing B-cell zones. We did not implement PNAd staining to define TLS area as HEVs are also detected in TLS-non-related regions of the tissue (42). TLS density was calculated as the number of TLS per measured tissue area.

The workflow of multispectral image analysis of the TIL panel (Supplementary Figure 3) included the following steps: (1) spectral unmixing; (2) tissue segmentation of tumor, stromal, and TLS regions (B-cell zone, T-cell zone, and FDC zone); (3) measurement of whole TLS area as the sum of the different TLS regions per image; (4) individual cell segmentation; (5) extraction of per-cell fluorescent data, all using the Inform software (version 2.5.1); (6) image data file conversion into flow cytometry data file format using Biobase and flowCore (43); and (7) identification and quantification of different cell phenotypes using flow cytometry data analysis software FlowJo (version 10.8.0) (Supplementary Figure 3). The maturation of each TLS was assessed by the presence or absence of the FDC zone by tissue segmentation or by the presence of CD21+ cells in single-cell analysis. Tumor, stromal, and TLS tissue segments containing less than 100 cells were excluded from single-cell analysis. Cell frequencies were assessed as the proportion of all cells in each tissue category per image and averaged per patient in peritumoral and intratumoral regions as well as in early and mature TLS.

The immune composition of each tumor and stromal tissue segment was defined based on their frequency of B cells, CD8+ T cells, and CD8- T cells, and for TLS composition, CD21+ cells were also included. Tissue segments with similar immune composition were identified using hierarchical clustering (R package pheatmap). Frequencies of the identified immune clusters were calculated for each patient as a proportion of the respective tissue segments (tumor, stroma, or TLS).

Cell and cluster frequencies were compared between two groups by two-tailed t-test and by one-way ANOVA for multiple group comparisons. No correction for multiple testing was done.




Results


TLS Density Is a Significant Positive Prognosticator in Diagnostic Images of MIBC

We quantified TLS in images from diagnostic (FFPE) samples (Figure 1A) and matched cryopreserved samples (Figure 1B) of the TCGA MIBC cohort (n = 304). Cryosample images displayed tissues that were used for the acquisition of TCGA molecular data, and mainly represented intratumoral regions without invasive margin. TLS detected in the cryosamples are here referred to as c-TLS. The diagnostic images always contained intra- and peritumoral regions. We refer to TLS detected in the diagnostic images as d-TLS density (number per tissue area). We found concordance in the histological assessment of TLS between the two sampling methods for approximately 50% of patients: 17 patients with high d-TLS density contained TLS in the matched cryosample (c-TLS-positive) (Figures 1A, B and Supplementary Figure 2A), and 140 patients with low d-TLS density had no c-TLS. However, a considerable discrepancy was found in 135 cases with high d-TLS density that had no detectable c-TLS (Figures 1C, D and Supplementary Figure 2B), and in 12 cases with low d-TLS density that had TLS in their cryosample (Supplementary Figure 2C). Overall, we detected dense lymphocytic aggregates in approximately 10% of cryosamples (n = 29) and in approximately 75% of diagnostic images (n = 224) (Figure 1E, Supplementary Figure 2). Thus, the sensitivity of TLS detection was significantly higher in the diagnostic samples (Fisher’s exact test p = 0.000), which may be explained by the fact that intratumoral TLS were considerably less frequent than peritumoral TLS within the same diagnostic image (Supplementary Figures 2A–E). Consequently, we used d-TLS density for survival analysis. Patient groups split by median d-TLS density showed a significant difference in overall survival (Figure 1F), while groups defined as d-TLS-positive or -negative showed only a trend (Supplementary Figure 4), establishing the cohort median as a biologically relevant threshold. We observed that the average size of TLS and GC, as well as the density of GC was positively associated with TLS density (Figures 1G, H and Supplementary Figures 6A–D), suggesting that tumor microenvironments where TLS are initiated also allow subsequent maturation and generation of GC.




Figure 1 | TLS density is a significant positive prognosticator in diagnostic images of MIBC. Dense lymphocytic aggregates were assessed in histology images from diagnostic (FFPE) and matched cryopreserved (Cryo) samples of the TCGA MIBC cohort. TLS (yellow circles) and GC (red circles) were annotated using the Qupath software. Their counts and sizes were measures by ImageJ software. (A, B) Representative examples of concordant histology assessment between the two sampling methods: high d-TLS density (A) and TLS positivity in the matched cryosample (B). (C, D) Representative examples of discordant histology assessment between the two sampling methods: high d-TLS density (C) but no TLS in the matched cryosample (D). (E) Proportion of TLS-containing images from the diagnostic and cryopreserved samples were compared by Fisher’s exact test (***p < 0.000). (F) Median d-TLS density (TLS count per tissue area) was used to define TLS-high and TLS-low patient groups for comparison of overall survival by Kaplan–Meier curve and log-rank test. (G) Average size of d-TLS and GC was calculated in each patient and compared between d-TLS density groups by two-tailed t-test. (H) GC density (count per tissue area) was compared between d-TLS density groups by two-tailed t test.





Intratumoral Gene Expression Poorly Correlates With d-TLS Density

We next investigated whether gene expression profiles obtained from intratumoral regions (cryosamples) could be used as proxies for d-TLS density substituting the necessity of histological evaluation. We thus compared d-TLS-high and -low patient groups and found 123 DEGs (Figure 2A and Supplementary Figure 5A). Many of these DEGs were canonical TLS-associated genes, like CR2 (encoding CD21), multiple B cell lineage markers such as MS4A1 (encoding CD20), CD19, and CD79A, as well as TLS-relevant chemokines including CXCL13, LTB, CCL21, and CCL19. However, we found only weak direct correlations between d-TLS density and the intratumoral mRNA abundance of the DEGs (Figure 2B and Supplementary Table 4). Similar results were obtained when all TLS-associated DEGs were analyzed as a joint signature (Supplementary Table 4), or when immune cell abundance estimated with MCP counter was analyzed (Supplementary Figures 5B, C). In fact, most of the identified DEGs showed a much more pronounced expression difference between tumors that did or did not contain c-TLS (Figure 2C and Supplementary Table 5). Furthermore, we found no association between d-TLS density and the previously published TCGA immune subtypes (immune gene signatures) with prognostic relevance in a pan-cancer setting (39) (Supplementary Figures 5D, E). When the MIBC cohort was analyzed separately, the pan-cancer immune subtypes did not show any correlation with survival (Supplementary Figure 5F). These results indicate that mRNA profiles obtained from intratumoral regions, which rarely contain TLS (Supplementary Figure 2D), cannot be reliably used as proxy for the detection of tumor-associated TLS, which largely develop in the periphery of MIBC (Supplementary Figure 2D) and other solid tumors (8, 42, 44).




Figure 2 | Gene expression in intratumoral regions poorly correlates with d-TLS density. (A) Gene expression measured by bulk tumor RNA sequencing of intratumoral regions (cryosamples) was compared in d-TLS density groups by two-tailed t-test with Benjamini–Hochberg adjustment for multiple testing. Differentially expressed genes were defined as genes with expression change of 50% (log2 fold change of 0.585) and adjusted p-value <0.05 (log10 adj. p-value <-1.3) and are displayed as red dots in the Volcano plot. (B) Spearman correlation analysis was done to establish the direct relationship between intratumoral DEG abundance and d-TLS density. Representative plots of the most significant correlations are shown. (C) Gene expression was compared in patient groups defined by the presence or absence of TLS in their cryosamples (c-TLS) by two-tailed t-test and Benjamini–Hochberg adjustment for multiple testing. Significant DEGs were defined and visualized as in (A).





Genes Associated With d-TLS Density in the TME Are Dominantly Immune Cell-Related

To search for tumor-intrinsic gene expression alterations with potential impact on lymphoid neogenesis, we first excluded the DEGs that would be derived directly from TLS such as all DEGs overlapping between d-TLS and c-TLS group comparison (Supplementary Table 5). As a result, a set of 44 DEGs unique to the d-TLS group comparison remained (Supplementary Table 6). Next, we interrogated the published literature and online expression databases to identify potential tumor cell-, immune cell-, and stromal cell-derived genes. Out of the 44 d-TLS-associated genes, 38 were protein coding. Four of those, namely, NDGR4, ZFP57, THEM5, and HRCT1, did not show an immune cell-associated expression pattern (Supplementary Table 6). NDGR4 was in fact the only gene associated with reduced TLS development in the DEG analysis, while ZFP57, THEM5, and HRCT1 showed increased expression in TLS-high tumors (Figure 3A). We found that multiple immune population gene signatures were positively associated with the expression of ZFP57 and HRCT1, and a negative association was found for NDGR4 (Supplementary Figure 5G); however, no correlation with patient survival was found for these genes (Supplementary Table 6). Furthermore, three genes—Cxorf65, SSTR3, and ART3—had a testis-associated expression pattern (Supplementary Table 6) and might represent novel Cancer/Testis antigens. The majority of the remaining DEGs were, however, associated with activated immune response, in particular, with T-cell activation as demonstrated by pathway enrichment analysis (Figure 3A). Expression of most of these genes showed significant correlation with improved patient survival in the TCGA MIBC cohort as well as with response to immune checkpoint inhibition and survival analyzed in the IMVigor210 data set (Figures 3B, C and Supplementary Table 6). Taken together, TLS in the TME are associated with expression changes of predominantly immune response-related genes; nevertheless, also non-immune genes were found to be altered in TLS density groups and represent candidates for studying tumor-intrinsic regulation of lymphoid neogenesis.




Figure 3 | Genes upregulated in TLS-high tumors are related to immune response activation, improved survival, and response to ICI. (A) Pathway enrichment analysis of TLS-associated DEGs unique to the d-TLS group comparison (n = 44) was performed using gene ontology “Biological Processes”. The number of corresponding DEGs is visualized for the top ten enriched processes (left). The contribution of specific genes to the top five enriched pathways is visualized (right). (B) Overall survival was compared for gene expression groups defined by cohort medians in the TCGA MIBC cohort (top row) and IMvigor210 cohort (bottom row) using Kaplan–Meier curve and log-rank test for each unique DEG. (C) Expression comparison of the identified unique DEGs between complete response (CR) and progressive disease (PD) after ICI in the IMVigor210 dataset was performed by two-tailed t-test. Genes that showed significant favorable prognostic associations in both cohorts are shown.





Joint TLS–TMB Score Is a Novel Independent Prognosticator in MIBC

We next explored genetic and epigenetic features in MIBC such as copy number variation, methylation profile, TMB, and mutation frequency of individual genes in the context of TLS development. Among these, we found significant differences in TLS density groups only for TMB; the number of nonsynonymous mutations was significantly increased in patients with high d-TLS density (Figure 4A). However, there was no direct correlation between TMB and d-TLS density, size, or GC formation (Figure 4B and Supplementary Figures 6A–D). Since TMB by itself also conferred favorable prognosis in MICB (Figure 4C), we tested whether there is a potential biomarker synergy between TLS and TMB. Indeed, patients with high d-TLS density and high TMB (both parameters above the cohort medians) had a superior overall survival than all other patients (Figure 4D). The favorable prognostic interaction was particularly evident in advanced stage patients (Figures 4E, F). Neither TLS density nor TMB was associated with tumor stage (Supplementary Figures 6E, F). The integrated TLS-TMB score was an independent prognostic marker of survival when tested in a multivariate Cox regression model together with tumor stage and vascular invasion parameters (Table 1), while TLS density and TMB as separate parameters showed independence from each other (Supplementary Table 3, Model 1) but not from tumor stage or vascular invasion (Supplementary Table 3, Model 2). Like TMB, predicted neoantigen count was also increased in patients with high d-TLS density (Supplementary Figure 3G). Subsequently, we obtained similar survival associations when TLS density was integrated with predicted neoantigen count (Supplementary Figure 3H). The MCP counter analysis revealed that patients with TLS-TMB high–high status had significantly higher expression of cytotoxic cell- or T cell-related gene signatures in comparison to all other patients (Figure 4G). We observed similar trends when comparing stage IV patients with high–high versus high–low status (Supplementary Figure 6I). Differential gene expression analysis returned a single protein coding gene that was associated with the high–high status—SH2D2A, a T cell-specific adaptor protein with poorly understood functions (45) (Figure 4H). Thus, TLS in the context of potentially increased tumor antigenicity (46) provide a prognostic advantage especially for late-stage MIBC patients.




Figure 4 | Joint TLS-TMB score is a novel independent prognostic biomarker in MIBC. (A) Tumor mutational burden (TMB) was measured as the count of nonsynonymous mutations and was compared in patients with high and low d-TLS densities by two-tailed t-test. (B) Direct correlation between TMB and d-TLS density was analyzed by Spearman correlation. Red dotted lines represent cohort medians of the TMB and TLS density, respectively. (C) Patients with high and low TMB were defined by the cohort median TMB. Overall survival was compared in TMB-high and TMB-low patients by Kaplan–Meier curve and log-rank test. (D) MIBC patients were split into four groups based on their high or low d-TLS density in combination with high or low TMB creating a joint TLS-TMB score. Overall survival was compared in the four patient groups by Kaplan–Meier curve and log-rank test. (E) Patients were stratified into short-term and long-term survivors by using 15-month survival as cutoff. The proportion of patients with short- and long-term survival in the different TLS-TMB groups was compared in the context of tumor stage. (F) Overall survival of different TLS-TMB groups was analyzed in each MIBC stage separately by Kaplan–Meier curve and log-rank test. (G) Log2 abundance of cell population gene signatures was determined using the R package MCP counter and compared between TLS-TMB high–high (HH) and other (nonHH) patients by two-tailed t-test. (H) Gene expression measured by bulk tumor RNA sequencing was compared between TLS-TMB high–high and all other patients by two-tailed t-test with Benjamini–Hochberg adjustment for multiple testing. The expression of the only identified protein-coding DEG, SH2D2A, was compared for the TLS-TMB high–high group against all other groups’ two-tailed t-test with no adjustment for multiple testing.




Table 1 | Multivariate Cox regression analysis.





TLS-Rich TME Is Associated With Increased Infiltration of Activated Lymphocytes

We then analyzed tumor immune infiltration in the context of TLS density in a retrospective MIBC cohort. We performed tissue segmentation of 9-plex mIF images to address immune infiltration separately in tumor nests and tumor stroma obtained from peri- and intratumoral regions as well as in TLS (Supplementary Figure 1C). To characterize T cells, we selected SH2D2A, which, although with a low fold change, was among the top significant d-TLS-associated DEGs (Figure 2B, Supplementary Figure 5A, Supplementary Table 6), and was uniquely associated with the TLS-TMB high–high status (Figure 4H). Additionally, we used PD-1 to detect activated B cells (47–50) and T cells [PD-1+ TCF1- (51)], and TCF1 to detect naïve [PD-1- TCF1+ (51)] or progenitor-like [PD-1+ TCF1+ (51)] T cells with known association to improved survival and response to immunotherapy (33) (Figure 5A and Supplementary Figure 3). In line with a previous report (52), we found that CD8+ T cells were the most prominent TIL population in MIBC followed by B cells and CD8- T cells (Figures 5B-D). Intratumoral heterogeneity of immune cell infiltration was observed in all patients (Supplementary Figure 7A). In line with the variability and average abundance of immune population gene signatures observed by the MCP counter analysis (Supplementary Figure 5B), we saw increased average B-cell infiltration and trends towards increased total T-cell frequencies in TLS-high tumors; however, the effect was confined mainly to the peritumoral regions (Figures 5B-D). The average frequencies of SH2D2A-expressing cells, PD-1-TCF1- CD8+ T cells, or all subpopulations of CD8- T cells were not altered in d-TLS density groups (Supplementary Figures 7B–D). In contrast, CD8+ T-cell and B-cell subpopulations expressing PD-1 were significantly increased in the peritumoral areas of TLS-high patients (Figures 5E, F, H). CD21-expresing B cells were found rarely outside mature TLS and showed a trend towards increased infiltration in TLS-high tumors (Figure 5G). Furthermore, naïve CD8+ T cells (Figure 5I) as well as PD-1- B cells (Supplementary Figure 7C) were increased in the periphery of TLS-high tumors, while progenitor-like PD-1+TCF1+ CD8+ T cells infiltrated intratumoral regions significantly less in TLS-low patients (Figure 5J). Together, TLS are associated with increased infiltration of CD8+ T cells and B cells in the TME, recapitulating the result of TCGA gene expression analysis.




Figure 5 | Activated B cells and progenitor-like T cells are increased in TLS-high tumors. Characterization of immune cell phenotypes in TME was performed by mIF staining of CD20 (B cells), CD21 (FDCs), CD3 (total T cells), CD8 (cytotoxic T cells), PD-1 (activation marker), TCF1 (marker of naïve cells), SH2D2A (T cell-specific adaptor protein), and PanCK (tumor cells). Images were acquired by multispectral microscopy from a representative set of peritumoral (PT) and intratumoral (IT) regions. Per-cell fluorescent data were obtained by cell segmentation in tumor nests and stromal regions. (A) A representative image of a TLS-high tumor and corresponding mIF staining identifying PD-1+TCF1+ (progenitor-like) CD8+ T cell infiltrating a tumor nest. Scale bar = 100 μm. (B–D) Total CD8+ (B) and CD8- T-cell (C) and B-cell (D) frequencies were measured as the proportion of all cells within the respective tissue categories (tumor or stroma) and averaged per patient in peritumoral (PT) and intratumoral (IT) regions. Infiltration in the two d-TLS density groups was compared by two-tailed t-test. No correction for multiple testing was done. (E) Heatmaps displaying z-scaled average frequencies of each measured subpopulation in each tissue category (tumor or stroma) in peritumoral and intratumoral regions for all analyzed patients. (F–J) Frequencies of PD-1+ (E) and CD21+ (G) B cells, PD-1+TCF1- (H), PD-1-TCF1+ (I), as well as PD-1+TCF1+ (J) CD8+ T cells were quantified and compared as described in (B).





TLS-High Tumors Show Frequent B- and T-Cell Co-Infiltration Harboring Naïve and Progenitor-Like T Cells and Activated B Cells

To study possible co-infiltration patterns of TILs across different tumor regions, we performed hierarchical clustering of all acquired tumor and stromal tissue segments by their frequencies of B cells, CD8- T cells, and CD8+ T cells. We found similar infiltration patterns in tumor nests and stroma, which were classified into five main groups: (1) predominant CD8+ T-cell infiltration with high frequency, (2) predominant CD8+ T-cell infiltration with low frequency, (3) co-infiltration of CD8+ T cells and B cells, (4) predominant infiltration of B cells, and (5) no infiltration (Figure 6A). As expected, we found a higher prevalence of non-infiltrated tumor regions in the TLS-low patients, while B-cell dominant and B-cell and CD8+ T-cell co-infiltrated regions were more frequent in TLS-high tumors (Figure 6B). In fact, B- and T-cell co-infiltration was found in around 20% of tumor regions from 2/3 of the TLS-high patients, which contrasts with less than 10% of tumor regions in 1/4 of TLS-low patients (Supplementary Figure 8A). While B- and T-cell co-infiltrated tumor areas had similar total T-cell frequency when compared to T-cell-dominant areas, the proportion of TCF1+ T cells (both, CD8- and CD8+) was significantly higher (Figure 6C). Similarly, PD-1-expressing B cells were enriched in co-infiltrated regions in comparison to B-cell-dominant regions with matching total B-cell infiltration (Figure 6D). The same results were obtained for stromal regions (Supplementary Figure 8B) that also displayed a significant increase in PD-1+TCF1+ T-cell proportion (Figure 6E). Although the proportion dynamic of the above cell subpopulations in the different immune clusters was similar in both TLS density groups (Supplementary Figure 8C), TLS-low tumors exhibited significant reduction in the proportion of these phenotypes compared to TLS-high tumors (Figure 6F). Taken together, TLS presence in TME is associated with increased co-infiltration of B cells and CD8+ T cells within tumor nests and tumor stroma. Co-infiltrated regions show increased frequencies of naïve (PD-1-TCF1+) T cells and activated B cells (PD-1+) as well as an almost exclusive presence of progenitor-like (PD-1+TCF1+) T cells when compared to areas predominantly infiltrated by B cells or CD8+ T cells alone. These data indicate towards a potential role of B-cell and CD8+ T-cell interactions in generating or sustaining PD-1+TCF1+ T cells.




Figure 6 | B- and T-cell co-infiltration is common in TLS-high tumors and shows differential immune composition. (A) Tumor and stromal regions were classified based on their composition of B cells, CD8-, and CD8+ T cells by hierarchical clustering. Five immune clusters were identified in both regions: (1) B- and T-cell co-infiltrated (BT, both populations with frequency >5%), (2) B cell-dominant (B cells, B cells >5%, and CD8+ T cells <5%), (3) CD8+ T cell-dominant high frequency (CD8hi, >10% of cells are CD8+ T cells, B cells <5%), (4) CD8+ T cell-dominant low frequency (CD8lo, >5% < 10% of cells are CD8+ T cells, B cells <5%), and (5) non-infiltrated (NI) (B cells and CD8+ T cells both <5%). Heatmaps display the average frequency of the measured cell populations in the identified immune clusters. (B) Frequency of each identified immune cluster was determined as the proportion out of all analyzed tumor and stromal segments in each patient. Immune cluster frequencies were compared between TLS-high and TLS-low patients. (C) Frequency of infiltrating total CD8- and CD8+ T cells (top panels) as well as their proportion of PD-1-TCF1+ naïve cells (bottom panels) was measured in each individual tissue segment (image) and compared in different tumor immune clusters. (D) Frequency of infiltrating total CD20+ B cells (top panels) as well as their proportion of PD-1+ activated cells (bottom panels) was measured in each individual tissue segment (image) and compared in different stromal immune clusters. (E) Proportion of PD-1+TCF1+ progenitor-like cells from total CD8- (top) and CD8+ (bottom) T cells was measured in each tissue category per image and compared in different stromal immune clusters. (F) Proportion of PD-1+TCF1+ progenitor-like CD8+ T cells and PD-1+ B cells was measured in each individual tissue segment (image) and compared between different TLS density groups for each stromal immune cluster separately. In all panels, two groups (as indicated by group connectors below p-values) were compared by two-tailed t-test without correction for multiple testing. More than two groups were compared by one-way ANOVA.





Lymphocyte Activation in TLS Is Defined by TME and Not TLS Maturation Stage

Finally, we characterized the development, maturation, and composition of TLS in MIBC patients. We defined TLS stages by the presence of CD21+ FDC networks and CD23+ GC cells (Figure 7A) using image tissue segmentation. Similarly to our previous findings in untreated lung and colorectal cancer (42, 44) as well as the d-TLS assessment in TCGA MIBC cohort (Figures 2G, H), TLS were more mature in MIBC patients with high TLS density (Figure 7B), suggesting that TLS initiation and maturation in the TME are naturally linked.




Figure 7 | TLS composition depends on TME and differs between maturation clusters. (A) TLS quantification and assessment of maturation was performed by mIF staining of CD20 (B cells), CD21 (FDCs), CD3 (total T cells), CD23 (GC cells), PNAd (high endothelial venules), and DC-LAMP (antigen-presenting DCs). Images were acquired by multispectral microscopy from all TLS. Tissue segmentation was used to detect FDC and GC presence in TLS for the assignment of TLS maturation stages as follows: no FDC and GCs—early TLS (E-TLS), FDC networks present but no GC cells—primary follicle-like TLS (PFL-TLS), GC cells present in FDC network—secondary follicle-like TLS (SFL-LS). Representative images of each maturation stage are shown. Scale bar = 100 μm. (B) The proportion of each TLS maturation stage was assessed as percentage of total TLS in each patient. The proportion of GC-containing TLS (SFL-TLS) was compared between TLS-high and TLS-low patients. (C) Characterization of immune cell infiltration in TLS was performed by mIF staining as described in Figure 5. Presence of CD21+ cells was used to define a TLS as mature or immature. Frequencies of B cells and T cells were averaged per patient and compared between TLS maturation stages. (D) Proportions of PD-1+TCF1+ progenitor-like cells from total CD8- (left) and CD8+ (center) T cells, as well as PD-1+ cells from total B cells (right) were averaged per patient per TLS maturation stage and compared in TLS-high and TLS-low groups. (E) Hierarchical clustering was used to identify TLS with similar composition based on B-cell, CD21+ B-cell, and T-cell frequencies. Four clusters (TLS subtypes) were identified as follows: immature TLS with high or low CD8+ T-cell infiltration (ImmCD8hi and ImmCD8lo, respectively), and mature TLS with high or low CD8+ T-cell infiltration (MatCD8hi and MatCD8lo, respectively). Heatmap displays the average frequency of the measured cell populations in the identified TLS subtypes. (F) Proportions of PD-1-expressing lymphocytes and PD-1+TCF1+ progenitor-like T cells were compared in different TLS clusters. (G) Proportion of PD-1+TCF1+ progenitor-like CD8+ T cells, PD-1+ B cells, and CD8+ T cells was measured in each individual TLS and compared between different TLS density groups for each TLS subtype separately. In all panels, two groups (as indicated by group connectors below p-values) were compared by two-tailed t-test without correction for multiple testing. More than two groups were compared by one-way ANOVA.



Analysis of the cellular composition of TLS by 9-plex mIF revealed that immature TLS had an increased proportion of T cells and reduced proportion of B cells when compared to mature TLS (Figure 7C), a feature present in both TLS-high and TLS-low tumors (Supplementary Figure 9A). No major differences were seen for the proportions of total B cells and CD8+ T cells when each TLS maturation stage was compared in TLS-high and TLS-low tumors separately (Supplementary Figure 6B). However, the proportions of PD-1+TCF1+ T cells and PD-1+ B cells in TLS were significantly increased in TLS-high tumors independently of TLS maturation stage (Figure 7D and Supplementary Figure 9C).

We next analyzed TLS composition following a similar approach as above for tumor and stromal regions. Due to the high cell density within TLS, B cells in contact with FDCs were detected as CD21+ and were used here to define the maturation status of TLS subtypes identified by hierarchical clustering analysis (Figure 7E). Two mature and two immature TLS clusters were found based on their proportion of CD8+ T cells—high and low, respectively, using 10% frequency as the cutoff. As expected, enrichment of mature and immature clusters was observed in TLS-high and TLS-low tumors, respectively (Supplementary Figures 9D, E). Interestingly, PD-1+TCF1+ CD8+ T cells, as well as PD-1+ B cells and T cells, were highest in the mature-CD8high TLS subtype (Figure 7F). However, this effect was only partially preserved when TLS density groups were analyzed separately (Supplementary Figure 9F); in TLS-low tumors, these phenotypes were significantly reduced in almost all TLS subtypes (Figure 7G and Supplementary Figure 9G). To summarize, TLS have reduced T-cell and B-cell activation and progenitor-like T-cell frequency within the TLS-low TME compared to their counterparts in TLS-high TME and independently of maturation stage. Mirroring the findings from the co-infiltrated tumor regions, TLS with high CD8+ T-cell and B-cell frequency (such as the mature-CD8high subtype) had the highest proportion of progenitor-like CD8+ T cells and PD-1+ B cells, which implies the possible role of local interactions between B cells and CD8+ T cells in immune response regulation by supporting PD-1+TCF1+ CD8+ T cells.




Discussion

We have performed comprehensive molecular and histological characterization of MIBC samples in the context of TLS density. We found that TLS formed in the periphery of MIBC in most cases and, in line with previous reports (7, 53), their density correlated with improved survival. We (42) and others [reviewed in (54)] showed that the expression of lymphoid neogenesis-associated chemokines like CXCL13 and LTB as well as lineage markers of TLS components such as B cells is increased in samples containing lymphocytic clusters. Therefore, we reasoned that gene expression signatures could serve as a proxy for TLS quantification in cases where histological material is unavailable. We found that d-TLS density determined by histology of diagnostic sections did not correlate with TLS-related gene expression profiles in intratumoral regions obtained from matched cryosamples. The most likely explanation for this finding is that TCGA transcripts are determined in intratumoral regions that largely lack invasive margins, whereas d-TLS are mostly present around the tumor. The fact that we found a better correlation between TLS-related gene expression and c-TLS positivity supports this explanation. Spatial heterogeneity within tumor samples may further complicate such correlations. Taken together, our data suggest that intratumoral mRNA expression profiles cannot be used as surrogates for adequate TLS assessment in solid tumors with predominantly peritumoral TLS development like lung squamous cell carcinoma (42), CRC (44), and MIBC (8). Consequently, using tumor center-oriented sampling (including TCGA gene expression data or tissue microarray studies) for TLS assessment may not be reliable.

Analysis of genomic alterations revealed that TLS-high tumors were characterized by increased TMB in line with our previous work on colorectal cancer (44). This may be explained by the fact that tumor cells with high TMB potentially contain more neo-antigens and thus better elicit T-cell and B-cell responses (55). In support of this, a study in ovarian and uterine tumors showed that increased TMB was associated with increased infiltration of CD8+ T cells expressing CXCL13 and TLS development (56). Along the same line, higher neoantigen load in pancreatic cancer was observed in patients with increased number of GC-positive TLS and long-term survival (57). Additionally, we found upregulated expression of three testis-associated genes in TLS-high tumors suggesting that these may be candidate Cancer/Testis antigens (58) and further supports the idea of tumor antigenicity as a relevant factor in TLS development. Indeed, a recent report studying an i.p. B16F10 melanoma model showed significantly more spontaneous TLS in ovalbumin-overexpressing than parental tumors, and demonstrated a crucial role of antigen-specific CD8+ T cells and activated B cells in the development and maturation of TLS (28).

In our current study, TLS density and TMB did not directly correlate, and were independently associated with patient survival. Combining TLS density with TMB into a joint TLS-TMB score generated a novel prognostic biomarker that, in contrast to either TLS density of TMB alone, was independent from tumor stage and vascular invasion. These results together with previous reports (56, 57) suggest that the improved prognosis of the TLS-TMB high–high patients signifies ongoing anti-tumor immunity. Indeed, increased gene expression related to cytotoxic cells and T cells was found in patients with the TLS-TMB high–high status in comparison to other groups. It will be interesting to investigate the relevance of the joint TLS-TMB score in predicting the clinical response to immunotherapy, especially in the context of PD-1/PD-L1 blockade monotherapies where pre-existing immunity is a relevant biomarker of response (59).

Type I interferons may drive TLS development. In a model of influenza infection, type I interferons induced CXCL13 production in lung fibroblasts, which resulted in the development of TLS (60). We found a potential link between TLS and type I interferons as well: Two genes with known direct involvement in type I IFN signaling—ZBP1 and ZBED2—were upregulated in TLS-high tumors. ZBP1 is a Z-nucleic acid sensing protein that triggers type I IFN production and programmed cell death (61). ZBED2 is a transcriptional repressor of IFN-stimulated genes (62) and has been implicated as a transcription factor typical for antigen-responsive CD8+ T cells (63).

Besides type I interferons, we found IL24 as a novel immune-related factor associated with TLS in MIBC. Myofibroblasts and keratinocytes have been reported to produce IL24 in response to inflammatory stimulation, as well as lymphocytes in response to antigen receptor stimulation [reviewed in (64)]. The relevant source of IL24 in the context of TLS development, however, remains to be detemined.

Also, activated T cells correlated with the presence of TLS: Genes related to T-cell activation (ICOS, FOXP3, SH2D2A, and others) were among the genes with the highest direct correlation to TLS density. Human FOXP3 is transiently induced in response to TCR engagement of effector T cells (65); thus, the increased FOXP3 expression here may signify increased infiltration of activated effector T cells rather than T regulatory cells. In addition, the frequency of activated B cells, T cells, and progenitor-like CD8+ T cells was increased in the TME of TLS-high tumors. Furthermore, we observed significantly higher TLS densities as a result of successful ICI in MIBC patients in comparison to non-responders (8).

Previously, we proposed that immature and mature TLS are sequential developmental states in the TME leading to functional TLS (42). Thus, one would anticipate to find increased proportions of activated lymphocytes in TLS with increasing maturation. In contrast to this assumption, however, we found that the proportions of activated B and T cells as well as progenitor-like CD8+ T cells were similar when comparing TLS maturation stages defined by the presence of FDCs. The main differences were found instead between TLS from TLS-high and TLS-low TME. Therefore, our results rather suggest that the composition of TLS is orchestrated by the TME. In light of this, we suggest that TLS are a consequence of activated adaptive immunity rather than a prerequisite for the latter. This has important implications for the considerations of potential TLS-targeted therapeutic protocols, suggesting that TLS induction without overcoming the immunosuppressive mechanisms in a TME will not be effective. Furthermore, these results emphasize the importance of in-depth analysis of B- and T-cell zones in the TLS for TLS subtype classification, as suggested by other studies [van Dijk et al., Frontiers in Immunology, 2021 (back-to-back submission), and (66)].

We noticed that TLS-high tumors were frequently co-infiltrated by B cells and CD8+ T cells. Such tumor regions were enriched with activated B cells, naïve T cells, and progenitor-like T cells, thus mirroring the immune composition of the mature-CD8hi TLS subtype. These data point towards the importance of local B-cell and CD8+ T-cell interactions in supporting the progenitor-like T-cell phenotype.

Finally, we identified only a handful of TLS-associated genes that had no known association to immune cells. A single gene was upregulated in TLS-low TME, NDGR4 (N-Myc downstream-regulated gene 4), which affects cell migration and proliferation. Downregulation of this gene was implicated in promoting breast cancer metastasis (67), although conflicting oncogenic and tumor-suppressive properties have been reported in multiple other tumor types. HRCT1, THEM5, and ZFP57 were upregulated in TLS-high MIBC samples. The functions of HRCT1 are unknown, while THEM5 is required for normal mitochondrial function (68) and ZFP57 is involved in maintaining maternal and paternal gene imprinting (69). These are potential candidate genes for further research on tumor-intrinsic regulation of lymphoid neogenesis.



Conclusions

We have identified the joint TLS-TMB score as a novel independent biomarker for MIBC patient prognosis. We show that gene expression profiles cannot be extrapolated to TLS density, unless TLS-containing biological samples were used for RNA extraction. This limits TLS analysis to cohorts of solid tumors with available histological images or samples that include peritumoral regions.

We demonstrate that TLS-high tumors are characterized by increased expression of genes related to T-cell activation and contained regions of co-infiltrating B cells and CD8+ T cells. Such regions as well as TLS in such tumors hosted increased proportions of progenitor-like CD8+ T cells. The composition of TLS seemed to mirror the composition of the TME, and therefore, TLS development may be downstream of an ongoing adaptive immune response.
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*SSM, superficial spreading melanoma; NM, nodular Melanoma; NOS, not otherwise specified.
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Adjuvant radiotherapy
Adjuvant chemotherapy and adjuvant radiotherapy

24 (77%)
64.79 [45.7, 78.7]

20 (65%)
11 (35%)

29 (94%)
1(3%)
1(3%)

25 (81%)
2 (6%)
3 (10%)
1 (3%)
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Number of patients

Age (years)

Breslow depth (thickness in mm)*

Location*

Ulceration*
Histotype**

Sex

Mean
Median
Range
Mean
Median
Range
Extremities
Head/Neck
Trunk
Present
Absent
SSM
NM
Female
Male

21

66
67
31-91
6,30
5,73
1-15
7
3
10
15
5
6
15
6
15

*Three samples without information about Breslow depth, one about location, one about

ulceration.

**SSM., superficial spreading melanoma; NM, nodular melanoma.
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Biopsy site Number of patients
early metastases late metastases

Sum 16 39
Skin 4 15
Lymph node 11 13
Lung 1 4
Brain 0 3
Nerve 0 1
Kidney 0 1
Bone 0 1
Bladder 0 1
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