

    Cancer Biome and Targeted Therapy · GCINC Press

    


    
    
    



    Cancer Biome and Targeted Therapy · GCINC Press

    


    
    
    
    

    REVIEW · OPEN ACCESS

    The Tumor Microenvironment in Large B-cell Lymphoma: Cellular Ecosystems, Spatial Organization, and Therapeutic Implications

    Katrin Pansy1, Matthias Zanker1, Antonella Zupo1, Alexander Deutsch1

    Received May 1, 2026

    Accepted August 9, 2026

    Published November 15, 2026

    DOI: 10.66505/cbtt.v1i4.57

    Correspondence: Alexander Deutsch (alexander.deutsch@medunigraz.at)

    © 2026 The Author(s). Published by GCINC Press, Spokane, Washington, United States. Open Access licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author(s) and source are credited. To view a copy: https://creativecommons.org/licenses/by/4.0/

    
    Abstract

    

    Large B-cell lymphomas (LBCLs) comprise biologically heterogeneous malignancies whose clinical behavior reflects interactions between malignant B cells and their surrounding immune and stromal compartments. Single-cell sequencing, spatial transcriptomics, and multiplex imaging have revealed distinct microenvironmental ecosystems that conventional measures of immune-cell abundance cannot adequately characterize. These approaches identify heterogeneous T-cell states, macrophage-rich niches, disrupted lymphoid architecture, and stromal programs associated with immune exclusion and treatment response. Tumor-intrinsic genetic and epigenetic alterations further influence antigen presentation, cytokine signaling, and interactions with the microenvironment. However, spatial proximity and transcriptional signatures do not necessarily establish functional interactions, and the prognostic relevance of individual cell populations varies across cohorts, anatomical sites, and treatment settings. Although emerging microenvironmental classifications offer opportunities to refine risk stratification and investigate resistance to immunochemotherapy, bispecific antibodies, and chimeric antigen receptor T-cell therapy, most require prospective validation before clinical implementation. This review critically examines the cellular composition, spatial organization, and molecular regulation of the LBCL microenvironment, alongside the strengths and limitations of current profiling technologies. Particular attention is given to the distinction between descriptive cellular atlases and experimentally validated mechanisms, the influence of tumor subtype and treatment context, and opportunities to develop clinically feasible biomarkers. Integrating longitudinal sampling, functional studies, and standardized spatial analyses may help establish which microenvironmental features can reliably guide therapeutic selection and the development of targeted combinations.
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    1. Introduction

    

    Large B-cell lymphomas (LBCLs) comprise a heterogeneous group of aggressive mature B-cell neoplasms characterized by large, transformed lymphoid cells with high proliferative activity. The current classification emphasizes the term “large B-cell lymphoma” rather than requiring a strictly diffuse growth pattern, recognizing that some entities lack classic diffuse architecture. Integrated morphologic, immunophenotypic, molecular, genetic, viral, and site-specific criteria define 17 distinct entities. Diffuse large B-cell lymphoma, not otherwise specified (DLBCL, NOS), is the most common subtype, while primary mediastinal large B-cell lymphoma and genetically defined high-grade B-cell lymphomas with MYC rearrangements, often co-occurring with BCL2 and, less frequently, BCL6 rearrangements, constitute clinically relevant subsets (1, 2). Transcriptional profiling further stratifies DLBCL into activated B-cell-like (ABC) and germinal center B-cell-like (GCB) cell-of-origin subtypes (3) and identifies a subset of GCB-like tumors that express a dark-zone gene expression signature (4). In a population-based DLBCL cohort, targeted sequencing identified molecular subgroups with different clinical outcomes (5). The LymphGen classifier uses genomic features to estimate the probability that an individual tumor belongs to a defined genetic subtype (6). An independent genomic analysis identified four subtypes with distinct patterns of genetic alterations (7). DLBclass was subsequently developed to assign individual tumors to the C1-C5 subtypes (8). The genomic study that defined C1-C5 linked these groups to distinct pathogenic mechanisms and clinical outcomes (9).

    For patients with newly diagnosed DLBCL, rituximab-based immunochemotherapy remains a principal first-line treatment, while polatuzumab-containing regimens offer an alternative for selected patients. First-line immunochemotherapy can produce durable disease control in newly diagnosed DLBCL, although outcomes vary across clinical and biological risk groups (10). Frontline treatment decisions also account for disease stage and patient fitness (11, 12). The POLARIX trial compared polatuzumab-R-CHP with R-CHOP in previously untreated DLBCL (13). However, outcomes remain poor for patients with relapsed or refractory disease, who receive salvage chemoimmunotherapy followed by high-dose therapy and autologous stem-cell transplantation, or, more recently, CD19-directed chimeric antigen receptor (CAR) T cell therapy. CD19-directed CAR T-cell therapy can produce durable responses in relapsed or refractory LBCL (14, 15). In ZUMA-1, responses were ongoing in 31% of treated patients at the five-year analysis (16). Treatment options after relapse also include bispecific antibodies and other targeted therapies (17).

    More than a century ago, histopathological studies of Hodgkin lymphoma revealed that lymphomas comprise not only malignant cells but also abundant non-malignant immune cells and extracellular matrix, collectively forming the tumor microenvironment (TME). Subsequent work established that this microenvironment is not merely a bystander but an active driver of lymphoma pathogenesis and progression (18). Molecular studies have identified genetic and signaling abnormalities that distinguish DLBCL subgroups (19). These findings have informed diagnostic classification and the development of targeted treatment strategies (20). Across human B-cell lymphomas, the transforming pathways differ by disease entity and developmental context (21). However, the contribution of the tumor microenvironment has historically received less attention. This relative neglect was partly driven by the presence of strong oncogenic lesions, such as MYC translocations, that characterize aggressive lymphomas, by their often high tumor cell content, and by the complexity of normal lymphoid tissue architecture, which obscured tumor-specific microenvironmental effects (22).

    In this review, we provide an overview of current insights into the cellular, spatial, and genetic regulation of the LBCL tumor microenvironment and discuss their biological and clinical implications. In addition, we discuss and compare emerging methodological approaches that have significantly advanced our understanding of the tumor microenvironment and enable more comprehensive investigation.

    2. Methodological Approaches to Investigate the TME

    A broad range of complementary methodological approaches is currently available to investigate the TME in LBCL, spanning conventional histopathology, protein-based spatial profiling, cytometric single-cell methods, and transcriptomic technologies (Error! Reference source not found.).

    [image: Diagram comparing five methods for studying large B-cell lymphoma tissue. Histology shows tissue architecture, immunohistochemistry quantifies cell markers, flow and mass cytometry profile cell populations, single-cell RNA sequencing identifies cell states, and spatial transcriptomics maps gene expression within tissue.]

    Figure 1: Complementary methodological approaches for characterizing the tumor microenvironment in large B-cell lymphoma. Schematic overview of five approaches used to investigate tissue architecture, cellular composition, immune phenotypes, transcriptional states, and spatial gene expression in large B-cell lymphoma (LBCL). Conventional histology provides an architectural framework for evaluating tissue organization and the distribution of malignant, immune, and stromal cells. Immunohistochemistry (IHC) enables marker-based identification and quantification of defined cell populations while preserving tissue context. Flow cytometry and mass cytometry (CyTOF) provide high-dimensional phenotyping of dissociated cells but do not retain their original spatial relationships. Single-cell RNA sequencing (scRNA-seq) identifies transcriptionally distinct cell populations and functional states, whereas spatial transcriptomics maps gene expression patterns within preserved tissue architecture. These complementary approaches provide different levels of cellular, molecular, and spatial information; their integration can support a more comprehensive characterization of the LBCL tumor microenvironment (TME). Created in BioRender. Gaksch, L. (2026) https://BioRender.com/701pwnn. Abbreviations: CyTOF, cytometry by time of flight; IHC, immunohistochemistry; LBCL, large B-cell lymphoma; scRNA-seq, single-cell RNA sequencing; TME, tumor microenvironment.

    2.1 Conventional Histopathology and Architectural Context of the TME

    Formalin-fixed paraffin-embedded (FFPE) hematoxylin and eosin (H&E) sections are essential for assessing tissue architecture and cellular composition in LBCL, DLBCL, and related entities. Stromal gene-expression signatures have been associated with survival in DLBCL (23). The lymphoma microenvironment includes immune, stromal, and vascular components that can be characterized alongside malignant cells (24, 25). Histopathologic and immunophenotypic features remain central to lymphoma classification (26). In nodal LBCL, evaluation includes architectural effacement, residual follicles, fibrosis, necrosis, and abundant non-neoplastic immune cells, including lymphocytes, histiocytes, plasma cells, and eosinophils (25, 27). Histology allows semi-quantitative assessment of immune-rich versus immune-depleted stroma, a finding later corroborated by transcriptomic studies (28, 29). Macrophage-rich areas, including interstitial or sinusoidal histiocytes and ‘starry-sky’ patterns, are readily identified and reflect myeloid biology (30). Spatial imaging in DLBCL has identified recurrent cellular neighborhoods and clinically relevant cell proximities (31). However, despite its indispensable architectural context, the limited cellular specificity and qualitative nature of routine histology necessitate complementary immunophenotypic approaches.

    Single-marker immunohistochemistry (IHC) on FFPE tissue has long been the standard method for phenotyping TME components in large LBCL cohorts and for correlating immune infiltrates with clinical outcome (27). Typical panels include markers for T cells (CD3, CD4, CD8), regulatory T cells (FOXP3), macrophages and monocytes (CD68, CD163), and immune checkpoints such as PD-1 and PD-L1. Additional markers include follicular dendritic cells (CD21, CD23), cancer-associated fibroblasts (CAFs; often identified by α-SMA expression), which contribute to extracellular matrix remodeling and immune modulation, and endothelial cells (CD34) to assess non-immune compartments (25, 27, 32). Studies have used both whole sections and tissue microarrays (TMAs). Although TMAs enable high-throughput analysis, intratumoral heterogeneity remains a concern, though this is partly mitigated by the diffuse growth pattern of most DLBCLs. Interpretation has traditionally relied on semi-quantitative scoring, including percentage estimates, hotspot analysis, and dichotomization using empirical cut-offs (32). More recently, digital pathology and automated image analysis have improved reproducibility and enabled continuous quantification of immune cell densities (33).

    2.2. Spatial proteomics and multiplex imaging approaches for TME analysis

    Multiplex immunofluorescence and imaging mass cytometry are now central tools for mapping the LBCL TME at single-cell resolution while preserving spatial context, but they differ in plex level, readout technology, and typical use cases. Transcriptomic profiling has identified malignant-cell states and associated cellular ecosystems in DLBCL (29). Spatial imaging has identified recurrent cellular neighborhoods and clinically relevant cell proximities (31). Imaging mass cytometry identified phosphorylated S6 as a candidate prognostic and therapeutic marker (34). Quantitative immunofluorescence has also been used to examine the prognostic association of PD-1 and PD-L1 expression (35). Multiplex immunohistochemistry and immunofluorescence enable several markers to be measured in a single tissue section (36). Tyramide signal amplification is one approach to sequential staining and signal detection (37). A published protocol describes how multiplex staining can map immune-cell populations within the TME (38). In DLBCL, optimized Opal-based panels permit analysis of six or more markers per slide, enabling quantitative assessment of immune subsets and their spatial organization (39). High-dimensional mIHC platforms with large antibody panels have been validated for robust, quantitative spatial profiling of tumor and immune phenotypes across cancer types using FFPE tissue (40). By preserving architectural context, mIF reveals in situ cell-cell interactions and spatial immune niches, overcoming limitations of single-plex IHC and enabling comprehensive spatial metrics (41). Quantitative multiplex immunofluorescence combined with automated image analysis, including Automated Quantitative Analysis (AQUA), has been applied in DLBCL to assess T-cell infiltration, PD-1/PD-L1 expression, and spatial relationships between immune-cell populations. These approaches enable quantitative characterization of immune-checkpoint expression and have identified associations between selected immune phenotypes and patient outcomes.

    Imaging mass cytometry (IMC) and related techniques, such as multiplexed ion beam imaging (MIBI), combine metal-tagged antibodies with laser ablation and time-of-flight mass spectrometry, enabling simultaneous measurement of 30–40+ markers per pixel while preserving spatial context (42, 43). Imaging mass cytometry has been used to identify candidate signaling markers in DLBCL, including phosphorylated S6 (34). In a separate study, high-multiplex single-cell imaging identified immune features associated with outcomes after CAR T-cell therapy (44). Spatial profiling mapped the organization of immune cells in DLBCL tissue (45). High-plex neighborhood analysis further identified several patterns of immune escape and suppression (46). Panels typically include markers for tumor, T cells, B cells, myeloid cells, stromal cells, and signaling pathways, enabling in situ quantification of cell types, functional states, and pathway activation. Single-cell segmentation supports clustering and neighborhood analysis, generating spatial metrics such as cell-cell contacts and niche composition, thereby enhancing mechanistic understanding of tumor immunity (47). Methodological reviews highlight IMC’s ability to detect >40 markers with minimal spectral overlap at subcellular resolution, making it valuable for detailed dissection of the TME (48).

    2.3. Flow and Mass Cytometry for TME Profiling in LBCL

    Flow and mass cytometry have been used to (1) quantify TME composition in LBCL at high dimensionality, (2) derive prognostic signatures, and (3) complement tissue‑based spatial methods. Although powerful for deep phenotyping, these methods lose spatial information and require fresh or viably preserved material (49, 50). Routine multi-parameter flow cytometry of fresh lymphoma biopsies provides quantitative data on malignant B cells and non-neoplastic immune populations, including residual B cells, T cells, NK cells, monocytes, granulocytes, and plasma cells, enabling assessment of the TME. Flow-derived immune composition, particularly the relative abundance of T cells, NK cells, and normal B cells versus malignant cells, correlates with clinical outcome in patients with DLBCL treated with immunochemotherapy. These findings align with the “inflamed” and “depleted” TME categories defined by gene expression profiling and immunohistochemistry, supporting the biological relevance of flow-based TME analysis (50, 51). High-dimensional cytometry has further identified expanded activated and regulatory T cell subsets that refine functional immune states (52). However, interpretation is limited by the need for fresh or viable tissue, dissociation-related bias, inter-laboratory variability in panels and gating, and the complete loss of spatial information.

    Mass cytometry, or cytometry by time-of-flight (CyTOF), extends flow cytometry by using metal-tagged antibodies to simultaneously measure up to about 40 parameters per cell with minimal signal overlap, enabling deep phenotypic and functional profiling of lymphoid and myeloid compartments. Multimodal profiling identified distinct patterns of T-cell infiltration across nodal B-cell lymphoma entities (49). Mass cytometry has been used to characterize immune-cell profiles in germinal-center B-cell lymphomas (53). In follicular lymphoma, specific intratumoral CD4⁺ T-cell subsets were associated with patient survival (54). CyTOF can resolve rare immune populations and assess T cell exhaustion and regulatory states, with antibody barcoding enabling longitudinal and multi-site sampling (55, 56). However, its application is constrained by the need for fresh or viable tissue, limited accessibility, high cost, complex analytical workflows, and a lack of spatial information, necessitating integration with tissue-based spatial approaches (57).

    2.4. Single-cell and spatial transcriptomic approaches for the characterization of the TME

    The TME is a highly complex and dynamic ecosystem composed of malignant cells, immune cells, stromal components, vasculature, and the extracellular matrix. It plays an active role in tumor initiation, progression, immune evasion, metastasis, and therapeutic resistance (58, 59). In DLBCL, spatial transcriptomics identified recurrent immune ecosystems associated with patient survival (60). Single-cell RNA sequencing has also been used to study malignant-cell heterogeneity and immune-cell states in DLBCL (61). The broader applications of single-cell profiling to tumor-infiltrating immune cells have been reviewed (62). Primary studies have profiled tumor and immune populations in breast cancer (63), examined immune regulatory programs in multiple myeloma (64), and resolved cell subpopulations in hepatocellular carcinoma (65). A bladder cancer case study illustrates how single-cell profiling can generate hypotheses about treatment resistance (66).

    Single-cell RNA sequencing enables transcriptional profiling of individual cells within a tumor, enabling unbiased identification of distinct cell populations and states. Applied to the TME, scRNA-seq has revealed extensive heterogeneity among immune cells, including diverse subsets of T cells, B cells, macrophages, dendritic cells, and innate lymphoid cells, each with specialized functional programs (67). Importantly, scRNA-seq has shown that immune cells within tumors often adopt dysfunctional or reprogrammed states, such as T cell exhaustion or pro-tumorigenic macrophage polarization, that are not readily detectable with bulk transcriptomic approaches. Similarly, stromal cells, such as cancer-associated fibroblasts, consist of multiple transcriptionally distinct subsets with divergent roles in immune regulation, extracellular matrix remodeling, and therapy response. In DLBCL, combined single-cell and bulk RNA sequencing has been used to characterize intratumoral heterogeneity and TME composition (67). Reviews describe the use of these approaches to study DLBCL-specific biology (61) and to resolve tumor-associated immune-cell states across cancers (68).

    Spatial transcriptomics maps gene expression in intact tissue sections and preserves information about where cells are located. In pancreatic ductal adenocarcinoma, integrating spatial transcriptomics with single-cell RNA sequencing helped resolve tissue architecture (69). In cutaneous squamous cell carcinoma, combining these methods with imaging identified distinct cellular neighborhoods (70). A review summarizes how spatial transcriptomics has been applied across cancer types (71). For example, immune-infiltrated regions enriched in cytotoxic lymphocytes can coexist with immune-excluded or immunosuppressive areas dominated by stromal cells and myeloid populations. The application of spatial transcriptomics to lymphoma has been reviewed (72). High-parameter imaging independently demonstrated spatial organization of the DLBCL immune microenvironment (73).

    Beyond defining cellular identities, scRNA-seq has been pivotal in uncovering dynamic cellular programs within the TME, including activation, differentiation, stress responses, and metabolic reprogramming. These insights have deepened our understanding of how tumors shape their microenvironment to support growth and suppress anti-tumor immunity, complementing conceptual frameworks such as the hallmarks of cancer and the tumor immune microenvironment. In LBCL, single-cell studies have begun to delineate signaling pathways and transcriptional programs associated with immune escape, chemoresistance, and transformation, thereby highlighting potential biomarkers and therapeutic targets. Dissociating tissue for conventional single-cell RNA sequencing removes the original positions of cells. Spatial transcriptomics preserves that context and has been used to examine TME heterogeneity in EBV-positive DLBCL (74). Spatial profiling has also distinguished macrophage populations with different localization and prognostic associations (75).

    2.5. Integrated Approaches

    Single-cell RNA sequencing identifies cell states, while spatial profiling shows where those states occur in tissue. The two approaches have been combined to resolve pancreatic tumor architecture (69) and to map cellular neighborhoods in cutaneous squamous cell carcinoma (70). Computational integration can help relate cell states across datasets (76). In DLBCL, spatial profiling has identified recurrent immune ecosystems (60), characterized heterogeneity in EBV-positive disease (74), and distinguished macrophage populations with different spatial and prognostic features (75). As these technologies evolve and integrate with proteomic, epigenomic, and imaging-based approaches, they are expected to play a central role in biomarker discovery, patient stratification, and the development of more effective, microenvironment-informed therapies for LBCL and other malignancies. Integrating single-cell and spatial data can generate hypotheses about which cells communicate within tissue (77). Spatial multi-omics can relate immune-cell location to molecular features measured in the same tissue context (78). These approaches are also being developed to study how the TME changes over time or after treatment (79).

    2.6. LBCL Biology: Spatial immune organization and its functional consequences

    The tumor microenvironment in LBCL is not a random mixture of immune and stromal cells but a highly organized ecosystem in which spatial architecture actively shapes cellular phenotypes, intercellular communication, and therapeutic response. Recent large-scale single-nucleus multiome profiling of 232 LBCL biopsies has defined three reproducible microenvironmental archetypes (LymphoMAPs) that capture fundamental modes of spatial immune organization. The fibroblast/macrophage-rich (FMAC) archetype is characterized by scarce T cells and abundant cancer-associated fibroblasts and tumor-associated macrophages, reflecting an immune-excluded stroma that likely impedes T cell trafficking and engagement with malignant B cells. The lymph node-like (LN) archetype is enriched for naive and memory T cells, supported by follicular dendritic cells and other lymphoid architectural elements, corresponding to an immune-inflamed, well-organized milieu conducive to effective T cell priming and function. In contrast, the T cell-exhausted (TEX) archetype is dominated by activated macrophages and exhausted CD8+ T cells, representing an immune-inflamed but functionally suppressed setting in which T cells are abundant yet transcriptionally imprinted with exhaustion and dysfunction (80).

    The clinical relevance of these archetypes appears to depend on treatment context. In the reported CD19-directed CAR T-cell cohorts, LymphoMAPs were strongly associated with progression-free survival, with the most favorable outcomes observed in patients with lymph node-like (LN) tumors, intermediate outcomes in those with fibroblast/macrophage-rich (FMAC) tumors, and the least favorable outcomes in those with T-cell-exhausted (TEX) tumors (80). These findings suggest that T-cell abundance alone is insufficient to characterize the pretreatment immune environment and that cellular organization, functional state, and stromal composition may provide additional prognostic information. Although treatment-comparator analyses suggest that the clinical relevance of these archetypes may differ between CAR T-cell therapy and standard treatments, the available evidence does not establish LymphoMAPs as independently validated predictive biomarkers. Their ability to identify patients who derive additional benefit from CAR T-cell therapy requires confirmation in independent cohorts with appropriate treatment comparators and adjustment for established clinical and molecular risk factors. Complementary spatial transcriptomic and proteomic analyses of 78 DLBCL samples further resolved seven distinct cellular niches, each defined by unique cellular compositions, spatial organizations, and niche-specific programs of intercellular communication that shape the phenotypic states of both tumor B cells and resident immune cells. Notably, DLBCLs arising in immune-privileged sites (e.g., CNS, testis) displayed diffuse niches with extensive intermingling of T cells and malignant B cells, together with transcriptional hallmarks of T cell activation and effector function, suggesting that these T cells may be primed for anti-tumor immunity despite the clinically aggressive behavior of such lymphomas. At the same time, many of these T cells showed features of exhaustion, highlighting a dynamic balance between anti-tumor immunity and immune escape dictated by local niche architecture (28).

    These findings mark a conceptual shift from traditional cell-centric or marker-based classifications toward a spatially resolved, ecosystem-level understanding of LBCL biology. Whereas bulk and single-cell approaches primarily capture cellular composition, spatial multi-omics shows that the functional states of both malignant and immune cells are emergent properties of their microenvironmental context. This redefines lymphoma classification not only by intrinsic tumor programs but also by the organization of interacting cellular neighborhoods that govern immune accessibility and dysfunction. However, whether these spatial archetypes represent stable biological entities or dynamic, therapy-induced states remains an open question.

    2.7. Limitations

    Despite their transformative impact, spatial transcriptomics and multiplex imaging approaches have important technical and analytical limitations. In spot-based spatial transcriptomics, a capture spot can contain transcripts from multiple cells, limiting direct cell-type assignment (81). Variability in RNA preservation, particularly in FFPE-derived specimens, may further reduce transcript detection and introduce cohort-specific biases (82). In addition, the high dimensionality of spatial multi-omics data necessitates complex computational pipelines for integration, deconvolution, and spatial domain inference, which remain sensitive to parameter choices and algorithmic assumptions. Published assessments of imaging-based spatial transcriptomics provide benchmarks for reproducibility (83). Related technical limitations have also been discussed in musculoskeletal research (84). For single-cell RNA-seq, regularized negative binomial regression is one approach to normalization and variance stabilization (85).

    Finally, current cost and throughput limitations restrict large-scale clinical application and may introduce selection biases in spatially profiled cohorts. Spatial analyses are inherently correlative and do not directly establish functional interactions between neighboring cells. Spatial transcriptomics can distinguish anatomical domains, as demonstrated in the human dorsolateral prefrontal cortex (86). Spatial resolution and transcript capture vary by platform (87). Inferred cell types and niche boundaries also depend on the computational methods used (88). These limitations should be considered when comparing spatial maps across tissues or technologies (89). A further challenge is distinguishing reproducible biological organization from patterns introduced by sampling and analytical choices. A single tissue section may capture only part of a heterogeneous lymphoma, while biopsy site, tumor-cell content, tissue processing, and computational segmentation can influence the apparent composition of spatial niches. Moreover, cell-cell proximity and inferred ligand-receptor interactions generate mechanistic hypotheses rather than direct evidence of signaling. Orthogonal protein-level measurements, perturbation experiments, and matched longitudinal samples are needed to determine which spatial features reflect stable biological programs and which change with treatment or disease progression. Without such validation, increasingly detailed cellular atlases risk producing classifications that are difficult to compare across cohorts or translate into clinically useful assays.

    3. TME and LBCL

    3.1 Cellular composition and functional diversity of the LBCL microenvironment

    Gene expression profiling studies of DLBCL, a major subtype of LBCL, have shifted attention from predominantly lymphoma cell-intrinsic mechanisms to the tumor microenvironment (TME). Subsequent studies have revealed a heterogeneous ecosystem of myeloid and lymphoid populations whose abundance, activation state, and functional phenotype vary considerably across tumors. These populations can exert opposing effects on lymphoma biology, ranging from antitumor cytotoxicity and antigen presentation to immune suppression, stromal remodeling, and support of malignant-cell survival.

    Macrophages can adopt inflammatory or immunoregulatory states within the TME (90). In DLBCL models, KIF2C has been linked to M2-like polarization through STAT3 and IL-10 signaling (91). An M2-associated gene signature has also been evaluated as a prognostic model (92). In a rituximab-treated DLBCL cohort, increased M2-like macrophage infiltration was associated with poorer prognosis (93). Other DLBCL profiling studies have identified macrophage populations with strong inflammatory programs (94). Their prognostic interpretation nevertheless depends on the markers used, spatial localization, lymphoma subtype, and accompanying immune populations. Functional and spatial profiling may therefore be more informative than assigning macrophages to a binary polarization category. A DLBCL profiling study linked autophagy-related gene expression in pro-inflammatory macrophages to BCL2 overexpression (95).

    Neutrophils are another component of the myeloid compartment. Tumor-associated neutrophils expressing ELANE and CXCR1/2 can participate in cytokine-rich myeloid niches, co-localize with macrophages, and exert tumor-supportive and immunosuppressive functions, including APRIL-mediated survival signaling. Circulating neutrophil counts have been examined in relation to outcomes in newly diagnosed DLBCL (96). A separate study developed a prognostic model based on neutrophil-related genes (97). Tissue infiltration by tumor-associated neutrophils was associated with poorer prognosis in a DLBCL cohort (98). A higher pretreatment neutrophil-to-lymphocyte ratio was associated with poorer survival in separate cohorts (99, 100). Tissue eosinophilia has been described in B-cell lymphomas (101, 102). Eosinophils can have diverse functions in other tumor settings (103). Mast cells can influence inflammation and angiogenesis in tumors (104). Their presence and potential roles in lymphomas have been reviewed (105).

    Myeloid-derived suppressor cells (MDSCs) contribute an immunoregulatory component to this compartment. CD11b-positive, CD33-positive, HLA-DR-low/negative MDSCs can suppress T-cell proliferation and effector activity and promote regulatory immune states. Circulating monocytic MDSCs have been associated with advanced disease, high-risk features, inferior survival, and poor CAR T-cell response (106, 107). Dendritic cells (DCs), by contrast, provide antigen-presenting activity and support cytotoxic T-cell priming. Tumor-infiltrating CD11c-positive DCs can occupy T-cell-rich mixed myeloid/DC neighborhoods, although PD-L1 expression may impose local inhibitory effects. Myeloid-derived suppressor cells and systemic inflammation have been evaluated as prognostic features in newly diagnosed DLBCL (108). In tissue, reduced CD11c-positive dendritic cell infiltration was associated with adverse features and outcomes in a DLBCL cohort (109). A separate study developed a composite microenvironmental gene-expression predictor for formalin-fixed tissue (110). In head and neck squamous cell carcinoma, the proportion of circulating dendritic cells was inversely correlated with the proportion of circulating CD4⁺CD25⁺ T cells (111). An NK-associated gene-expression model has been explored for risk stratification in DLBCL (112). In an R-CHOP-treated cohort, NK-cell count was associated with survival (113). Studies in other tumor settings describe how the TME can impair NK-cell function (114), including experimentally observed reversible dysfunction (115).

    T cells are a central adaptive immune component of the LBCL microenvironment. Tumor-infiltrating CD3-positive populations include CD8-positive cytotoxic cells, CD4-positive helper cells, and regulatory T cells, with variable expression of exhaustion-associated receptors such as PD-1, TIM-3, and LAG-3. These cells can organize into tumor-proximal, T-cell-rich neighborhoods alongside DCs and macrophages. Greater T-cell infiltration generally characterizes immune-inflamed tumors, whereas low T-cell abundance is associated with immune-depleted or “cold” microenvironments (116). DLBCL immune classifications have incorporated CD8⁺ T-cell and NK-cell features (116). A low T-cell proportion has been associated with immune escape and poorer survival (117). Broader microenvironmental signatures have also been used to define biologically and clinically distinct lymphoma groups (118). Activated CD8⁺ T cells can be present despite checkpoint signaling (119). In HIV-associated DLBCL, HIV status and antiretroviral exposure provide additional context for interpreting T-cell composition (120). CD4-positive T cells provide helper activity and participate in interactions with DCs and macrophages; their abundance and functional state also vary between GCB- and ABC-DLBCL (116, 121). Computational studies have been reviewed as a means of characterizing the DLBCL microenvironment (122). Studies of Th1/Th2 markers have addressed peripheral T-cell lymphoma (123) and, separately, Th1/Th2 imbalance in B-cell diffuse large-cell lymphoma (124). Th9 cells produce IL-9, which can have context-dependent effects in tumors (125, 126). The DLBCL literature has discussed a potential role for IRF8 in IL-9-mediated immune regulation (127). Experimental work in other cancer settings has linked type-17 immunity to CD8⁺ T-cell exhaustion (128).

    Regulatory T cells add further complexity because their clinical significance depends on phenotype and context. FOXP3-positive Tregs can suppress antitumor responses through CTLA-4, IL-10, TGF-β, and other mechanisms, and can co-localize with exhausted CD8-positive T cells and M2-like macrophages. The association between FOXP3-positive infiltration and survival in DLBCL varies with the method used to quantify these cells (129). Th17 biology is a separate consideration, with studies examining its regulation and clinical associations in lymphoma and other tumors (130, 131). The composition of the immune infiltrate has been associated with outcome in DLBCL cohorts (132). Within the regulatory compartment, infiltration by effector Tregs has been associated with poorer prognosis (133). A separate study examined the adverse prognostic association of TIM-3⁺FOXP3⁺ Tregs (134). The functions of Tregs and the effects of emerging therapies on these cells have been reviewed in lymphoid malignancies (135). In DLBCL, Vδ1⁺ γδ T cells have been characterized in blood and tumor tissue (136). Reviews describe the functional plasticity of γδ T cells (137, 138), their potential use in B-cell malignancy immunotherapy (139), and their interactions with other cells in the TME (140). NKT-cell recognition of B cells depends in part on CD1d-mediated antigen presentation (141). In peripheral blood from patients with DLBCL, CD73-positive CD8-positive T cells produced more IFN-γ and TNF-α after in vitro stimulation than their CD73-negative counterparts (142). The principal cellular and structural compartments of the LBCL microenvironment are summarized in Table 1. An earlier study also examined the relationship between CD4-positive T-cell responses and outcomes in large B-cell non-Hodgkin lymphoma (143).

    Table 1. Immune-cell ecosystem of the LBCL microenvironment: phenotypic signatures, functional states, spatial niches, and clinical relevance.

    
    
    
    
    
    
    
    
    
    	Major compartment
    	Representative populations or states
    	Principal functions in LBCL
    	Clinical/biological relevance
    

    
    
    
    	Myeloid
    	M1-/M2-associated programs; TANs; MDSCs; DCs
    	Inflammation, antigen presentation, immune suppression, angiogenic and tumor-supportive signaling
    	Composition and functional polarization are associated with immune state, disease aggressiveness, survival, and treatment response (90–110)
    

    
    	Innate cytotoxic cells
    	NK cells
    	Tumor-cell recognition and cytotoxicity; cytokine production
    	Functional exhaustion can occur; greater NK-cell abundance has been associated with favorable outcomes and therapeutic response (111–115)
    

    
    	Conventional T cells
    	CD3+, CD8+, and CD4+ T cells
    	Cytotoxicity, helper activity, immune surveillance, and organization of immune-rich neighborhoods
    	Abundance and exhaustion state distinguish immune-inflamed from immune-depleted microenvironments and are associated with outcome and treatment response (116–121)
    

    
    	Helper/regulatory T-cell states
    	Th1, Th2, Th9, Th17, Tregs
    	Cytokine production, immune activation or suppression, macrophage modulation
    	Functional effects are state dependent; clinical significance is established for some populations but remains uncertain for others (121–134)
    

    
    	Other lymphoid populations
    	γδ T cells; NKT cells
    	Innate-like cytotoxicity and immune regulation
    	γδ T cells may contribute to antitumor activity; the role of NKT cells remains poorly defined (133–141)
    

    
    	Stromal populations
    	CAFs; FRCs; FDCs
    	Tissue organization, ECM remodeling, immune-cell trafficking, immune exclusion, B-cell support
    	Stromal reprogramming accompanies disruption of normal lymphoid architecture and can generate tumor-supportive niches (144)
    

    
    	Extracellular matrix
    	Stromal-1/ECM-dense; stromal-2/angiogenic; ECM-high regions
    	Structural organization, regulation of cellular access, angiogenesis and tissue remodeling
    	Distinct ECM states have been associated with favorable versus adverse biological and clinical features (23)
    

    
    	Vascular/

    lymphatic

    	Vascular endothelial cells; lymphatic endothelial cells
    	Angiogenesis, lymphangiogenesis, vascular permeability and dissemination
    	Vascular and lymphatic structures form part of the stromal architecture of the lymphoma microenvironment (145–150)
    

    
    

    Abbreviations: CAFs, cancer-associated fibroblasts; DCs, dendritic cells; ECM, extracellular matrix; FDCs, follicular dendritic cells; FRCs, fibroblastic reticular cells; LBCL, large B-cell lymphoma; MDSCs, myeloid-derived suppressor cells; NK, natural killer; NKT, natural killer T; TANs, tumor-associated neutrophils; Th, T helper; TME, tumor microenvironment; Tregs, regulatory T cells.

    3.2 From individual cell states to interacting microenvironmental ecosystems

    The biological effects of the LBCL microenvironment cannot be explained solely by the abundance of individual cell populations. Instead, immune, stromal, extracellular matrix, and vascular components interact within spatially organized microenvironments that can either support immune surveillance or favor immune escape and lymphoma-cell survival. For example, tumor-infiltrating T cells occur in neighborhoods containing DCs and macrophages, while exhausted CD8-positive T cells and regulatory T cells can co-localize with immunoregulatory macrophages to form suppressive cellular communities. Thus, similar immune-cell populations may have different biological consequences depending on their activation state and cellular neighbors. NKT-cell responses to B-cell lymphoma have been reviewed in the context of CD1d-dependent recognition (145). Stromal organization also varies across lymphoma entities. In classic Hodgkin lymphoma, cancer-associated fibroblasts show spatial heterogeneity associated with patient survival (146). In B-cell lymphomas, follicular dendritic cells can show altered marker expression (147). These cells help organize the display of antigens to B cells (148). In DLBCL, stromal and immune heterogeneity has been discussed in relation to prognosis and therapeutic targeting (149). The association between fibroblast abundance and survival differs across B-cell lymphomas and carcinomas (150). In experimental DLBCL systems, tumor-activated lymph node fibroblasts altered chemokine expression and impaired T-cell motility (144). The broader roles of cancer-associated fibroblasts in B-cell lymphoma have been reviewed (151). Fibroblastic reticular cells also provide a niche for lymph node-resident macrophages in experimental models (152). Disruption of normal follicular organization is also evident in the Tfh-Tfr-FDC axis. Classical Tfh cells normally provide B-cell help through CD40L-CD40 and ICOS-ICOSL interactions and help maintain germinal-center architecture. T follicular helper and regulatory populations vary across lymphoma contexts. In follicular lymphoma, follicular helper T-cell interactions have been linked to immune evasion (153). Experimental work has also examined the ability of cytotoxic CD4-positive follicular T cells to kill lymphoma cells (154). In DLBCL, experimental work has implicated Tfh-derived IL-21 in regulating FOXP3 expression in Tfr-like cells (155). Consistent with this architectural disruption, CD21-positive/CD23-positive/CD35-positive FDC meshworks are frequently absent or fragmented in de novo DLBCL, with preserved structures occurring predominantly in residual follicles or transformed follicular lymphoma (156, 157).

    The extracellular matrix further shapes these ecosystems. The stromal-1 signature is associated with extracellular matrix deposition and favorable survival, whereas the stromal-2 signature reflects angiogenesis and is associated with poorer survival (23). ECM-high regions at tumor borders and perivascular sites can contain CAFs, FRCs, macrophages, and PD-L1-positive myeloid cells and may restrict T-cell infiltration. TAM- and CAF-mediated matrix remodeling further alters collagen and fibronectin organization and can contribute to permissive stromal environments. Fibroblastic reticular cells can also provide a supportive niche for lymph node-resident macrophages (152). These observations support a model in which the LBCL TME is organized into recurring functional ecosystems rather than a uniform admixture of independent cell populations. Table 2 summarizes the major spatially defined configurations emerging from the available evidence.

    Table 2. Integrated spatial and functional ecosystems of the LBCL tumor microenvironment.

    
    
    
    
    
    
    
    
    
    	Spatial/functional ecosystem
    	Principal components
    	Defining organization and interactions
    	Associated or proposed biological effects
    

    
    
    
    	Immune-inflamed/T-cell-rich niche
    	CD8+ and CD4+ T cells, DCs, NK cells, macrophages
    	T-cell-rich regions containing antigen-presenting and cytotoxic populations; DCs and NK cells can co-localize with effector T cells
    	Supports antigen presentation and antitumor immune activity; greater immune-cell density is generally associated with favorable outcome
    

    
    	Tumor-proximal immunosuppressive niche
    	Exhausted CD8+ T cells, Tregs, M2-associated macrophages, MDSCs
    	Checkpoint-expressing/exhausted lymphocytes occur with suppressive myeloid and regulatory populations near lymphoma cells
    	Reduced cytotoxic activity, immune evasion, and tumor persistence
    

    
    	Disrupted follicular niche
    	Residual Tfh-like cells, Tfr populations, fragmented FDC networks
    	Loss of classical Tfh activity and FDC architecture disrupts normal germinal-center T-B-cell interactions
    	Loss of organized follicular immune regulation and increasing dependence on non-cognate stromal/myeloid support
    

    
    	ECM-dense/stromal-1 niche
    	Collagen, SPARC, fibronectin, fibroblasts, CAFs/FRCs, macrophages
    	Dense matrix particularly at tumor borders and perivascular regions; relatively low angiogenesis
    	Restriction of dissemination and angiogenesis; associated with more favorable clinical features
    

    
    	ECM-remodeling/stromal-2 niche
    	Activated fibroblasts, CAFs, M2-associated macrophages, endothelial cells, MMP-rich ECM
    	Active matrix degradation and remodeling with increased microvessel density and reduced dense collagen
    	Angiogenesis, tumor spread, immune alteration, and adverse prognosis
    

    
    	Stromal immune-exclusion niche
    	CAFs, FRCs, ECM, macrophages and PD-L1+ myeloid cells
    	ECM-rich stromal regions form physical and signaling barriers that limit effective T-cell infiltration
    	Immune exclusion and reduced cytotoxic access to lymphoma cells
    

    
    	Perivascular/angiogenic niche
    	Vascular endothelial cells, CAFs, ECM, M2-associated macrophages
    	Endothelial remodeling and angiogenesis occur within fibroblast- and macrophage-rich perivascular regions
    	Vascular remodeling, immune alteration, tumor support, and therapeutic resistance
    

    
    	Lymphatic/FRC dissemination niche
    	LECs, FRCs, CXCL12, BAFF, lymphatic vessels
    	Perivascular FRC networks guide lymphoma cells toward lymphatic structures while providing survival signals; LECs increase permeability and provide cytokine support
    	Lymphoma-cell survival, intravasation, lymphangiogenesis, and dissemination
    

    
    

    Abbreviations: BAFF, B-cell activating factor; CAFs, cancer-associated fibroblasts; CXCL12, C-X-C motif chemokine ligand 12; DCs, dendritic cells; ECM, extracellular matrix; FDC, follicular dendritic cell; FRCs, fibroblastic reticular cells; LECs, lymphatic endothelial cells; MDSCs, myeloid-derived suppressor cells; MMP, matrix metalloproteinase; NK, natural killer; PD-L1, programmed death-ligand 1; SPARC, secreted protein acidic and rich in cysteine; Tfh, T follicular helper; Tfr, T follicular regulatory; Tregs, regulatory T cells.

    3.3 Shared Immunosuppressive Stroma: Lessons from Pancreatic Ductal Adenocarcinoma for DLBCL

    Although diffuse large B-cell lymphoma (DLBCL) and pancreatic ductal adenocarcinoma (PDAC) arise in distinct tissue environments, PDAC studies provide a useful framework for investigating how stromal remodeling and myeloid-cell interactions may influence antitumor immunity. PDAC is characterized by an extensive desmoplastic stroma that can restrict immune-cell trafficking and therapeutic penetration. In contrast, DLBCL generally lacks this degree of desmoplasia but exhibits heterogeneous stromal programs, including extracellular matrix-rich stromal-1 and angiogenesis-associated stromal-2 signatures that have been linked to clinical outcomes. A DLBCL cohort study evaluated immunohistochemical markers of stromal-1 and stromal-2 signatures in relation to prognosis (158). Vascular and lymphatic remodeling intersects with these stromal programs. In a three-dimensional DLBCL model, microvascular structures were used to study interactions between lymphoma cells and their vascular environment (159). In a separate experimental study, lymphoma-derived WNT10A promoted endothelial-to-mesenchymal transition through β-catenin and Snail signaling (160). Endothelial-to-mesenchymal transition has also been reviewed as a potential source of cancer-associated fibroblasts (161). In a lymphoma-on-chip model, lymph node stromal cells supported DLBCL cell survival and migration (162). In a clinical DLBCL cohort, stromal fibronectin and SPARC expression were associated with survival (163). In solid-tumor models, desmoplastic stroma restricted T-cell entry into tumor tissue (164). Reviews of upper gastrointestinal cancers have also examined how fibroblast heterogeneity and matrix remodeling may contribute to drug resistance (165).

    Myeloid-mediated immune suppression represents another potential point of mechanistic convergence. In PDAC, tumor-associated macrophages, myeloid-derived suppressor cells, and neutrophils can inhibit antitumor T-cell activity through immunoregulatory cytokines, metabolic pathways, and checkpoint signaling. DLBCL studies have also identified macrophage populations with distinct inflammatory and immunoregulatory programs (94). Hypoxia-associated signaling may further influence angiogenesis, metabolic adaptation, and myeloid-cell recruitment, but its role in organizing immunosuppressive niches is more extensively characterized in PDAC than in DLBCL. Thus, mechanisms established in PDAC provide hypotheses for functional investigation in DLBCL rather than direct evidence of shared stromal architecture or equivalent therapeutic vulnerabilities.

    3.4 Genetic Control of the TME in LBCL

    Genetic and epigenetic alterations in LBCLs actively instruct the TME, generating distinct immune and stromal ecosystems rather than passively reflecting tissue context, as illustrated in Figure 2. Integrative genomic and transcriptomic studies show that recurrent somatic mutations, copy number alterations, and structural variants in malignant B cells shape immune composition, cytokine signaling, and stromal organization within the lymphoma niche (7, 9).

    A central mechanism of genetically encoded TME remodeling is immune evasion via impaired antigen presentation. Lesions affecting B2M and HLA class I and II genes, together with epigenetic repression driven by mutations in EZH2, CREBBP, and EP300, blunt antigen presentation and interferon-responsive programs, resulting in immune-depleted or immune-excluded microenvironments associated with adverse outcomes (161, 162). In addition, genetic activation of immune checkpoint pathways provides a complementary mechanism of suppression. Copy number gains at 9p24.1, encompassing PD-L1, PD-L2, and JAK2, drive constitutive checkpoint ligand expression and JAK/STAT signaling, promoting T cell exhaustion despite immune infiltration, particularly in primary mediastinal B cell lymphoma and subsets of DLBCL (163, 164). In upper gastrointestinal cancers, fibroblast heterogeneity and extracellular matrix remodeling have been discussed as potential contributors to drug resistance (165).

    [image: Two-panel diagram showing how large B-cell lymphoma cells interact with T cells, macrophages, and stromal cells. It illustrates how lymphoma-associated genetic alterations may shape three immune environments: few immune cells, immune cells excluded from tumor regions, or abundant but functionally exhausted T cells.]

    Figure 2: Tumor-intrinsic genetic alterations and immune-stromal interactions shaping distinct microenvironmental states in large B-cell lymphoma. Schematic illustration of the interplay between lymphoma-cell-intrinsic programs and the tumor microenvironment (TME). Left: Malignant B cells, classified by cell of origin as activated B-cell-like (ABC) or germinal center B-cell-like (GCB), harbor recurrent genetic alterations involving MYC, BCL2, and EZH2. Interactions with T cells, macrophages, fibroblastic reticular cells, and the extracellular matrix (ECM) involve antigen presentation, PD-1/PD-L1 signaling, cytokine-mediated communication, stromal support, and ECM remodeling. These processes may contribute to immune dysfunction, tumor-cell survival, and microenvironmental heterogeneity. Right: Selected tumor-intrinsic alterations are associated with distinct immune microenvironmental features. Loss of β2-microglobulin (B2M) or human leukocyte antigen (HLA) expression impairs antigen presentation, whereas alterations involving EZH2 and CREBBP can modify epigenetic programs relevant to immune recognition. Chromosome 9p24.1 amplification can increase PD-L1 expression, while MYD88 mutations can promote inflammatory cytokine signaling. Together, these mechanisms may contribute to immune-depleted, immune-excluded, or immune-inflamed but functionally exhausted microenvironmental states. The illustrated relationships are conceptual and do not imply that individual genetic alterations invariably produce a specific TME phenotype. Created in BioRender. Gaksch, L. (2026) https://BioRender.com/fttiefq. Abbreviations: ABC, activated B-cell-like; B2M, β2-microglobulin; BCL2, B-cell lymphoma 2; COO, cell of origin; CREBBP, CREB-binding protein; ECM, extracellular matrix; EZH2, enhancer of zeste homolog 2; FRCs, fibroblastic reticular cells; GCB, germinal center B-cell-like; HLA, human leukocyte antigen; IL-6, interleukin 6; IL-10, interleukin 10; LBCL, large B-cell lymphoma; MYC, MYC proto-oncogene; MYD88, myeloid differentiation primary response 88; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; TME, tumor microenvironment.

    Beyond immune recognition, oncogenic signaling reshapes cytokine and chemokine networks, including IL-6 and IL-10, thereby influencing the recruitment, differentiation, and functional state of immune populations within the tumor microenvironment. These signaling programs can also promote fibroblast activation, extracellular matrix deposition and remodeling, angiogenesis, and the formation of mesenchymal or fibrotic niches that physically and functionally restrict immune-cell access to tumor regions (24). Collectively, these alterations can bias the development of distinct immune and stromal states and contribute to spatial heterogeneity within the TME. However, tumor genotype alone does not determine the resulting phenotypes, which can be substantially modified by anatomical site, disease stage, prior therapeutic exposure, and reciprocal interactions with surrounding non-malignant cells. Moreover, selective pressures imposed during tumor progression and treatment may further reshape these microenvironmental programs. Consequently, the extent to which genetically associated TME phenotypes remain stable, evolve, or converge toward common states over the course of disease remains incompletely established.

    3.5 Functional Organization and Spatial Heterogeneity in LBCL

    In LBCL, a separate analysis described microenvironmental archetypes and examined their associations with treatment outcomes (80). Recent spatial studies further demonstrate that the LBCL TME comprises recurrent cellular neighborhoods, or immune niches, characterized by distinct cellular compositions, transcriptional programs, and ligand-receptor interactions. These findings suggest that the spatial organization of immune and stromal cells provides biological and prognostic information beyond cellular abundance alone, although its independent contribution to disease progression and clinical outcomes requires further validation (45).

    A major concept emerging from these studies is spatial immune exclusion, in which cytotoxic lymphocytes are prevented from efficiently infiltrating malignant B cell clusters despite being present within the tumor tissue. Imaging mass cytometry identified immune-poor tumor regions with limited T cell infiltration, revealing a structural mechanism of immune escape that conventional immune-cell quantification cannot capture (45). The coexistence of proliferative lymphoma cells and T cells expressing multiple inhibitory receptors identifies spatially restricted immune states associated with aggressive disease, although spatial profiling alone cannot establish that these neighborhoods directly cause progression or therapeutic resistance (28). Genomic profiling has identified recurrent genetic and functional drivers of DLBCL (166). Genetic inactivation of B2M and CD58 can impair immune recognition of DLBCL cells (167). In primary mediastinal large B-cell lymphoma and nodular sclerosing Hodgkin lymphoma, 9p24.1 amplification was associated with increased PD-1 ligand expression (168). Selective JAK2 inhibition reduced lymphoma growth in experimental models of these diseases (169). Single-cell profiling has identified transcriptional and genetic heterogeneity within nodal B-cell lymphomas (170). In DLBCL, the spatial arrangement of immune cells has also been examined in relation to clinical outcomes (171).

    Malignant B cells can reshape the surrounding myeloid compartment. In DLBCL models, CREBBP or EP300 mutations altered macrophage polarization through the FBXW7-NOTCH-CCL2/CSF1 pathway (172). Spatial profiling identified C1q-positive tumor-associated macrophages in DLBCL tissue, although their effects on neighboring cells require functional validation (75). In a different lymphoma setting, tumor-associated macrophage abundance was associated with survival in classic Hodgkin lymphoma (173). Stromal features also carry prognostic information. In rituximab-treated DLBCL, stromal SPARC expression was associated with survival (174). In a murine lymphoma model, CCR7 and lymphotoxin acted together to create a stromal niche that supported lymphoma growth in secondary lymphoid organs (175). The location of immune cells can also matter. In a DLBCL cohort, closer proximity between PD-L1-positive B-cell-rich neighborhoods and CD8-positive T-cell-rich neighborhoods was associated with shorter progression-free survival (31). This association highlights the importance of tissue organization when interpreting T-cell infiltration. Spatial profiling identified C1q-positive tumor-associated macrophages in DLBCL tissue. Their effects on nearby cells require functional validation (75).

    Lymphoma cells further exploit stromal compartments by adhering to extracellular matrix components such as fibronectin and SPARC, thereby activating integrin- and focal adhesion-associated survival pathways (158, 168). These extracellular matrix-rich regions frequently co-localize with macrophages and fibroblasts, creating physical and biochemical barriers that restrict immune-cell infiltration and contribute to spatial immune exclusion. Fibroblastic reticular cells (FRCs) are a critical stromal partner. FRCs primed by lymphoma cells reduce the motility of CD8⁺ T cells and CAR T cells, limiting immune-tumor contact; targeting these programs restores T cell cytotoxicity in LBCL models (145). Single-cell profiling has identified transcriptional and genetic heterogeneity within nodal B-cell lymphomas (170). In DLBCL, the spatial arrangement of immune cells has been examined in relation to clinical outcomes (171). In DLBCL models, CREBBP or EP300 mutations altered macrophage polarization through the FBXW7-NOTCH-CCL2/CSF1 pathway (172). In classic Hodgkin lymphoma, tumor-associated macrophage abundance has also been associated with survival (173). Stromal SPARC expression has been associated with survival in rituximab-treated DLBCL (174).

    Although CD8⁺ T cells can infiltrate LBCL tissues, their antitumor activity is often constrained by inhibitory signaling within the tumor microenvironment. In particular, engagement of the PD-1/PD-L1 axis can promote local T-cell dysfunction and exhaustion, thereby limiting effective cytotoxic responses despite the presence of tumor-infiltrating lymphocytes. However, recent spatial analyses indicate that the extent of immune infiltration alone does not necessarily predict effective antitumor immunity, as the functional state and spatial organization of infiltrating cells are equally important. In immune-inflamed phenotypes, T cells residing within inflammatory niches frequently exhibit activated or memory-like states and greater cytotoxic potential, whereas adjacent macrophage-rich regions can contain cells expressing inhibitory checkpoint molecules (28). This spatial coexistence of immune activation and suppression illustrates the functional heterogeneity of the LBCL microenvironment and may help explain why tumors with substantial lymphocytic infiltration do not invariably exhibit effective immune control.

    Collectively, these findings indicate that LBCL behavior depends not only on the cellular composition of the TME but also on its spatial architecture. Spatial immune exclusion, immune-inflamed phenotypes, and specialized cellular niches represent distinct microenvironmental configurations associated with immune surveillance, immune escape, and therapeutic response. Further investigation is needed to assess their functional stability, causal contributions, and potential utility as treatment-specific biomarkers. A separate analysis associated specific spatial immune ecosystems with patient survival (60). These findings support testing whether spatial biomarkers improve patient stratification in prospective studies.

    3.6 Microbial Components of the TME in LBCL

    Reviews describe how intratumoral microorganisms and microbial metabolites may influence local immune signaling (176, 177). In solid tumors, microbiota-associated remodeling has also been discussed in relation to immunotherapy response (178). In DLBCL, an exploratory analysis identified microbiome-associated subgroups with differences in estimated immune composition and survival (179). The study also generated hypotheses about MIF-associated signaling. MIF has broader roles in inflammation and cancer (180). Whether microorganisms directly alter MIF signaling in DLBCL remains unknown. These observations illustrate the differing strengths of evidence across proposed components of the LBCL microenvironment. Whereas patient cohorts and spatial profiling studies have established associations between immune-stromal organization and clinical outcomes, the functional contributions of putative intratumoral microbial communities remain uncertain. Studies in other malignancies provide useful mechanistic hypotheses but cannot substitute for direct investigation in LBCL.

    Future research should combine contamination-controlled microbial detection, spatial localization, independent patient cohorts, and functional experiments to distinguish genuine tumor-associated microorganisms from technical artifacts and determine whether microbial signals contribute causally to immune remodeling or therapeutic resistance. More broadly, candidate microenvironmental interactions should be prioritized according to convergent spatial, molecular, and functional evidence rather than treating every detected cell state or signaling pathway as an equivalent therapeutic target.

    4. Relevance, Therapeutic Implications and Perspectives of TME Characterization

    TME interactions in LBCL critically shape disease progression, immune escape, and therapeutic resistance. Genetic and epigenetic alterations impair antigen presentation through loss of MHC class II and combined inactivation of β2-microglobulin and CD58, disrupting immune recognition by CD4⁺ T cells (via MHC class II), CD8⁺ T cells (via MHC class I), and NK cells (162, 175, 176). These tumor-intrinsic mechanisms synergize with macrophage-mediated immune suppression and stromal immune exclusion, and are further influenced by epigenetic regulators such as BAP1, which has been implicated in regulating chromatin states at MHC class II loci (177). Clinically, immune infiltration alone does not predict outcome because T cells in the TME are often dysfunctional due to chronic antigen exposure and checkpoint engagement. In DLBCL cohorts, the prognostic associations of immune markers vary with the cell population measured and its spatial context (31, 132). Co-expression of inhibitory receptors may identify dysfunctional T-cell states, but individual markers should not be interpreted as universal indicators of poor prognosis. Lymphoma-TME interactions further drive therapeutic resistance. Stromal niches blunt antibody-dependent and immune-mediated cytotoxicity, contributing to refractory disease (162).

    These observations highlight the potential contribution of immune-stromal interactions to therapeutic resistance and provide a rationale for investigating how the composition and spatial organization of the LBCL microenvironment influence CAR T-cell trafficking, persistence, and antitumor activity. Stromal barriers, immunosuppressive macrophage states, and tumor-associated epigenetic programs may collectively create microenvironmental conditions that limit effective T-cell infiltration and function. Accordingly, experimental strategies targeting stromal programs, modulating macrophage polarization, or inhibiting epigenetic regulators such as EZH2 have been shown to remodel tumor microenvironment components and enhance T-cell-based therapeutic activity in LBCL models (145, 178). These findings support further investigation of microenvironment-directed approaches as potential complements to CAR T-cell therapy, while their clinical relevance, optimal timing, and effects across heterogeneous LBCL microenvironmental states remain to be established.

    In summary, reciprocal interactions between malignant B cells and their microenvironment drive LBCL progression and treatment resistance. Spatially organized immune-stromal ecosystems govern immune control and are key therapeutic targets. Reflecting this functional heterogeneity, we provide a hierarchical overview linking immune cell types to functional states and clinical relevance, emphasizing that cellular function, rather than abundance, determines clinical outcome (Table 3).

    Table 3: Immune Cell Phenotypes, Functional States, and Clinical Associations in the LBCL Tumor Microenvironment

    
    
    
    
    
    
    
    
    
    
    	Cell type / compartment
    	Functional state / mechanism
    	Clinical impact / significant endpoints
    	Relevance for DLBCL
    	Refs
    

    
    
    
    	CD68⁺ TAMs
    	Abundant myeloid infiltrate; mediates lymphoma-stroma crosstalk
    	Better OS (HR 0.945 per 1% increase; p=0.032); lower stage (p=0.02); associations vary across studies
    	Total CD68⁺ burden alone has limited prognostic specificity
    	(179–183)
    

    
    	CD163⁺/M2-like TAMs
    	Immunosuppressive, tumor-supportive; promotes immune escape
    	Higher stage (p=0.03); worse OS/PFS (p=0.05); enriched in non-GCB DLBCL
    	Adverse immunosuppressive TME marker
    	(182, 184–188)
    

    
    	SPARC-M⁺ macrophages
    	SPARC-expressing tumor-associated macrophage population
    	Associated with more favorable PFS and OS in DLBCL; prognostic significance reported independently of MYC rearrangement and double-/triple-hit status
    	Candidate prognostic biomarker requiring further validation
    	(186)
    

    
    	Inflammatory TAMs
    	M0/M1-skewed; IFN/inflammasome and IL1B/CXCL programs
    	Promotes immune-cell recruitment
    	Defines an inflammatory TME niche
    	(93)
    

    
    	Noncanonical TAMs
    	Hybrid M1/M2 inflammatory-suppressive programs
    	May explain inconsistent prognostic value of total TAM counts
    	Highlights TAM-state heterogeneity
    	(183)
    

    
    	Recruited monocyte-derived TAMs
    	CCL5-CCR1/CCR5-mediated recruitment and local differentiation
    	Promotes TAM accumulation in lymphoma lesions
    	Mechanism of TME remodeling
    	(182–184)
    

    
    	CD3⁺ T cells
    	General adaptive immune infiltration
    	CD3⁺ T-cell density was associated with progression-free survival in an R-CHOP-treated DLBCL cohort.
    	Favorable immune-infiltration marker
    	(32)
    

    
    	CD8⁺ T cells
    	Perforin/granzyme-mediated cytotoxicity
    	Improved response and survival; higher CR odds (p=0.003)
    	Major antitumor effector population
    	(117, 179)
    

    
    	CD4⁺ T cells
    	Immune-coordinating; orchestration of cytotoxic, B-cell, and myeloid responses
    	Prognostic role is unclear; context-dependent
    	Modulates adaptive and myeloid interactions
    	(189)
    

    
    	FOXP3⁺ lymphocytes
    	Immunoregulatory/suppressive
    	FOXP3⁺ cell density was associated with progression-free survival in univariate analysis of an R-CHOP-treated DLBCL cohort.
    	Context-dependent prognostic marker
    	(32)
    

    
    	Checkpoint-exhausted T cells (PD-1⁺/TIM-3⁺/LAG-3⁺)
    	Chronic stimulation with reduced effector function
    	Generally inferior OS/PFS; strongest adverse signals with TIM-3high and PD-1⁺LAG-3⁺ states
    	Marker of T-cell exhaustion/immune evasion
    	(188, 190)
    

    
    	Tumor/TME interface-PD-L1⁺
    	PD-L1-PD-1 checkpoint signaling
    	Associated with immune infiltration; potential checkpoint-therapy relevance
    	Immune-evasion/therapeutic marker
    	(188)
    

    
    	Tumor/TME interface—immune infiltration
    	TAM-T-cell spatial/quantitative interactions
    	Multiplex immunohistochemistry was used to assess associations between T-cell–macrophage spatial relationships and survival in DLBCL
    	Defines prognostic immune contexture
    	(171)
    

    
    	Tumor/TME interface—integrated immune contexture
    	Composite TAM, T-cell, and cytokine states
    	Associated with progression, treatment response, and survival
    	Integrated TME architecture
    	(93)
    

    
    	nPD-L1⁺/mPD-L1⁺
    	PD-L1 on non-tumor or malignant cells
    	Associated with IPI and immune infiltration; mPD-L1 negativity associated with worse OS/PFS
    	Checkpoint/potential predictive biomarker
    	(188)
    

    
    	TIM-3 on lymphoma cells
    	Checkpoint protein expression on malignant cells
    	High expression was associated with inferior PFS and OS in one DLBCL cohort
    	Candidate prognostic association
    	(191)
    

    
    

    Abbreviations: ADCP, antibody-dependent cellular phagocytosis; CCL5, C-C motif chemokine ligand 5; CCR1, C-C chemokine receptor 1; CCR5, C-C chemokine receptor 5; CR, complete response; DLBCL, diffuse large B-cell lymphoma; ECOG, Eastern Cooperative Oncology Group; GCB, germinal center B-cell-like; HR, hazard ratio; IFN, interferon; IPI, International Prognostic Index; LAG-3, lymphocyte activation gene 3; mPD-L1, malignant-cell programmed death-ligand 1; nPD-L1, nonmalignant-cell programmed death-ligand 1; OS, overall survival; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PFS, progression-free survival; SIRPα, signal regulatory protein alpha; SPARC, secreted protein acidic and rich in cysteine; TAMs, tumor-associated macrophages; TILs, tumor-infiltrating lymphocytes; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; TME, tumor microenvironment; Tregs, regulatory T cells.

    4.1 Therapeutic Implications of the TME in LBCL

    These emerging insights into the LBCL tumor microenvironment have fueled the development of TME-directed therapeutic strategies, including immune checkpoint inhibitors, bispecific antibodies, CAR T cell therapies, and immunomodulatory agents such as lenalidomide. These strategies are summarized in Table 3 and illustrated in Figure 4.

    [image: Diagram showing established and investigational treatments around a cluster of large B-cell lymphoma cells. Strategies include redirecting T cells with CAR T cells and bispecific antibodies, blocking immune checkpoints, targeting or reprogramming macrophages, and altering stromal signaling.]

    Figure 3: Therapeutic strategies targeting the tumor microenvironment in large B-cell lymphoma. Schematic overview of established and investigational approaches targeting malignant B cells and their interactions with immune and stromal components in the large B-cell lymphoma (LBCL) tumor microenvironment (TME). Tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), cancer-associated fibroblasts (CAFs), and fibroblastic reticular cells (FRCs) can contribute to immunosuppressive signaling, T-cell dysfunction, and altered immune-cell trafficking. Investigational strategies include inhibiting colony-stimulating factor 1 receptor (CSF1R) signaling, reprogramming macrophages, and blocking the CD47-SIRPα axis to enhance antibody-dependent cellular phagocytosis, including in combination with tafasitamab. Immune-directed approaches include checkpoint inhibition targeting PD-1/PD-L1 and other inhibitory receptors, CD19-directed chimeric antigen receptor (CAR) T-cell therapy, and CD3 × CD19 or CD3 × CD20 bispecific antibodies that redirect T cells toward malignant B cells. Lenalidomide may modulate T-cell and natural killer (NK)-cell activity and the immunosuppressive microenvironment. Stromal signaling pathways and metabolic interactions represent additional potential therapeutic targets. The depicted strategies differ in their level of clinical evidence; several combinations and microenvironment-directed interventions remain investigational, and their inclusion does not imply established efficacy in LBCL. Created in BioRender. Gaksch, L. (2026) https://BioRender.com/8usp7g5. Abbreviations: CAFs, cancer-associated fibroblasts; CAR, chimeric antigen receptor; CD, cluster of differentiation; CSF1R, colony-stimulating factor 1 receptor; FRCs, fibroblastic reticular cells; LAG-3, lymphocyte activation gene 3; LBCL, large B-cell lymphoma; MDSCs, myeloid-derived suppressor cells; MHC, major histocompatibility complex; NF-κB, nuclear factor kappa B; NK, natural killer; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; SIRPα, signal-regulatory protein alpha; TAMs, tumor-associated macrophages; TIGIT, T-cell immunoreceptor with immunoglobulin and ITIM domains; TME, tumor microenvironment; Tregs, regulatory T cells.

    These therapeutic approaches exploit distinct features of the LBCL microenvironment, ranging from inhibitory immune checkpoints and T-cell engagement to modulation of immunosuppressive cellular and signaling networks. Table 4 summarizes the principal TME-directed strategies, their biological targets and mechanisms, and the corresponding clinical implications in LBCL. Published studies describe distinct treatment settings for bispecific antibodies and CAR T cells in LBCL (192, 193). Epcoritamab plus GemOx was evaluated in transplant-ineligible patients with relapsed or refractory DLBCL (194). Correlative analyses examined intratumoral immune populations and potential mechanisms of resistance to odronextamab (195). A separate glofitamab study examined pharmacodynamic changes and molecular correlates of response (196). The lymphoma microenvironment can influence CAR T-cell activity (197). Resistance can also arise from tumor-intrinsic mechanisms (198). A DLBCL study linked an immunosuppressive microenvironment to progression following anti-CD19 CAR T-cell therapy (199). The broader mechanisms of CAR T-cell resistance in DLBCL have been reviewed (200). Metabolic remodeling is being explored as a potential way to improve CAR T-cell activity (201). Treatment after CAR T-cell relapse is a separate clinical question (202). A PD-1-armored CD19 CAR T-cell product has also been investigated (203). Checkpoint-inhibitor studies include early nivolumab experience in hematologic malignancies and a phase II study in relapsed or refractory DLBCL (204, 205). Ibrutinib plus nivolumab was evaluated in relapsed CNS lymphoma (206). Pembrolizumab was studied in relapsed or refractory primary mediastinal large B-cell lymphoma (207). A separate report described nivolumab treatment in primary CNS and testicular lymphoma (208). Atezolizumab plus obinutuzumab was evaluated in relapsed or refractory B-cell lymphoma (209). Other early-phase studies combined checkpoint blockade with a BTK inhibitor (210, 211). Pembrolizumab and durvalumab were each studied with frontline chemoimmunotherapy in DLBCL (212, 213). A phase I study evaluated dual checkpoint blockade in relapsed or refractory lymphoid malignancies (214). A separate trial tested atezolizumab, obinutuzumab, and venetoclax in relapsed or refractory B-cell non-Hodgkin lymphoma (215). LAG-3 is expressed by several lymphocyte subsets in DLBCL (216). TIGIT has also been investigated as an inhibitory receptor in lymphoma (217). Nivolumab plus relatlimab was evaluated in relapsed or progressed B-cell malignancies (218). An exploratory study examined whether LAG3 genetic variation was associated with outcomes after CAR T-cell therapy (219). Macrophage-directed studies include CD47-SIRPα blockade combined with tafasitamab in preclinical and ex vivo models, and observational work has examined circulating MDSCs as prognostic markers in B-cell lymphoma (220, 221). Lenalidomide has been studied as an immunomodulatory agent in DLBCL and other B-cell lymphomas (222, 223). A preclinical study examined whether lenalidomide could overcome resistance to CD19-directed CAR T cells (224). Its clinical use in primary CNS lymphoma has been reviewed (225). A separate report described lenalidomide monotherapy as salvage treatment in recurrent primary CNS lymphoma (226). Table 4 summarizes the principal TME-directed strategies, their biological targets and mechanisms, and the corresponding clinical implications in LBCL.

    Table 4: Therapeutic targeting of the LBCL tumor microenvironment: biological rationale, candidate interventions, and clinical implications.

    
    
    
    
    
    
    
    
    
    
    
    	Category
    	Target / mechanism
    	Key TME finding
    	Therapeutic implication
    	Intervention / evidence
    	Refs
    

    
    
    
    	Targeting TAMs
    	M2-like macrophage polarization
    	High M2-like TAM density is associated with poor OS/PFS
    	Macrophage depletion, recruitment blockade, or repolarization may reduce tumor immunosuppression
    	TLR7 agonist imiquimod and TLR3 agonist poly(I:C); preclinical
    	(188, 227, 228)
    

    
    	
    	CD47-SIRPα
    	CD47 signaling inhibits macrophage-mediated phagocytosis
    	Blockade can enhance ADCP, particularly with tumor-targeting antibodies
    	Anti-CD47 + tafasitamab (anti-CD19); preclinical/translational
    	(221, 229)
    

    
    	
    	CCL5-CCR1/CCR5
    	CCL5 signaling promotes monocyte/TAM recruitment into the TME
    	Recruitment blockade may reduce tumor-supportive TAM accumulation
    	CCL5 antagonist; migration and xenograft studies
    	(230)
    

    
    	
    	IL-34-CSF1R
    	IL-34 promotes monocyte recruitment and is associated with adverse DLBCL features
    	Disruption of IL-34-CSF1R signaling represents a potential macrophage-directed strategy
    	Candidate therapeutic axis; limited DLBCL-specific therapeutic evidence
    	(231)
    

    
    	Stromal prognostic programs
    	Stromal-1/stromal-2 programs
    	Stromal-1 is associated with favorable outcome, whereas angiogenic stromal-2 is adverse
    	Potential prognostic stratification; therapeutic utility remains unvalidated
    	Biomarker/mechanistic evidence
    	(23)
    

    
    	
    	PD-L1⁺ CAFs
    	CAF-associated PD-L1 can suppress T-cell cytotoxicity
    	Stromal checkpoint signaling may contribute to immune escape
    	PD-1/PD-L1 blockade; indirect therapeutic rationale
    	(144)
    

    
    	
    	CCL19/CCL21 reduction
    	Reduced CCL19/CCL21 impairs T-cell homing
    	Restoration of stromal immune trafficking may enhance antitumor immunity
    	Mechanistic/preclinical rationale
    	(144)
    

    
    	
    	CAF-mediated CAR T resistance
    	CAF-rich stroma can impede CAR T-cell migration and access
    	Stromal targeting may improve CAR T-cell efficacy
    	Preclinical therapeutic rationale
    	(144)
    

    
    	
    	PCNSL/PTL stromal compartment
    	CAF abundance and functional evidence remain limited
    	Therapeutic significance remains undefined
    	Insufficient disease-specific evidence
    	(232)
    

    
    	Targeting MDSCs / suppressive myeloid cells
    	Immunosuppressive activity
    	MDSCs suppress T- and NK-cell function through multiple pathways
    	Reducing MDSC abundance or activity may restore antitumor immunity
    	Therapeutic rationale; limited LBCL-specific clinical evidence
    	(233)
    

    
    	
    	Prognostic relevance
    	Elevated MDSC levels are associated with adverse outcomes
    	Potential prognostic and response biomarker
    	Biomarker evidence
    	(220)
    

    
    	
    	PCNSL myeloid checkpoints
    	Myeloid-rich immune states involve PD-L1 and TIM-3/galectin-9 signaling
    	Supports investigation of myeloid checkpoint targeting
    	Disease-specific biological/therapeutic rationale
    	(234, 235)
    

    
    	
    	PTL immune escape
    	MHC-II loss contributes to immune-privileged biology
    	Supports targeting mechanisms of immune escape; direct MDSC involvement remains uncertain
    	Mechanistic evidence
    	(236, 237)
    

    
    	
    	CAR T resistance
    	LAMM populations are associated with poor CAR T-cell response
    	CSF1R blockade may improve CAR T-cell activity by targeting suppressive macrophages
    	Anti-CSF1R antibody (AFS98); preclinical
    	(238)
    

    
    	TME-modifying drugs — Lenalidomide
    	Immune modulation
    	Enhances T/NK-cell activity, modulates Tregs, and affects NF-κB signaling in ABC-DLBCL
    	Modulates both malignant and immune compartments
    	Lenalidomide; mechanistic and clinical evidence
    	(222, 223)
    

    
    	
    	Clinical activity
    	ORR ~30% in r/r DLBCL, with greater activity reported in ABC/non-GCB disease
    	Demonstrates activity in selected molecular contexts
    	Lenalidomide; clinical evidence
    	(239)
    

    
    	
    	CAR T-cell modulation
    	Reduces CD8⁺ CAR T-cell exhaustion in murine models
    	Potential combination strategy to enhance CAR T-cell function
    	Lenalidomide + CD19 CAR T cells; preclinical
    	(224)
    

    
    	
    	PCNSL cytokine modulation
    	CSF IL-10 changes correlate with treatment response
    	CSF IL-10 changes correlate with treatment response
    	Lenalidomide-based therapy; clinical evidence
    	(225, 226)
    

    
    	
    	PTL
    	Direct disease-specific evidence remains limited
    	Therapeutic relevance remains uncertain
    	Limited disease-specific evidence
    	(237)
    

    
    

    Abbreviations: ABC, activated B-cell-like; ADCP, antibody-dependent cellular phagocytosis; CAFs, cancer-associated fibroblasts; CAR T, chimeric antigen receptor T cell; CCL, C-C motif chemokine ligand; CCR, C-C chemokine receptor; CD, cluster of differentiation; CSF, cerebrospinal fluid; CSF1R, colony-stimulating factor 1 receptor; DLBCL, diffuse large B-cell lymphoma; FRCs, fibroblastic reticular cells; IL, interleukin; LAMMs, lymphoma-associated macrophage and monocyte populations; LBCL, large B-cell lymphoma; MDSCs, myeloid-derived suppressor cells; MHC-II, major histocompatibility complex class II; NF-κB, nuclear factor kappa B; NK, natural killer; ORR, overall response rate; OS, overall survival; PCNSL, primary central nervous system lymphoma; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PFS, progression-free survival; PTL, primary testicular lymphoma; r/r, relapsed/refractory; SIRPα, signal regulatory protein alpha; TAMs, tumor-associated macrophages; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; TLR, Toll-like receptor; TME, tumor microenvironment; Tregs, regulatory T cells.

    
    5. Discussion

    

    Fibroblast architecture and its prognostic associations have also been studied in classic Hodgkin lymphoma (146). In DLBCL, PD-L1 expression has been examined in relation to clinicopathologic features and prognosis (240). A systematic review evaluated the prognostic value of non-neoplastic cell populations (241). A review discussed the role of the tumor microenvironment in DLBCL pathogenesis and its therapeutic implications (242). A treatment-correlative study examined tumor microenvironment features in patients receiving CD19-directed CAR T-cell therapy, chemotherapy, or transplantation (243). Candidate prognostic molecular biomarkers in DLBCL have been reviewed in the rituximab era (244). Another review discussed how the microenvironment of lymphoid neoplasms informs the evaluation of immune-based therapies (245). A separate review examined strategies and challenges for targeting the tumor microenvironment in B-cell lymphoma (246). Experimental work has examined how PD-L1-expressing macrophages influence lymphoma growth (247). High-plex imaging revealed distinct patterns of immune escape and suppression (46). High-parameter imaging also demonstrated spatially defined immune microenvironments in DLBCL (73). A methods review describes approaches to spatial profiling in immuno-oncology (248). Multimodal analysis has separately examined TME heterogeneity in relation to immune activity and evasion (249). Outside lymphoma, perivascular fibroblasts have been studied in glioblastoma as a potential correlate of immunotherapy resistance (250). Single-cell multi-omics has been reviewed as an approach to studying lymphoma heterogeneity (251). Broader oncology work describes strategies for integrating multiple data types in clinical research (252). One experimental workflow integrates spatially resolved datasets generated from the same tissue section (253). In DLBCL, multi-omics studies have been reviewed as a source of candidate prognostic biomarkers (254). DIABLO integrates multi-omics measurements, whereas MISO integrates spatial omics with tissue morphology (255, 256). Multimodal artificial intelligence offers further approaches to combining clinical and molecular data (257). Spatial transcriptomics identified recurrent immune ecosystems in DLBCL tissue (60). High-parameter imaging provides a complementary view of their cellular architecture (73). Spatial transcriptomics has characterized heterogeneity in EBV-positive DLBCL (74). A separate study combined single-cell and spatial profiling in testicular DLBCL (258).

    An integrative genomic analysis identified four DLBCL immune quadrants. Quadrant assignment was associated with clinical benefit in a CD20 × CD3 bispecific antibody cohort, whereas an association was not detected in the CD19 CAR T-cell cohorts studied (259). Complementary experimental approaches, including three-dimensional B-cell lymphoma culture systems, provide platforms to investigate tumor-microenvironment interactions and evaluate antibody-based therapies (260). These findings highlight the need for functional validation and treatment-specific assessment of candidate biomarkers. A correlative analysis examined pretreatment TME features in LBCL treated with CD19 CAR T cells or with chemotherapy and transplantation (243). A separate study found that DLBCL immune quadrants were associated with clinical benefit in a bispecific-antibody cohort, while an association was not detected in the CAR T-cell cohorts studied (259). Reviews of prognostic biomarkers provide background for risk assessment (244, 254). General multimodal integration strategies (252) and checkpoint-blockade literature (261) provide context for future validation. Spatial profiling provides several ways to measure immune and stromal organization in tissue (248). Deep-learning methods have been developed to integrate spatial omics with tissue morphology (256). Multimodal AI offers additional ways to combine clinical and molecular measurements (257). Reduced gene signatures and multiplex immunohistochemistry panels remain candidate approaches for prospective validation. Studies of odronextamab and glofitamab have examined immune or molecular correlates of response (195, 196). In LBCL, separate analyses have examined TME features in relation to CAR T-cell and chemotherapy/transplant outcomes (243). The DLBCL immune-quadrant study illustrates why candidate biomarkers should be evaluated in the treatment setting where they would be used (259). Biomarker-adapted treatment has also been examined in high-risk LBCL (262). Prospective studies are needed to establish whether spatial immune classifications improve treatment allocation beyond existing clinical and molecular markers.

    Spatial and multi-omics profiling has expanded our understanding of how immune-stromal ecosystems interact with tumor-intrinsic programs to shape biological heterogeneity, immune evasion, and therapeutic response in LBCL (74). These advances have generated candidate biomarkers for risk stratification, treatment-response assessment, and identifying potentially actionable immune states (52). However, most proposed signatures remain exploratory, and their clinical utility requires independent validation, standardized analytical methods, and evidence of added value beyond established clinical and molecular predictors. Translating high-dimensional tissue atlases into practical diagnostic assays will also require attention to specimen availability, intratumoral heterogeneity, cost, and turnaround time. Prospective studies should determine whether individual microenvironmental signatures are merely associated with clinical outcomes or can reliably identify patients who benefit from specific interventions. Integrating validated TME biomarkers into clinical trials may ultimately support more precise therapeutic selection and rational combination strategies for patients with high-risk or relapsed LBCL. Comparative immune profiling has been reported in primary CNS and testicular LBCL (232). Primary testicular lymphoma has distinctive clinical features that warrant separate consideration (237). Within primary testicular lymphoma, a T-cell-inflamed microenvironment was associated with favorable prognosis (263). Other work has documented variation in NK and NK-like T-cell populations across B-cell proliferations (264).

    5.1 Outstanding Challenges and Future Directions

    Spatial transcriptomics requires standardization of pre-analytical variables, assay chemistries, and computational workflows. Tissue preservation and other pre-analytical variables can influence gene-expression measurements, while standardized metrics can help assess the reproducibility of imaging-based spatial datasets (83, 265). High-definition spatial transcriptomics improves the resolution of gene-expression mapping in tissue (266). Same-section integration workflows can combine complementary spatial measurements (253). Reviews discuss how spatial multi-omics can be used to characterize immune organization and changes in the TME (78, 79). Translating these data into clinically deployable assays will require prospective validation. A key translational distinction is whether a microenvironmental signature is prognostic, predicts benefit from a particular treatment, or is simply associated with an established molecular subtype. These functions require different validation strategies. A signature associated with poor survival after immunochemotherapy, for example, may not identify patients who benefit from CAR T-cell therapy or macrophage-directed treatment. Treatment-specific analyses, independent validation cohorts, and predefined biomarker thresholds are therefore necessary before spatial classifications can guide therapeutic selection. Longitudinal sampling is equally important because treatment may alter the very cellular states used to assign patients to a microenvironmental category. Metabolic remodeling of the TME has been proposed as a strategy to improve CAR T-cell activity (201). In DLBCL, lipid metabolic reprogramming (267) and potential metabolic vulnerabilities (268) have been reviewed. A separate review focuses on interactions between metabolism and the immune environment (269). Experimental work has also investigated cholesterol metabolic reprogramming in DLBCL (270). Experimental work in solid-tumor models showed that tumor-derived lactic acid can shape macrophage polarization (271). Broader studies of hypoxia and antitumor immunity provide additional context for investigating these interactions in lymphoma (272).

    Future directions should prioritize longitudinal profiling of the tumor microenvironment to capture dynamic remodeling under therapeutic pressure, including immune activation and escape mechanisms. In addition, developing clinically applicable surrogate assays derived from high-dimensional spatial data, such as reduced gene expression signatures, multiplex immunohistochemistry panels, or digital pathology-based models, will be essential for translation into routine practice. Ultimately, integrating spatial biology with functional validation and prospective clinical trials will be required to translate TME insights into precision immuno-oncology strategies for patients with LBCL.
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