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Introduction: This study constructs a high-resolution multi-omics map of Diffuse Large B-

Cell Lymphoma (DLBCL) by integrating single-cell, single-nucleus, and spatial transcriptomics.

Methods: We identified a previously unrecognized, recurrent subset of malignant B

cells that unexpectedly express CD3, a protein typically found only on T cells. This KEYWORDS

unusual CD3+ B cell population appears to be driven by a specific genetic circuit Diffused large B-cell

involving five key regulatory genes: BCLAF1, CHURC1, FLI1, NFATC2, and ELF2. lymphoma; CD3 complex;

Result: Spatial and functional analyses revealed that these cells are associated with ~ tUmor microenvironment;
R . . . K K K RNA sequencing; spatial

macrophage enrichment and M2 polarization, potentially involving TGF-g signaling and transcriptomics

contributing to an immunosuppressive tumor microenvironment. Clinically, the abun-

dance of CD3* B cells was associated with advanced disease stage, poor treatment

response, and reduced survival.

Conclusion: Our findings support the presence of a CD3* B cell subset with T cell-like

features that is associated with tumor microenvironment remodeling and adverse

clinical outcomes, highlighting molecular determinants like FLIT and the TGF-f axis

as potential therapeutic targets.

Introduction

Diftuse large B-cell lymphoma (DLBCL), the most common subtype of non-Hodgkin’s lymphoma, is an
aggressive and heterogeneous disease." Although current frontline therapy—R-CHOP (rituximab plus
cyclophosphamide, doxorubicin, vincristine, and prednisone)—achieves appreciable remission rates, it
remains fatal in approximately 40% of patients due to unresolved mechanisms of treatment resistance.”
Gene expression profiling has classified DLBCL into two major cell of origin (COO) subtypes,’ with the
germinal center B cell-like (GCB) subtype generally associated with better prognosis than the activated B
cell-like (ABC) subtype. Moreover, recent studies have identified several molecular subtypes with distinct
oncogenic pathways and genotypic alterations,™” further emphasizing that neoplastic B cell heterogeneity
contributes to divergent clinical outcomes. Thus, elucidating the basis of DLBCL heterogeneity and its
functional consequences is essential for overcoming therapeutic failure.

Besides the heterogeneous molecular features of neoplastic B cells, the diversity of the tumor micro-
environment (TME) also impacts the biological behavior and clinical outcomes of DLBCL patients. This
heterogeneity arises not only from the TME composition, but also from the intricate intercellular
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communication within and across distinct cellular compartments.® Several studies have explored the
prognostic significance of the TME in DLBCL, but have yielded inconsistent results. For example, some
studies have linked high infiltration of FOXP3" regulatory T cells (Tregs) with improved prognosis,” while
others have suggested an association with inferior survival. Riihijarvi et al. have observed that CD68"
tumor-associated macrophages (TAMs) predicted poor outcomes in CHOP-treated patients, yet a favor-
able prognosis in those treated with R-CHOP.® Moreover, two distinct stromal gene expression signatures,
stromal-1 and stromal-2, have been proposed; the stromal-1 subtype, enriched in myeloid lineage
components, was associated with better survival.” More recently, 12 patterns of TME archetypes have
been described based on single-cell data, offering partial prediction of therapeutic response.'’ However,
while foundational, these studies often rely on bulk analysis or marker-based quantification, which can
obscure the contributions of rare but functionally potent cell subsets and the intricate spatial crosstalk that
shapes these ecosystems. Consequently, the mechanistic basis by which specific neoplastic cell states
orchestrate diverse TME patterns remains largely unresolved.

Single-cell and single-nucleus RNA sequencing (sc/snRNA-seq) have emerged as powerful tools for
resolving transcriptional heterogeneity and dissecting the cellular architecture of tumors at single-cell
resolution. These methods enable precise delineation of malignant cell states, TME components, and their
functional interactions''. Additionally, SpaTial Enhanced REsolution Omics-sequencing (Stereo-seq) pro-
vides nanoscale spatial transcriptomic profiling, offering insights into the spatial organization and cellular
neighborhoods of both tumor and stromal cells within intact tissues.'* To address the unmet need for high-
resolution delineation of DLBCL heterogeneity, we combined snRNA-seq and Stereo-seq to construct a
comprehensive single-cell atlas of DLBCL. By integrating an external scRNA-seq dataset for cross-
validation,'® we systematically characterized the malignant and immune compartments of the tumor and
uncovered a previously unrecognized subset of CD3" B cells. We further elucidated the molecular programs
and regulatory networks underlying this population and explored its immunosuppressive interactions with
the TME. Collectively, this study provides novel insights into the cellular and spatial complexity of DLBCL,
identifies a new marker of disease progression, and suggests potential therapeutic targets.

Materials and methods

This study employed an integrative multi-omics and multi-platform approach to investigate the cellular
heterogeneity and tumor microenvironment of diffuse large B-cell lymphoma (DLBCL). Our experimental
design encompassed four patient cohorts allocated for distinct analyzes. We performed single-nucleus
RNA sequencing (snRNA-seq) on 12 fresh tumor samples and spatial transcriptomics (Stereo-seq) on two
samples to generate a high-resolution transcriptomic atlas (Table S1). A large validation cohort of 132
formalin-fixed, paraffin-embedded (FFPE) tissues was used for immunofluorescence (IF) and immuno-
histochemistry (IHC) to assess clinical correlations. Furthermore, in vitro functional assays, including flow
cytometry, transwell migration, and ELIZA, were conducted using fresh tissues from an additional 6
patients to validate cellular interactions. All studies were conducted with approval from the institutional
ethics committee, and written informed consent was obtained from all participants.

For the snRNA-seq data (12 samples from this study), alignment and gene quantification were
performed using Cell Ranger ARC (v2.0.0) against the GRCh38 reference genome (refdata-cellranger-
arc-GRCh38-2020-A-2.0.0). Ambient RNA contamination was corrected using SoupX (v1.6.2) under
default settings, in which background RNA was estimated from empty droplets and subtracted from
each cell. Doublets were identified and removed using DoubletFinder (v2.0.4). pN (proportion of artificial
doublets) was set to 0.25, pK (neighborhood size parameter for pANN estimation) was selected based on
the BCmetric, and nExp (expected number of doublets) was estimated from a 7.5% expected doublet rate
and adjusted using modelHomotypic to account for homotypic doublets. The parameter sct was set to
TRUE based on SCTransform-normalized PCA space. Cells were retained if they contained at least 500
detected genes and had mitochondrial gene content <10%, implemented in Seurat (v4.3.0). For the scRNA-
seq dataset (GSE182434, 4 samples), processed data provided by the original study were used,'® and
consistent quality control applied the same thresholds (nGene>500 and mitochondrial gene con-
tent <10%). For the Stereo-seq data (2 samples from this study), alignment and spatial mapping were
performed using the SAW pipeline (v5.0) against the GRCh38 reference genome, generating gene
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expression matrices containing spatial coordinates at the DNA nanoball (DNB) level. Cell segmentation
was conducted using STOmics Cloud by aligning DNB images to nuclear staining images, followed by
semi-automated segmentation based on nuclear signals to obtain cellBin-level expression matrices.
CellBins were retained if featureRNA counts ranged from 200 to 8,000. Downstream analyzes, including
normalization, dimensionality reduction, and clustering, were performed using Seurat (v5.0.1); 5,000
highly variable genes were selected using the vst method, 50 principal components were used, and
clustering resolution was set to 0.6. Further details are provided in the Supplementary Methods. The
overall workflow is summarized in Figure 1A.

Results
Identification and validation of CD3+ B cells in DLBCL

Prior to downstream analyzes, rigorous quality control was performed on the snRNA-seq data, including
assessment of total UMI counts, detected gene numbers (median detected genes: 1,790), mitochondrial
transcript percentages, and doublet scores (Fig. SIA-F). To map the cellular landscape of DLBCL, we
integrated our snRNA-seq data from 12 patients with a public scRNA-seq dataset (GSE182434), yielding
137,292 cells for analysis (Figure 1A-E, Table S2). Unsupervised clustering identified eight major cell
types, including neoplastic B cells, T cells, and myeloid populations, supported by canonical marker
expression and spatial transcriptomics (Figure 1F-G, Fig. S1G-J).

To dissect tumor heterogeneity, we applied non-negative matrix factorization (NMF) to 64,113
neoplastic B cells, identifying four gene modules (Figure 1H, Table $3). Notably, Module 4 showed a T
cell-like signature, with high weights for CD3D, CD3E, and CD3G. Scoring revealed a previously
unrecognized subpopulation of neoplastic B cells co-expressing B-cell markers (CD19, MS4A1) and the
CD3 complex, defined as CD3* B cells (Figure 11).

This subset was further validated across platforms. CD3+ B cells were detected in spatial transcriptomic
data (Figure 2A). Crucially, these cells exhibited low pANN scores comparable to conventional B cells (Fig.
S1D-F), excluding the possibility of technical doublets. They were further validated in the external scRNA-
seq cohort (Fig. S2A), and showed copy number variation (CNV) patterns consistent with malignant B cells
(Figure 2B, Fig. S2B). Furthermore, immunofluorescence demonstrated CD3 and CD20 co-localization, and
flow cytometry confirmed a CD3+CD20* population in tumor tissues but not in peripheral blood (95% CI of
difference: —5.415 to —1.293, p = 0.0063; Figure 2C-D, Fig. S2C). CD3* B cells comprised ~2% of neoplastic
B cells across the snRNA-seq (2.18%), scRNA-seq (2.36%), and Stereo-seq (1.51%) cohorts (Figure 2E). These
findings support CD3* B cells as a distinct and reproducible subpopulation in DLBCL.

CD3"* B cells display T cell-like transcriptomic signatures and secrete inmunosuppressive TGF-8 family
cytokines

Transcriptomic characterization of CD3* B cells revealed 4,494 upregulated genes (adjusted p <0.05,
log,FC > 0.25), including T-cell regulators (CD28, BCL11B) and members of the immunosuppressive TGF-f3
superfamily (GDF11, BMP6) (Figure 2F, Table S4). Consistently, functional enrichment analysis highlighted
pathways related to T-cell signaling and TGF-f signaling (Figure 2G, Table S5). Moreover, CD3* B cells
displayed higher scores for T-cell exhaustion and Treg-associated gene signatures compared to cytotoxic
signatures (p <0.0001; Fig. S3A-F). Functionally, ELIZA showed that lymphocyte suspensions from tumors
with higher proportions of CD3+ B cells secreted more BMP-6 (95% CI: 19.54 to 77.80, p = 0.0478) and GDF-11
(95% CI: 60.65 to 122.3, p = 0.0476), and less TNF-a (95% CI: -24.37 to -0.9601, p = 0.0398) (Fig. $3G-K). These
data indicate that CD3* B cells exhibit T cell-like features and are associated with an immunosuppressive
cytokine profile.

High CD3+* B cell infiltration predicts poor survival in DLBCL

To evaluate the clinical relevance of CD3* B cells, we quantified their abundance in 132 DLBCL patient
tissues using immunofluorescence (Figure 3A,B, Fig. S4A-I). Patients were stratified into CD3*+ B
cell-high or low groups based on median density or count.
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Figure 1. Single-nucleus and single-cell transcriptomic profiling of DLBCL. (A) Schematic overview of the study design
and analytical workflow, including sample collection, sequencing platforms (snRNA-seq, scRNA-seq, and Stereo-seq),
preprocessing and quality control steps, data integration, identification of CD3* B cell subpopulation, and downstream
analyzes such as CNV inference, differential expression, trajectory analysis, transcription factor regulation, and spatial
transcriptomic analysis. (B—E) UMAP visualization of integrated transcriptomic data colored by sample IDs (B), sample site:
nodal vs. extranodal (C), cell-of-origin (COO) subtype: germinal center B-cell-like (GCB), activated B-cell-like (ABC), and
unclassified (D), and data source: this study vs. GSE182434 (E). (F) UMAP plot showing major cell types (left) and myeloid
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subtypes (right) identified in the integrated dataset. (G) Heatmap displaying average expression of canonical marker genes
in identified cell types. (H) Heatmap of Pearson correlation coefficients between non-negative matrix factorization (NMF)-
derived gene expression programs from neoplastic B cells, with annotations for sample ID, study cohort, site, and COO
subtype. Four major gene modules were defined. (I) Module scores for feature genes of each module projected onto the
UMAP of neoplastic B cells. The dashed line indicates the region enriched for cells with high Module 4 scores.

Kaplan-Meier analysis showed that patients with high CD3" B cell density or count had significantly
shorter overall survival (OS) and progression-free survival (PFS) compared to the low group (OS:
HR=1.960, 95% CI: 1.062 to 3.620, p=0.0334 for density; HR=2.398, 95% CI: 1.299 to 4.427,
p=0.0068 for count; PFS: HR =2.216, 95% CI: 1.327 to 3.701, p =0.0024 for density; HR =2.513, 95%
CI: 1.543 to 4.096, p = 0.0003 for count; Figure 3C-D). In addition, CD3* B cell count was associated with
clinical stage (p = 0.0341) and treatment response (p = 0.0366) based on Fisher’s exact test (Figure 3E-F).
Pairwise comparisons showed nominal differences (stage I vs. III, p = 0.011; complete response (CR) vs.
progressive disease (PD), p =0.014), which were not significant after Holm correction (adjusted p = 0.065
and 0.087). Trend analysis revealed a monotonic increase in CD3* B cell count with advancing stage
(p_trend = 0.0379) and worsening response categories (p_trend =0.0205). Logistic regression further
confirmed associations with stage (OR=1.40, 95% CI: 1.02 to 1.95, p=0.0398) and response
(OR =1.46, 95% CI: 1.06 to 2.03, p =0.0223), indicating that higher CD3* B cell counts are more likely
to be observed in advanced disease and poorer treatment outcomes.

Multivariate Cox regression analysis was performed to identify independent prognostic factors for
DLBCL. High CD3* B cell number and extranodal sites 22 were independently associated with both
shorter PFS (HR =2.918, 95% CI: 1.480 to 5.754, p = 0.002; HR = 1.808, 95% CI: 1.016 to 3.216, p = 0.044,
respectively) and OS (HR =2.280, 95% CI: 1.138 to 4.566, p = 0.020; HR =2.831, 95% CI: 1.455 to 5.508,
p =0.002, respectively). Additionally, the ABC subtype and advanced stage were associated with shorter
PFS (HR =2.048, p =0.015; HR =2.946, p =0.006), while bulky mass>7cm was linked to poor OS
(HR=1.977, 95% CI: 0.999 to 3.913, p=0.050) (Tables 1-2). These results indicate that high CD3*+ B
cell infiltration is associated with adverse clinical outcomes and independently predicts poor survival in
DLBCL.

CD3+* B cells are spatially associated with an M2-like myeloid niche

To understand how CD3* B cells shape the TME, we used spatial transcriptomics and found an
enrichment of myeloid cells in close proximity (<40 um) to CD3* B cells (Figure 4A-B). Consistently,
CD3+* B cells displayed more predicted interactions with myeloid subsets compared to conventional B cells
(Figure 4C-D). These interactions involved TGF-f superfamily members (BMP6, GDFI11) and PPAR
pathways, which are associated with M2 macrophage polarization (Figure 4). In situ analysis showed that
CD163* macrophages preferentially localized near CD3* B cells (Figure 4G). Moreover, myeloid cells
proximal to CD3* B cells showed enriched gene signatures for angiogenesis, chemotaxis, and TGF-f
signaling, suggesting that CD3*+ B cells are associated with an M2-like immunosuppressive niche
(Figure 4H).

We functionally validated these findings in situ and in vitro. Immunofluorescence and IHC revealed
greater CD163* macrophage accumulation in tumors with high CD3+ B-cell infiltration (RScp3 number =
0.564, p<0.001; Rs_ dmmy=0.411, p <0.001; Figure 5A, Fig. S5A-C). While co-culture experiments
showed a non-significant trend towards increased macrophage recruitment (95% CI: -4.532 to 20.60,
p =0.1506), supernatants from CD3* B cell-high tumors increased the proportion of CD163* macro-
phages (95% CI: 0.067 to 31.35, p=0.0494) (Figure 5B-C). Collectively, these findings support an
association between CD3* B cells and an M2-like myeloid niche.

A core transcriptional network mediates CD3+ B-cell reprogramming

To characterize the transcriptional programs underlying the CD3+ B-cell state, we performed pseudotime
analysis on malignant B cells from five snRNA-seq samples. This revealed a trajectory from conventional
CD3~ B cells through a transitional state to CD3* B cells (Figure 6A-C, Fig. S6A-D). Genes with dynamic
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Figure 2. Validation and characterization of CD3* B cells in DLBCL. (A) Spatial distribution and density of CD3* B cells
shown on Stereo-seq spatial transcriptomic maps from two DLBCL tissue sections. Blue dots represent individual CD3* B
cells; the gradient bar indicates local cell density. (B) Inferred large-scale chromosomal copy number variations (CNVs) in
DLBCL11 using inferCNV, with myeloid cells as reference. Gains are shown in red and losses in blue across the genome. (C)
Immunofluorescence staining of DLBCL tissue. CD20 (red), CD3 (green), and nuclei (DAPI, blue). CD3* B cells are indicated
by arrows. Scale bar: 20 um. (D) Flow cytometry analysis of CD3 and CD20 expression in lymphocytes from DLBCL tissue
samples (n =6, including three nodal and three extranodal) and matched peripheral blood samples (n = 3). Summary plot
shows CD3*CD20* cell proportions (mean + SEM; p = 0.0063, Student’s t-test). (E) Proportion of CD3* B cells in all samples
from snRNA-seq, scRNA-seq (GSE182434), and Stereo-seq datasets. (F) Volcano plot showing differentially expressed genes
in CD3* B cells versus other neoplastic B cells (adjusted p < 0.05). (G) Network representation of gene set enrichment
analysis for upregulated genes in CD3* B cells. Each node represents a significantly enriched gene set; edge width
indicates similarity (Jaccard index > 0.2); colors correspond to gene set source categories.
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Figure 3. Immunofluorescence detection and clinical associations of CD3* B cells in DLBCL. (A) Workflow for quantifying
CD3* B cell density using cell segmentation and fluorescence intensity of CD3 and CD20. (B) Representative images of
CD20 (red), CD3 (green), and DAPI (blue) in DLBCL tissues (n = 132 independent patient samples). Scale bar: 20 or 100 pym.
(C) Kaplan-Meier curves of overall survival (OS) and progression-free survival (PFS) stratified by CD3* B cell density (high vs.
low based on median). (D) Kaplan—Meier curves of OS and PFS stratified by CD3* B cell number per high-power field (HPF).
Threshold for high: >10 CD20*CD3* cells/HPF. (E, F) Distribution of clinical stages (I-1V) (E) and treatment responses
(CR = complete response, PR = partial response, SD = stable disease, PD = progressive disease) (F) stratified by CD3* B cell
number (high vs. low based on median; n = 132). Statistical significance was assessed using Fisher’s exact test, followed by
Holm correction for pairwise comparisons.
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Table 1. Multivariate analysis of progression-free survival in 132 DLBCL patients.

Univariate Analysis

Multivariate Analysis

Cox Regression Model HR 95%Cl p HR 95%Cl p
Age =60years 1.308 0.785-2.180 0.303

Male 1.406 0.841-2.351 0.194

Hypertension 1.404 0.729-2.705 0.31

Diabetes Mellitus 1.033 0.444-2.404 0.939

ABC vs. GCB subtype 2.072 1.182-3.364 0.011* 2.048 1.152-3.642 0.015*
Advanced Stage 4.408 2.226-8.729 <0.001* 2.946 1.355-6.403 0.006*
B Symptoms 1.505 0.837-2.706 0.172

Bulky Mass =7cm 1.307 0.701-2.435 0.4

Extranodal Sites >2 2.201 1.319-3.675 0.003* 1.808 1.016-3.216 0.044*
Elevated LDH 1.392 0.834-2.324 0.206

HBV Infection 1.268 0.688-2.335 0.447

High CD3+ B cell Number 3.393 1.905-6.042 <0.001* 2918 1.480-5.754 0.002*
High CD3+ B cell Density 1.731 1.025-2.922 0.040* 0.945 0.511-1.745 0.856

HR: Hazard Ratio; Cl: Confidence Interval; ABC: Activated B-Cell; GCB: Germinal Center B-Cell; LDH: Lactate Dehydrogenase; HBV: Hepatitis B

Virus.

Table 2. Multivariate analysis of overall survival in 132 DLBCL patients.

Univariate Analysis

Multivariate Analysis

Cox Regression Model HR 95%Cl p HR 95%Cl p
Age > 60years 1.795 0.964-3.344 0.065

Male 1.843 0.976-3.483 0.06

Hypertension 1.309 0.604-2.834 0.495

Diabetes Mellitus 1.105 0.433-2.816 0.835

ABC vs. GCB subtype 1.272 0.672-2.409 0.46

Advanced Stage 7.116 2.533-19.991 <0.001* 1.262 0.655-2.435 0.478
B Symptoms 1.615 0.809-3.226 0.174

Bulky Mass = 7cm 2.119 1.087-4.128 0.027* 1.977 0.999-3.913 0.050*
Extranodal Sites >2 2.813 1.509-5.245 0.001* 2.831 1.455-5.508 0.002*
Elevated LDH 1.599 0.866-2.952 0.134

HBV Infection 1.022 0.503-2.078 0.952

High CD3+ B cell Number 2.405 1.245-4.648 0.009* 2.28 1.138-4.566 0.020*
High CD3+ B cell Density 1.001 0.543-1.847 0.997

HR: Hazard Ratio; Cl: Confidence Interval; ABC: Activated B-Cell; GCB: Germinal Center B-Cell; LDH: Lactate Dehydrogenase; HBV: Hepatitis B
Virus.

expression along this trajectory were grouped into three distinct clusters corresponding to early, transi-
tional, and late states (Table S§6). Notably, expression of lineage-defining transcription factors (TFs),
including BCL11B, RUNX2, and RUNX3, progressively increased along this trajectory (Figure 6D).

To identify the master regulators of this process, an integrative analysis of Regulon Specificity Scores
(RSS) and Master Regulators (MR) prioritized five core TFs: BCLAFI, CHURCI, FLII, NFATC2, and
ELF2 (Figure 6E, Fig. S7A-B). The activity of these TFs was positively correlated with cell adhesion
(R=0.79, p<1x107*), immune regulation (R=0.8, p<1x107*), and TGF-B signaling (R=0.7,
p<1x107% Figure 6F, Fig. S8). Network analysis further suggested that these TFs form a positive
feedback circuit that activates downstream effectors, such as NR2C2 and IRFI, to ultimately drive
CD3D expression (Figure 6G, Table S7). Corespondingly, majority of these TFs were highly expressed
in sample DLBCL04 and DLBCL007 with higher CD3" B cell abundance (Fig. S9A-B). Motif-based
inference supported this network (Figure 6H, Table S$8), identifying target genes that significantly over-
lapped with the initial Module 4 signature and correlated with its activity (R = 0.35, p < 2.2 x 10~ Fig.
S9C-D). Together, these data suggest that a coordinated transcriptional program underlies the CD3* B-
cell state.

Validation and specificity of the CD3+ B-cell transcriptional network

We validated this regulatory network through multiple approaches. First, immunofluorescence confirmed
the protein expression of two core TFs, BCLAF1 and FLI1, within CD3*+ B cells in patient tissues
(Figure 7A). Second, to support a direct regulatory role, we analyzed public ChIP-seq datasets and
found a substantial overlap between our predicted targets and the promoter-bound genes of both
BCLAFI (15.9%) and FLI1 (8.3%) (hypergeometric test, p < 0.05) (Figure 7B-C, Fig. S10A-F).
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Figure 4. Spatial organization and intercellular communication associated with CD3* B cells in the tumor micro-
environment. (A) Spatial maps from Stereo-seq data showing individual cells stratified by proximity to the nearest
CD3" B cell. Cells are color-coded into four distance intervals: < 40 pm (red), 40-80 um (orange), 80-120 pm (light blue),
and >120 um (dark blue). (B) Distribution of myeloid cells and T cells plotted by distance from CD3* B cells across samples.
Dots represent measured values at each distance interval; lines connect values across intervals for each sample and the
mean. (C) Cell-cell communication network among major cell types inferred using CellphoneDB. Edges represent
significant ligand-receptor interactions (FDR < 0.05). Edge thickness represents the strength of ligand-receptor interac-
tions. (D) Comparison of ligand-receptor interaction networks between CD3* B cells (right) and conventional B cells (left)
with other cell populations. (E) Dot plot illustrating ligand-receptor interactions between CD3" or conventional B cells to
myeloid cells. Ligands are expressed on B cells and receptors on myeloid cells. (F) Dot plot illustrating ligand-receptor
interactions from myeloid cells to CD3™ or conventional B cells. Ligands are expressed on myeloid cells and receptors on B
cells. Dot size indicates the proportion of cells expressing the ligand-receptor pair. Color represents scaled mean

(Caption on next page)
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expression. Significant interactions are defined as FDR < 0.05. (G) Distribution of CD163* myeloid cells plotted by distance
from CD3" B cells. (H) Heatmap showing averaged gene set scores representing pathway activities in myeloid cells
stratified by distance from CD3" B cells. Scores were calculated using AUCell. Rows represent gene sets (MSigDB). Columns
represent distance-defined cell groups.

Furthermore, all five core TFs exhibited significantly higher activity in CD3* B cells compared to both
conventional neoplastic and normal B cells (p < 0.0001), underscoring their specific role in establishing this
aberrant transcriptional state (Figure 7D). This TF network likely orchestrates the CD3* phenotype,
linking it to an immunosuppressive TME (Figure 7E) and a functional state of increased self-renewal, as
evidenced by the enrichment of proliferative and cancer stem cell gene signatures in CD3* B cells
(p <0.0001; Fig. S11A-C). These results support this network as a defining feature of CD3* B cells.

Discussion

In this study, we identified and characterized a previously unrecognized subset of neoplastic B cells in
DLBCL that aberrantly express the T-cell antigen CD3. Our high-resolution analyzes revealed that this
CD3* B-cell subset is a recurrent, albeit low-abundance, feature across multiple patients, distinguishing it
from rare case reports of diffuse CD3 positivity.”> > We demonstrate that this population is defined by a
core transcriptional regulatory network, is spatially associated with M2-like macrophages, and is related to
an immunosuppressive niche. Clinically, a higher abundance of these CD3* B cells independently
predicted advanced disease and inferior overall survival, establishing a direct link between this unique
cell state and adverse clinical outcomes.

Aberrant expression of T cell-associated antigens in B-cell neoplasms has been previously reported. For
example, Inaba et al. have identified co-expression of at least one T cell antigen in 24.2% of B-cell
lymphoma cases by flow cytometry,”* and Tsuyama et al. have reported similar expression patterns in 25%
of DLBCL and other mature B-cell lymphoma cases by THC.>> However, specific CD3 expression in
neoplastic B cells of DLBCL has only been documented in approximately 30 case studies.'>'>!*2*2223
These rare cases were characterized by diffuse and uniform staining of CD3 across tumor sections,
representing a highly unusual phenotype in which most tumor cells exhibit T-cell-like features. In contrast,
the CD3" B cell subset identified in our study comprised a median of only 2.14% of neoplastic B cells, but
was consistently present in most patient samples. This finding was validated by IF and flow cytometry in
our cohort and further supported by analysis of an external scRNA-seq dataset (GSE182434). In that
dataset, case DLBCLO007 exhibited widespread CD3 expression in 86.99% of B cells, resembling previously
reported rare cases, whereas other samples showed a median CD3" B cell frequency of 2.36%, closely
matching our observations. These results highlight the strength of our high-resolution transcriptomic
profiling in revealing a previously underappreciated but recurrent subpopulation of CD3" B cells in
DLBCL.

This distinct prevalence pattern of CD3" B cells likely reflects divergent underlying causes. In previous
case reports of CD3" DLBCL, the majority of patients exhibited underlying immune dysfunction,
including EBV infection, HIV infection, organ transplantation, or other immunodeficiencies, coinciding
with extensive and diffuse CD3 expression in the B cell population.’”**** The broad, remarkably high
percentage of CD3* B cells in sample DLBCL007 from GSE182434 (86.99%) may reflect a similar etiology,
although clinical metadata are unavailable for confirmation. Other than this outlier, the highest CD3* B
cell proportion was observed in sample DLBCL04 (21.33%), which was diagnosed as EBV-associated
DLBCL, further supporting this association. In contrast, the majority of our cohort harbored a small but
consistent CD3" B cell subset (median 2.14%), suggesting a unique, transcriptionally regulated mechanism.
Pseudotime trajectory and gene regulatory network analyzes revealed a core transcriptional circuit
comprising FLI1, BCLAF1, CHURCI, NFATC2, and ELF2, which progressively activates CD3D expres-
sion along the transition to the CD3* state. Among these, FLI1, a hematopoietic ETS family TF essential
for immune cell development,”®*” has been reported to be recurrently amplified at 11q24.3 in ~25% of
DLBCL cases, driving overexpression and contributing to tumor proliferation and differentiation arrest.*®
ChIP-seq data further supported FLI1 and BCLAF1 binding to the promoter region of CD3D and other
network genes, reinforcing their role in establishing this phenotype. Notably, all five TFs were highly
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Figure 5. Validation of functional interaction between CD3*B cells and macrophages. (A) Representative immuno-
fluorescence images of DLBCL tissues with high CD3* or negative CD3* B cell infiltration (n=6 biological replicates).
Sections were stained for CD20 (red), CD3 (green), CD163 (light blue), and DAPI (blue). Upper panels: overview (20x);
lower panels: enlarged views (40x) of boxed regions. Scale bars: 50 um (overview) and 20 um (magnified). White arrows
indicate CD3*CD20*CD163* cells. (B) Flow cytometry plots showing CD163" macrophages among PBMCs following
transwell recruitment (left; migration toward lymphocyte suspensions) or polarization (right; stimulation with tumor-
derived supernatants) assays. PBMCs were exposed to samples derived from DLBCL tissues with high or low CD3* B cell
proportions. (C) Quantification of CD163* macrophage percentages in recruitment and polarization assays. Data are
presented as mean + standard error of the mean (SEM); n = 3 biological replicates per group. Statistical comparisons were
performed using Student’s t-test.
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Figure 6. Transcriptional regulatory landscape of CD3* B cells. (A, B) Pseudotime trajectory analysis of neoplastic B cells
in sample DLBCL11, colored by cell type (A) and pseudotime (B). Cells are positioned along an inferred trajectory
representing progression from CD3~ to CD3* B cells. (C) Heatmap of gene expression dynamics along pseudotime. Genes
were grouped into three clusters based on temporal expression profiles. Pink: genes enriched in CD3" B cells; Green: genes
enriched in CD3* B cells; Blue: genes enriched in transition cells. (D) Expression patterns of representative transcription
factors (TFs) (BCL11B, RUNX2, RUNX3) across the three clusters. (E) Scatter plot showing regulon specificity scores (RSS,
cell-type-specific TF activity) and mean functional correlation coefficients (MR, average correlation between TF activity and
gene set scores) for TFs in CD3* B cells. (F) Correlation between TF activity (regulon AUC scores) and selected gene sets
related to cell adhesion (GO:0007155), immune response (GO:0050776), and TGF-8 signaling (R-HSA-9006936). Each point
represents a gene set; lines indicate linear regression. (G) Diagram of transcriptional regulatory network involving key TFs
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and downstream effectors. Nodes represent TFs (red) and target genes (blue); edges indicate predicted regulatory
relationships inferred by SCENIC. (H) Overview of motif-based transcriptional regulation. Left: number of target genes per
transcription factor. Right: motif composition associated with each transcription factor, color-coded by motif identity.

expressed in sample DLBCL04, indicating that this regulatory program operates broadly, independent of
immune dysfunction, and may represent a generalizable transcriptional route through which neoplastic B
cells aberrantly acquire T cell features. These findings suggest that at least two non-mutually exclusive
mechanisms may underlie CD3* B-cell emergence in DLBCL. In cases associated with immune dys-
function or EBV infection, a broad phenotypic shift can lead to widespread CD3 expression in the
malignant population, as observed in DLBCL007 and DLBCL04. In contrast, in most patients, a smaller
but recurrent CD3* B-cell subset likely arises through an intrinsic transcriptional program involving FLI1
and related regulators. This dual model integrates both extrinsic and intrinsic routes to aberrant lineage
antigen expression.

Before our study, the biological significance of CD3* B cells in DLBCL, particularly as a low-abundance
neoplastic subset, was largely undetermined. While earlier studies using flow cytometry or IHC often
reported diffuse CD3 expression, our integration of sc/snRNA-seq and Stereo-seq resolved this population
as a unique minor subset. This allowed for clinical correlation analyzes, revealing that higher CD3" B cell
proportions were associated with worse prognosis. An interesting observation from our clinical analysis
was that the number of CD3* B cells, rather than their density, emerged as an independent prognostic
factor. This difference suggests that the total burden of this immunosuppressive subset, rather than its
concentration within specific tissue regions, is more critical in promoting systemic disease progression.
Alternatively, manual counting by pathologists may provide more accurate quantification by mitigating
potential artifacts in automated fluorescence-based density measurements, such as signal saturation or
background noise. Future studies employing standardized quantitative pathology approaches will be
needed to determine the optimal method for evaluating this biomarker’s clinical utility.

Transcriptomic profiling showed that, apart from aberrant CD3D expression, this subset was enriched
in immunoregulatory and chemotactic mediators, including TGFB1, BMP6, GDF11, LGALSI, and
CXCL16. Gene set enrichment analyzes indicated activation of TGF-f signaling, cytokine-cytokine
receptor interaction, and PPAR pathways, all of which have been implicated in immune suppression
and macrophage polarization. These features suggest that CD3* B cells may influence the tumor immune
microenvironment through secretion of immunomodulatory factors and recruitment of suppressive
myeloid cells, consistent with their spatial proximity to macrophages and their inferred function in
remodeling the TME. Differential expression was evaluated with a relatively modest fold-change cutoff
(Log,FC >0.25), reflecting the subtle transcriptional differences among CD3" B cell subsets and under-
scoring the value of single-cell resolution in capturing such heterogeneity.

The observed CD3* B-cell-associated microenvironment aligns with emerging models of spatially
organized and genetically influenced TME heterogeneity in DLBCL. Recent multimodal spatial analyzes
have demonstrated that DLBCL tumors are structured into discrete cellular niches with distinct patterns of
immune cell interaction and functional states,” supporting our finding that CD3+ B cells are preferentially
associated with localized myeloid-enriched regions. In addition, genetic studies have emphasized that
lymphoma-intrinsic alterations actively shape TME composition and promote immunosuppressive states
through cytokine signaling and cellular reprogramming,”® which is consistent with the transcriptionally
defined TGF-f-rich program observed in CD3*+ B cells. Moreover, recent single-cell analyzes have
highlighted that immune cell heterogeneity,”" particularly within T-cell compartments, has strong prog-
nostic relevance in DLBCL, whereas our data extend this paradigm by identifying a CD3* B cell subset that
exhibits T cell-like features and is independently associated with adverse outcomes. Taken together, these
results suggest that CD3* B cells may represent a tumor-intrinsic component associated with localized
immune suppression and microenvironmental heterogeneity in DLBCL.

In previous studies of DLBCL, infiltrating myeloid cells have received less attention than T cells, and
their role remains controversial. For example, the “stromal-1” signature identified by Lenz et al. was
enriched in macrophages and extracellular matrix and associated with favorable prognosis.” Similarly,
CD68" macrophages predicted improved outcome in R-CHOP-treated patients.® Conversely, several
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Figure 7. Validation and specificity of the transcriptional network in CD3* B cells. (A) Representative immuno-
fluorescence images showing BCLAF1 and FLI1 expression in CD3"* B cells from fresh DLBCL tumor tissues (n = 6 biological
replicates). Green: CD3; Red: CD20; Purple: BCLAF1 or FLI1; Blue: DAPIL. White arrows indicate CD3*CD20* cells co-
expressing the indicated transcription factors. Magnification: 40 x. Scale bar: 20 pm. (B, C) Venn diagrams showing
overlap between pySCENIC-inferred target genes and promoter-bound genes from ChIP-seq datasets for BCLAF1 (B) and
FLI1 (C). Overlap significance was assessed by hypergeometric test. (D) Violin plots depicting transcription factor activity
(BCLAF1, CHURCT, FLI1, NFATC2, ELF2) in CD3™ B cells, conventional neoplastic B cells, and normal B cells. (E) Schematic
model of the regulatory network involving these TFs and their potential influence on CD3 expression and the immune
microenvironment. Arrows indicate predicted regulatory or signaling relationships.
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studies have demonstrated that M2-like macrophages correlated with poor prognosis.”” Recent scRNA-seq
analyzes have identified myeloid subclusters in limited DLBCL samples,” and spatial profiling study
confirmed that macrophage signatures predict inferior survival compared to reactive lymphoid tissues.**
Building on these findings, we explored the spatial organization and functional modulation of myeloid
subsets by CD3+ B cells. Stereo-seq analysis revealed that CD3" B cells were frequently surrounded by
myeloid cells, particularly M2-like macrophages, a pattern confirmed by mlIF. It should be noted that
macrophage states are heterogeneous and not strictly dichotomous. Although CD163 is a widely recog-
nized marker for M2-like, anti-inflammatory macrophages, relying on a single marker may not fully
capture the complex spectrum of M2 phenotypes. A more comprehensive definition often involves the
complementary evaluation of additional markers, such as CD206 (MRC1) and ARG1.* Communication
analysis identified elevated expression of TGF-S superfamily members (e.g. BMP6, GDF11) in CD3" B
cells, which engage TGF-f receptors and activate canonical Smad signaling.’® This axis promotes recruit-
ment and M2 polarization of TAMs,””* consistent with our enrichment analysis of CD3+ B cells and
validated by transwell and polarization assays. Gene expression of macrophages adjacent to CD3+ B cells
exhibited features of M2 phenotype, including angiogenesis, migration, and TGF-f signaling.*>*' These
findings suggest that CD3* B cells are associated with the local immune microenvironment involving
TGF-f-dependent macrophage modulation.

The immunosuppressive remodeling of the TME by CD3* B cells may underlie their clinical impact.
Across our cohort, patients with higher proportions of CD3+ B cells exhibited significantly worse OS, more
advanced disease stage, and reduced rates of complete response following frontline treatment. This
correlation was further validated in the external scRNA-seq dataset. Given their association with M2
macrophage enrichment, a cell type known to promote immune evasion, angiogenesis, and tumor
dissemination, CD3+ B cells likely contribute to an immunosuppressive niche that facilitates disease
progression. Thus, the CD3* B cell subset represents both a mechanistic driver of immune remodeling and
a potential prognostic indicator for DLBCL patients.

Our findings also raise translational opportunities. Pharmacologic targeting of FLI1 has been actively
explored. Inhibitors such as TK-216 and mithramycin analogs are under clinical evaluation in Ewing
sarcoma.*” Diterpenoid compounds have been shown to directly block its DNA-binding activity in
leukemia models.*’ In addition, TGF-B pathway inhibitors, including neutralizing antibodies, ligand
traps, and receptor kinase inhibitors, have been tested in solid tumors and hematologic cancers.
However, their efficacy is limited by systemic toxicity and variable effects on immune regulation.**
Integrating such strategies into DLBCL regimens may counteract FLI1-mediated transcriptional repro-
gramming and TGF-P-induced macrophage polarization, thereby mitigating the immunosuppressive
effects of CD3* B cells.

This study has several limitations. First, as an exploratory, multimodal integrative analysis, a formal
prospective power calculation was not performed. Sample sizes were determined based on sample
availability and sequencing cost. Although we analyzed a total of 16 single-cell samples to consistently
identify the CD3* B cell subset and validated the clinical association in a cohort of 132 DLBCL patients,
the sample size used for in vitro functional validation was limited, potentially contributing to the lack of
statistical significance in some assays. In addition, spatial transcriptomic analyzes were performed on a
limited number of samples, which may affect the generalizability of spatial interaction patterns. Second, the
upstream events responsible for initiating the TF regulatory network remain unclear. Additional epigenetic
or extrinsic factors may participate in triggering this aberrant program. Third, the study lacks in vivo
validation of CD3* B cell-macrophage interactions due to the absence of an immunocompetent DLBCL
model representing this subset. Future studies incorporating lineage-tracing, genetic perturbation, and
humanized mouse models will be essential to confirm these findings and evaluate therapeutic targeting
strategies.

In conclusion, this study identified a distinct CD3+ B cell subset in DLBCL and revealed its transcrip-
tional regulation, its role in creating an M2 macrophage-enriched immunosuppressive microenvironment,
and its strong association with poor clinical outcomes. These findings advance our understanding of
DLBCL heterogeneity and establish this subset as a promising prognostic biomarker. Key molecular
regulators, including the TF FLI1 and the TGF-p signaling axis, represent promising candidate therapeutic
targets.
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