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Abstract

Purpose: Diffuse large B-cell lymphoma (DLBCL) is molecularly and clinically heterogeneous, 

and can be subtyped according to genetic alterations, B cell-of-origin or microenvironmental 

signatures using high-throughput genomic data at the DNA or RNA level. Although high-

throughput proteomic profiling has not been available for DLBCL subtyping, MYC/BCL2 

protein double-expression (DE) is an established prognostic biomarker in DLBCL. The purpose 

of this study is to reveal the relative prognostic roles of DLBCL genetic, phenotypic, and 

microenvironmental biomarkers.

Experimental Design: We performed targeted next-generation sequencing, 

immunohistochemistry for MYC, BCL2, and FN1, and fluorescent multiplex 

immunohistochemistry for microenvironmental markers in a large cohort of DLBCL. We 

performed correlative and prognostic analyses within and across DLBCL genetic subtypes and 

MYC/BCL2 double-expressors.

Results: We found that MYC/BCL2 double-high-expression (DhE) had significant adverse 

prognostic impact within the EZB genetic subtype and LymphGen-unclassified DLBCL cases but 

not within MCD and ST2 genetic subtypes. Conversely, KMT2D mutations significantly stratified 

DhE but not non-DhE DLBCL. T-cell infiltration showed favorable prognostic effects within 

BN2, MCD, and DhE but unfavorable within ST2 and LymphGen-unclassified cases. FN1 and 

PD-1-high expression had significant adverse prognostic effects within multiple DLBCL genetic/

phenotypic subgroups. The prognostic effects of DhE and immune biomarkers within DLBCL 
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genetic subtypes were independent although DhE and high Ki-67 were significantly associated 

with lower T-cell infiltration in LymphGen-unclassified cases.

Conclusions: Together, these results demonstrated independent and additive prognostic effects 

of phenotypic MYC/BCL2 and microenvironment biomarkers and genetic subtyping in DLBCL 

prognostication, important for improving DLBCL classification and identifying prognostic 

determinants and therapeutic targets.
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DLBCL; MYC; BCL2; double expressor; double hit; genetic subtype; tumor immune 
microenvironment; FN1; KMT2D; mIHC; GEP; gene signature; MCD; EZB

Introduction

Diffuse large B-cell lymphoma (DLBCL), the most common aggressive B-cell lymphoma, 

is biological and clinically heterogeneous. DLBCL can be classified into germinal center 

B-cell-like (GCB) and activated B-cell-like (ABC) subtypes according to unaltered B-

cell cell-of-origin (COO) gene-expression signatures at the RNA level (1), or subtyped 

into various genetic subsets according to genetic alterations at the DNA level (2-5). 

Classification methods based on lymphoma microenvironmental (LME) gene-expression 

signatures with prognostic values are also emerging (6-8). For example, the ‘GC-like’ 

and ‘mesenchymal’ LME categories of DLBCL have significantly better clinical outcome 

than the ‘inflammatory’ and ‘depleted’ LME categories (6). Although genetic subtypes 

are pathogenically more homogenous than gene-expression-based COO subtypes, the EZB 

genetic subtype can be further divided into EZB-MYC+ and EZB-MYC− subsets by DHIT 

gene-expression signatures (4), which are associated with ‘depleted’ and ‘mesenchymal’ 

immune-deserted microenvironment, respectively (6).

Note that in a LME gene-expression signature study, the ‘depleted’ microenvironment type 

has strong enrichment for the lymphoma cell proliferation gene signatures and increased 

tumor clonality (less intratumoral heterogeneity based on RNA sequences expressed 

from the immunoglobulin genes) (6). Lymphoma progression is accompanied by reduced 

microenvironment complexity and decreased tumor-infiltrating T cells in mouse models, 

and the ‘depleted’ type of microenvironment is recapitulated in a Myc/Bcl2 mouse model 

(6). The inverse correlation between immune-cell signatures and tumor-cell proliferation 

signatures has also been shown in other cancer gene signature studies (9-11), which could 

suggest a driver role of tumor-intrinsic mechanisms in host immune response (or vice versa). 

However, it could also result from the mathematics of gene-expression analysis, and the 

cellularity analyses in the LME study (including those for mouse models) were all based on 

estimated cell types according to transcriptomic signatures rather than immunophenotying.

Although phenotypic proteomics-based DLBCL classification is not available currently, 

MYC/BCL2 protein double-expression (DE) is a WHO-recognized prognostic biomarker 

in DLBCL (12-16). MYC/BCL2-DE is predominately of ABC COO (proportion, 53-76% 

(12-15, 17, 18)), however, GCB and ABC subtypes of MYC/BCL2-DE have similarly poor 

prognosis (13, 17, 19). Compared with high-grade B-cell lymphoma (HGBCL, ref (16, 
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20, 21)) with MYC/BCL2 genetic double-hit (MYC/BCL2-DH) (21), DE-DLBCL is more 

frequent (21%-34% compared with only 3-5% of DLBCL cases (13, 22-24)), clinically more 

heterogeneous, and with better overall survival (OS). The reported five-year OS has ranged 

from 30% (13) to 50% (25) for all DE-DLBCL cases, ~30% (13) to 36% (12) in the absence 

of MYC/BCL2-DH, compared to the 15% (13) to 27% (12, 26) rate for HGBCL-MYC/

BCL2-DH and 70% (12) to 80% (14) for non-DE DLBCL in retrospective studies. In a 

prospective RICOVER-60 clinical trial, the five-year OS was 42% for DE-DLBCL versus 

~82% for non-DE DLBCL (15, 27). However, MYC/BCL2-DE was not associated with 

significant inferior survival or prognostic impact in a REMoDL-B clinical trial (28), in 

young patients in a R-MegaCHOEP trial (29), and in a retrospective study in patients with 

stage I/II DLBCL (13, 30). Two recent studies indicated that a cut-off of ≥70% for MYC 

expression, which is the mean MYC expression level in MYC-rearranged DLBCL in our 

previous study (17), is more optimal than the ≥40% cutoff, with high concordance and 

reproducibility for diagnosis and prognosis in both retrospective and clinical trial study 

cohorts (31, 32).

In this study, first we aim to evaluate the associations and prognostic roles of MYC/

BCL2 and microenvironment biomarkers at the protein level in genetically defined DLBCL 

subtypes. We evaluated not only the abundance of T cells, macrophages, and natural killer 

(NK) cells relative to B cells and expression of fibronectin (FN1, an extracellular matrix 

glycoprotein) in LME, but also immune checkpoint (PD-1, PD-L1/PD-L2, and CTLA-4) 

expression affecting the antitumor function of immune cells. The second objective of 

this study is to determine whether genetic subtyping and microenvironmental biomarkers 

can stratify patients with DE-DLBCL with either ≥40% or ≥70% cutoff for MYC 

overexpression. The results revealed the heterogeneity of DLBCL subgroups, gained insights 

into the relationship of genetic/phenotypic/microenvironment biomarkers, and demonstrated 

their independent prognostic impact within DLBCL subgroups.

Patients and Methods

Patients

We performed targeted next-generation sequencing (NGS) for 444 adult patients with de 
novo DLBCL as part of the DLBCL Consortium Study Program (33). 424 cases with 

quality sequencing data were included in this study. All patients were treated with the 

standard immunochemotherapy for DLBCL, rituximab plus cyclophosphamide, doxorubicin, 

vincristine, and prednisone (R-CHOP), or R-CHOP-like regimens. Primary cutaneous 

DLBCL, primary mediastinal large B-cell lymphoma, and primary central nervous system 

lymphoma have been excluded. Fluorescence in situ hybridization (FISH) (13, 34) identified 

HGBCL-MYC/BCL2-DH in 6 sequenced cases. The other 418 cases are referred as 

DLBCL, not otherwise specified (DLBCL-NOS). This retrospective study was conducted 

following data collection protocols involving no more than minimal risk to subjects with a 

waiver of written consent requirement approved by the institutional review boards of Duke 

University and each participating institution.
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Targeted NGS and genetic alteration analysis

The Agencourt FormaPure Total 96-Prep Kit was used to extract DNA from formalin-fixed, 

paraffin-embedded tissue lysates using an automated KingFisher Flex and protocols as 

recommended by each manufacturer. Sequencing was performed on an Illumina NextSeq 

550 System platform. Most cases were sequenced with a 275-gene NGS panel (35) which 

was expanded to 315 genes (Supplementary Table S1) for 30 cases. The DNA fragments 

were ligated at their 5' ends with a sequencing platform-specific adapter containing unique 

molecular markers and sample index. The average sequencing depth was 700×, and a 

≥100× sequence coverage (after removing duplicates) was required for mutation calling. The 

percent reads passing filter (Reads PF) was >80%. All coding exons of targeted genes 

were sequenced, along with 50 intronic nucleotides flanking each exon end. Detected 

variants were annotated using COSMIC, dbSNP, ExAC, PolyPhen, and internal database 

accumulated from testing large number of various types of cancers. Variant allele frequency 

of each variant was considered along with chromosomal loss and male vs female if the 

variant was located on X chromosome. Somatic mutations were called when not listed in 

SNP databases, considered deleterious and previously reported in other cancers. Alignment 

of sequencing data and variant calling were performed with the DRAGEN Somatic Pipeline 

(Illumina) using tumor-only analysis against the GRCh37 reference genome to identify 

single nucleotide variants and indels. The VCF files were imported into VariantStudio 

(version 3.0) for evaluating variants in the bed file. Variants were annotated within Variant 

Studio software. Large gain and loss were evaluated using CNVkit software (36). Briefly, 

the software takes advantage of both on- and off-target sequencing reads, compares binned 

read depths in on- and off-target regions to pooled normal reference, and estimates the 

copy number at various resolutions. Fifteen normal samples were pooled and used for 

normalization, corrected for several systematic biases to result in a final table of log2 

copy ratios. Copy number change in segments of various chromosomes were predicted and 

visualized by the software based on log2 ratio values.

Fluorescent multiplex immunohistochemistry (mIHC)

Immune and tumor cells in DLBCL samples were analyzed using the MultiOmyx platform 

(NeoGenomics Laboratories, Aliso Viejo, CA), as described previously (37). Briefly, 

fluorescent mIHC was performed on tissue microarrays using 13 immune marker antibodies 

conjugated to either cyanine 3 or cyanine 5 (cy3/5) and 4',6-diamidino-2-phenylindole 

(DAPI) over the course of eight staining rounds, and imaged on INCell analyzer 

2200 microscopes (GE Healthcare Life Sciences). Single-cells were classified based on 

phenotypic marker expression, and phenotype-positive cell counts were quantified for each 

marker and coexpression of multiple markers. Moreover, immune cell infiltration was 

evaluated by the percentage of immune cells among the total number of PAX5+ cells, 

CD3+ cells, CD68+ cells, and CD56+ cells in each DLBCL sample, and immune checkpoint 

expression was evaluated by percentage of positive cells within a specific cell type (T, B, 

NK, macrophages). Uniform Manifold Approximation and Projection (UMAP) plots were 

generated from single-cell intensities of immune markers using a Python implementation 

of UMAP (38). Hierarchically clustered heatmaps (clustermaps) were generated from 

normalized phenotype counts across multiple genetic groups using the data visualization 

software package Seaborn (39).
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Immunohistochemistry (IHC)

Conventional IHC for MYC, BCL2, Ki-67, and FN1 was performed on tissue microarray 

using methods described previously with MYC/BCL2/Ki-67 antibodies (13, 33) and a 

mouse monoclonal anti-Fibronectin antibody (clone# 568) (sc-52331; Santa Cruz) at a 

dilatation of 1:50. MYC, BCL2, and Ki-67 expression levels were evaluated by percentage 

of positive tumor cells. FN1 expression was evaluated by percentage of positive stromal 

cells.

Gene-expression signature analysis

Gene expression profiling (GEP) data from the Affymetrix GeneChip Human Genome HG-

U133 Plus 2.0 microarrays (GSE31312) (33) were pre-processed and normalized by RMA 

(Robust Multi-chip Average) using the R package (version 1.65.1). To identify significantly 

differentially expressed genes between two groups, two-class unpaired Significance Analysis 

of Microarrays (SAMs) was performed. CLUSTER software and the average linkage 

metric were then used and the clustered gene signatures were displayed by JAVA 

TREEVIEW (https://www.java.com/en). The Expression Analysis Systematic Explorer (A 

desktop version of DAVID) (40) software was used to categorize over-represented biological 

pathways using Gene Ontology (GO) terms.

Statistical Analysis

OS duration was defined from time of diagnosis to death from any cause or censored at last 

follow-up. Progression-free survival (PFS) duration was defined from diagnosis to the time 

of progression or death from any cause or censored at last follow-up. OS and PFS were 

compared with the Kaplan-Meier method using GraphPad Prism 9 software. Fisher’s exact 

test was used for comparing distribution of categorical variables, unpaired 2-tailed t test was 

used for comparing the means, and two-sided Mann-Whitney U test was used for differences 

comparing the distribution or the medians of two independent groups. P-values ≤ 0.05 were 

considered to be statistically significant.

Data Availability

GEP data analyzed in this study are publicly available in Gene Expression Omnibus (GEO) 

at GSE31312. Other data are available on request with approved IRB protocol.

Results

DLBCL genetic subtypes show distinct gene-expression signatures

The LymphGen algorithm web tool (https://llmpp.nih.gov/lymphgen/index.php) was 

implemented to predict genetic subtypes for 424 DLBCL cases using data obtained from 

NGS (including nonsynonymous gene mutations and copy number alterations) and FISH 

analysis (including BCL2/BCL6 gene rearrangements and TP53 deletion). With the cutoff 

of ≥2 features for allocating a case to a specific genetic subtype, totally 128 (30%) cases 

were classified as EZB (n = 73), MCD (n = 25), ST2 (n = 14), BN2 (n = 12), or A53 (n 

= 4), whereas the other 296 cases were classified as having an ‘Other’ genetic subtype by 

the LymphGen classifier (Supplementary Fig. S1A). Consistent with previous studies, the 
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MCD, BN2, and A53 genetic subtypes were predominantly of ABC COO, whereas EZB and 

ST2 were mostly GCB (Supplementary Table S2). Within the GCB subtype, patients with 

EZB showed inferior survival compared with genetically subtyped non-EZB cases (ST2, 

BN2, MCD, and A53) but the differences were not statistically significant (for PFS, P = 

0.17, hazard ratio [HR] 2.67, 95% confidence interval [CI] 0.95-7.50, Supplementary Fig. 

S1B; for OS, P = 0.24, HR 2.36, 95% CI 0.79-7.02). Within the ABC subtype, combined 

MCD and EZB cases showed non-significant inferior survival compared with combined 

ST2, BN2, and A53 cases (for OS, P = 0.18, HR 1.92, 95% CI 0.80-4.58, Supplementary 

Fig. S1B; for PFS, P = 0.22, HR 1.81, 95% CI 0.76-4.37). In overall DLBCL, only MCD 

subtype showed non-significant unfavorable effect on OS (P = 0.13. In DLBCL-NOS, P 
= 0.11, HR 1.55, 95% CI 0.80-3.00. Supplementary Fig. S1C). The MCD cases included 

12 of 13 DLBCL cases with concurrent MYD88/CD79B mutations, 12 of 69 (17.4%) of 

cases with only MYD88 mutation, and one case with only CD79B mutation. Among all 

MYD88-mutated cases, MCD patients had non-significant inferior OS (P = 0.087, HR 1.80, 

95% CI 0.85-3.80, Supplementary Fig. S1C).

Although genetic subtypes did not show strong impact on prognosis, they showed distinct 

gene-expression signatures (Supplementary Fig. S2). Supplementary Table S3 lists enriched 

GO class and gene categories of differentially expressed genes between MCD, EZB and 

‘Other’ subtypes. For MCD gene-expression signatures, enriched GO biological process 

included upregulation of metabolism and mitotic cell cycle and downregulation of cellular 

process, cell communication and cell adhesion. For EZB gene-expression signatures, 

enriched GO biological process included upregulation of antigen presentation/processing 

and protein kinase cascade and downregulation of cell communication. Phosphorylation 

process showed both upregulation and downregulation in EZB.

MYC/BCL2 IHC can stratify EZB, BN2 and genetically unclassified DLBCL

141 DLBCL-NOS cases were categorized as MYC+BCL2+ DE and 262 DLBCL-NOS cases 

were categorized as nonDE using the ≥40% cutoff for MYC expression. With a ≥70% 

cutoff for MYC-high expression (MYChi, ref. (17)), DE cases were further divided into 

two groups: 73 cases with MYC/BCL2 double-high expression (MYChiBCL2hi, DhE) and 

68 DE/non-DhE cases with MYCinter (40-60% MYC+ expression)/BCL2hi. Clinical features 

of these three DLBCL-NOS subgroups and HGBCL-MYC/BCL2-DH cases are shown in 

Supplementary Table S4.

MYC/BCL2 expression levels in DLBCL genetic subtypes are shown in Fig. 1A. MCD, 

BN2, and A53 genetic subtypes had high frequencies of DE (50%-58.3%), whereas only 

MCD had a high frequency of DhE (45.8%; significantly higher than frequencies in other 

subtypes. Supplementary Table S2). In the prognostic analysis within distinct EZB, MCD, 

ST2, BN2, and A53 genetic subtypes, MYC/BCL2 double-hit had significant adverse impact 

on both OS and PFS within the EZB subtype; MYChi expression and MYChiBCL2hi DhE 

(but not MYC+BCL2+ DE) had significant adverse impact on OS only in EZB patients and 

on PFS within EZB and BN2 subtypes (Fig. 1B-C, Supplementary Fig. S3A). In contrast, 

MYC/BCL2 expression did not show prognostic effects within ST2 and MCD genetic 

subtypes (Supplementary Fig. S3B; A53 subtype had four non-DhE cases and no DhE cases 
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for comparison). In LymphGen-unclassified cases/’Other’ genetic subtype, both DhE and 

DE (but not single MYChi expression) showed significant adverse effects on OS and PFS 

(Supplementary Fig. S3C). These results indicated that EZB and LymphGen-unclassified 

genetic subsets can be further stratified by routine IHC for MYC/BCL2, whereas the 

unfavorable prognosis of MCD was independent of MYC/BCL2 expression.

To understand the molecular mechanisms underlying the prognostic effects, we performed 

GEP and enrichment analysis for DhE. GEP signatures identified for DhE in EZB 

patients were featured by significant downregulation of antigen presentation pathway 

in immune responses (Fig. 1D, Table 1). In contrast, the DhE signatures identified in 

LymphGen-unclassified cases were enriched with metabolism, ribosome and growth-related 

GO categories (Table 1). To gain further insights into the immune-related signature in 

EZB, we compared immunophenotypes in EZB with and without DhE. Fig. 1E shows 

three representative UMAP plots for EZB cases with nonDE, DhE, and MYC/BCL2-

DH, respectively. DhE in EZB-DLBCL-NOS cases was significantly associated with 

lower PD-1 expression in T cells (P = 0.02/0.018 by 2-tailed unpaired t/Mann-Whitney 

test, Supplementary Fig. S3D). Similar association was observed within ST2 (however 

statistically not significant, P = 0.088, only two DhE cases) but not within BN2/MCD 

subtypes.

Immune dysregulation and prognostic significance of immune microenvironment 
biomarkers vary in different DLBCL genetic subtypes

We quantitated the absolute cell counts immunophenotypically identified by fluorescent 

mIHC; the mean cell counts in genetic subtypes are shown by a clustermap in 

Supplementary Fig. S4A. To better visualize the differences between DLBCL genetic 

subtypes, Z-score clustermaps were generated using normalized median or mean counts 

of genetic subtypes for each phenotype (Fig. 2A), in which the immune microenvironment 

in A53, MCD, EZB and ST2 subtypes appeared “colder” compared with that in BN2 and 

‘Other’ subtypes, and the A53 subtype more resembled the ‘depleted’ immune category (6). 

EZB compared with MCD had significantly lower CD8+ and PD-L1+ counts and higher 

FOXP3+ counts (Mann-Whitney U test, Supplementary Fig. S2). We further calculated T 

cell proportion and percentage of PD-1/L1+ cells in specific cell types. A53 and MCD had 

lower CD3+ cells than other genetic subtypes (t test, Fig. 2A), A53, MCD, and ST2 had 

lower CD4+ cells than other genetic subtypes, and A53 and EZB had lower CD8+ T cells 

than BN2 and LymphGen-unclassified cases (t and Mann-Whitney tests, Supplementary 

Fig. S2). PD-1 expression in T cells was significantly higher in BN2; PD-L1 expression 

in macrophages was significantly higher in ABC-associated (MCD, BN2 and A53) than 

GCB-associated (EZB and ST2) genetic subtypes; and PD-L1 expression in B cells was 

significantly higher in MCD (both t and Mann-Whitney tests, Fig. 2B). In addition to 

immune characteristics of the LME, FN1 expression was evaluated, and A53 and ST2 

showed comparably higher FN1 levels than other genetic subtypes (Fig. 2A). However, 

heterogeneity existed within each subtype.

Prognostic analysis in EZB subset found DhE-independent significant prognostic effects 

by CD56+ NK cell infiltration (favorable), FN1+ expression (unfavorable) and PD-1-high 
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expression (>55%) in T cells (unfavorable; Fig. 2C, Supplementary Fig. S4B). There 

was a negative association between FN1+ expression and NK cell proportion in EZB 

(Supplementary Fig. S4B). In BN2 subset, B-cell PD-L1 expression and CD4+ T cell 

infiltration were associated with significantly better OS/PFS (Fig. 2B and 2D). In MCD 

subset, CD8+ T cell infiltration was associated with better PFS (Fig. 2D) and OS (P = 

0.029, not significant with the Bonferroni correction for multiple testing), which effect 

was restricted in DhE cases however (Supplementary Fig. S4C). In contrast with these 

favorable prognostic effects within EZB, BN2, and MCD genetic subtypes, within the ST2 

subset significantly poorer OS and PFS were associated with NK cell infiltration, high T 

cell/macrophage infiltration, and PD-L1 expression in B cells (Supplementary Fig. S4D). 

Although FN1-positivity did not show significant prognostic effect within MCD, BN2, and 

ST2 (all A53 cases were FN1+), FN1-high expression was associated with significantly 

poorer survival in MCD and BN2 (P = 0.038 and 0.019 for OS and P = 0.038 and 0.012 

for PFS with an FN1high cutoff of >30% and >50%, respectively, Supplementary Fig. S4C. 

Non-significant P = 0.11 in ST2).

In LymphGen-unclassified cases (majority of this study cohort), we found that the 

prognostic effects of immune biomarkers were similar to those in overall cohort and 

all immune-profiled DLBCL cases as reported previously (37), including the adverse 

prognostic effects associated with high levels of CD8+ and memory T cell infiltration, 

low NK cell infiltration, low CD3+CD4+FOXP3+ cell infiltration, PD-1 expression in CD4+ 

T cells, PD-1-high expression in CD8+ T cells, PD-L1-high expression in T cells and 

CD68+ macrophages, and low PD-L2 expression in CD20+ B cells (Supplementary Fig. 

S5; Supplementary Table S5, multiple testing correction with the Benjamini-Hochberg 

procedure). However, differently from the effects in overall cohort and all immune-profiled 

cases (37), in these genetically unclassified cases, high macrophage levels were associated 

with poorer PFS (P = 0.0032) and OS (P = 0.034), and PD-L1 expression in CD20+ B cells 

was associated with significantly poorer OS (Fig. 2B; specifically in ABC, Supplementary 

Fig. S5). Together, these results suggest that the prognostic significance of immune 

biomarkers was affected by genetic contexts, and that immune targets existed but varied 

in different genetic subtypes.

For FN1 IHC performed in this study, FN1-positivity was associated with significantly 

poorer OS (P = 0.0026, Supplementary Fig. S5) in LymphGen-unclassified cases as in 

overall DLBCL (P < 0.0001). Surprisingly, high FN1 mRNA expression was significantly 

associated with favorable OS/PFS in overall DLBCL, the EZB subset (Supplementary Fig. 

S3D), and LymphGen-unclassified cases with cutoffs in a large range, even though overall 

FN1 mRNA and FN1 protein expression were positively correlated in overall DLBCL 

(Pearson r 0.4031, two-tailed P < 0.0001), EZB (Pearson r 0.3833, P = 0.003), and 

LymphGen-unclassified cases (Pearson r 0.3976, P < 0.0001), and GEP comparison between 

FN1+ and FN1− DLBCL confirmed upregulation of FN1 in FN1+ cases (3.9 fold, false 

discovery rate [FDR] 0.01). Only in MCD, high FN1 mRNA expression was associated with 

unfavorable survival consistent with the effect of FN1 protein expression, which was not 

significant however (P = 0.057 for OS, P = 0.067 for PFS).
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MYC/BCL2 DhE-DLBCL can be stratified by KMT2D mutation status

Next, we analyzed the genetic heterogeneity of MYC/BCL2 DE-DLBCL-NOS cases, which 

were further grouped into MYChi-DhE (Fig. 3A) and MYCinter-DE (Fig. 3B) subgroups. 

The DhE DLBCL-NOS subgroup had significantly higher frequencies of MYD88, CD79B, 

PIM1, and PRDM1 mutations compared with nonDE subgroup, significantly higher 

frequencies of CREBBP, CD79B, and PRDM1 mutations compared with MYCinter-DE 

subgroup, and a significantly higher frequency of MCD subtype than both MYCinter-DE and 

nonDE DLBCL-NOS subgroups (Supplementary Fig. S6). Compared with overall DLBCL-

NOS cases, HGBCL-MYC/BCL2-DH cases (Fig. 3A) had a higher frequency of KMT2D 
mutations (67% vs. 27.5%, P = 0.055) and EZB subtype (67% vs. 16.5%, P = 0.0009).

Prognostic analysis for genetic subtypes found that within the MYChi-DhE subgroup, EZB 

patients had statistically non-significant inferior OS compared with non-EZB patients when 

HGBCL-MYC/BCL2-DH cases were also included (P = 0.055, HR 1.89, 95% CI 0.83-4.32, 

Fig. 3C), whereas within the nonDE subgroup, MCD and A53 cases had non-significant 

poorer OS than non-MCD/A53 cases (P = 0.19, HR 1.73, 95% CI 0.60-4.99; Supplementary 

Fig. S7). To gain molecular insights, GEP analysis was performed for EZB status in DhE 

patients (Fig. 1D). Intracellular signaling cascade (upregulated) by GO biological process 

category was significantly enriched in EZB-DhE patients (Table 2).

Prognostic analysis for individual genetic alterations found that KMT2D (Fig. 3C), 

ARID1A, SMARCA4, and TET2 mutations were associated with significant poorer 

OS or PFS in patients with DhE after multiple testing corrections by the Benjamini-

Hochberg method (Supplementary Table S6, Supplementary Fig. S8A). KMT2D (a histone 

H3 lysine 4 methyltransferase), ARID1A (functioning in chromatin remodeling), TET2 

(a methylcytosine dioxygenase with key role in DNA demethylation) and SMARCA4 

(component of SWI/SNF chromatin remodeling complexes) were all involved in epigenetic 

regulation. Except for TET2, these epigenetic gene mutations did not have significant 

prognostic impact in the non-DhE subgroup (Supplementary Fig. S8B). In contrast, the 

adverse prognostic impact of DhE was independent of these mutations (significant in both 

wild-type and mutant cases, Supplementary Fig. S8B).

The most frequent KMT2D mutations were associated with EZB subtype in both DhE and 

non-DhE subgroups (P < 0.0001, Supplementary Fig. S8C). We analyzed the contribution 

of KMT2D-mutated DhE-DLBCL cases to the prognostic effect of EZB genetic subtype 

within DhE-DLBCL and to that of DhE within EZB and ‘Other’ genetic subsets. Only 

the ten KMT2D-mutated but not the four KMT2D-wild-type EZB cases of DhE cases had 

significantly poorer survival than DhE-DLBCL cases with non-EZB genetic subtypes (P 
= 0.007, Fig. 3C) and EZB cases without DhE (P < 0.0001, Supplementary Fig. S8D). 

In contrast, in ‘Other’/genetically unsubtyped DLBCL cases, KMT2D mutations were 

infrequent in DhE cases (significantly less than in non-DhE ‘Other’ cases, P = 0.03), and the 

adverse effect of DhE in this ‘Other’ genetic subset was independent of KMT2D mutations 

(Supplementary Fig. S8D).

Xu-Monette et al. Page 10

Clin Cancer Res. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Prognostic effects of MYC+BCL2+ in DLBCL genetic subtypes and prognostic effects of 
KMT2D mutations in MYC+BCL2+ DLBCL in validation cohorts

We repeated our prognostic analysis in two publicly available cohorts with both mutation 

data and MYC/BCL2 protein data available: a cohort from British Columbia Cancer Agency 

(BCCA) (4, 41), and a multicenter cohort analyzed by Reddy et al (42). In both two cohorts, 

MYC/BCL2 double-positive expression (DpE/DE) was defined by a ≥40% cutoff for MYC+ 

and a 50% cutoff for BCL2+. Only the BCCA cohort has been genetically subtyped by the 

LymphGen algorithm (4)

In the BCCA cohort, consistent with our findings, only EZB and LymphGen-

unclassified cases can be stratified by MYC+BCL2+ protein DpE (P = 0.037 and P < 

0.0001, respectively. Supplementary Fig. S9A). DpE had no significant effects in the 

MCD/A53/BN2/ST2/N1 genetic subtypes (non-significantly unfavorable in A53, P = 0.11, 

and BN2 with only 4 DpE cases, P = 0.17). Conversely, MYC+BCL2+ DpE cases can 

be stratified genetically. Although MYC+BCL2+ was associated with MCD, LymphGen-

unclassified cases but not MCD cases had significantly poorer survival among MYC+BCL2+ 

cases (P = 0.010, Supplementary Fig. S9B). KMT2D mutations showed significant adverse 

prognostic impact in a prognostic unfavorable genetic subset of DpE cases which combined 

A53, composite EZB/A53, and LymphGen-unclassified cases (P = 0.045, Supplementary 

Fig. S9B). In the other validation cohort (42), KMT2D mutations showed significant adverse 

prognostic effect in MYC+BCL2+ cases (P = 0.015) but not nonDpE cases (Supplementary 

Fig. S9C), similar to the prognostic effects of KMT2D mutations in our DhE and non-DhE 

cases.

DE-DLBCL can be stratified by FN1 expression in the tumor microenvironment

Finally, we analyzed the role of LME in DhE-DLBCL. The mean absolute 

immunophenotypic cell counts in DhE, non-DhE, and MYC/BCL2-DH groups are shown by 

a clustermap (Supplementary Fig. S10A), and Z-score clustermaps based on normalized 

median and mean immunophenotypic cell counts are shown in Fig. 4A. Consistent 

with the LME gene-expression signature study (6), MYC/BCL2-DH exhibited an immune-

‘depleted’ phenotype (significantly lower CD3+, CD4+, CD8+, CD68+, PD-L1+, FOXP3+, 

and CD45RO+ cells). Similarly, DhE compared with non-DhE cases had significantly lower 

counts of CD3+, CD4+, PD-1+, FOXP3+, and CD45RO+ cells whereas higher CD20+/PAX5+ 

cell counts (Fig. 4B); significantly lower T cell proportion in overall cohort (Fig. 4B; 

significant for both CD4 and CD8 T) and within ‘Other’/LymphGen-unclassified subset 

(significant for CD4 T only, Supplementary Fig. S3D. Representative UMAP plots in Fig. 

4A); and significantly lower PD-1+ percentage expression in T cells in overall DLBCL-NOS 

(significant for CD4 T cells only) and GCB-DLBCL-NOS (Fig. 4B; significant for both 

CD4 and CD8 T cells). Given the role of MYC in proliferation and recent demonstration 

of negative associations between immune microenvironment and cell proliferation GEP 

signatures (6, 9, 11), we analyzed the Ki-67 proliferation index and found that high Ki-67 

scores were also significantly associated with lower T cells (but not PD-1 expression) in 

overall DLBCL (Fig. 4B) and among LymphGen-unclassified cases.

Xu-Monette et al. Page 11

Clin Cancer Res. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Prognostic analysis in DhE cases found that FN1+ expression, T cell deficiency, NK cell 

deficiency, PD-1-high expression in T cells, PD-L1+ expression in T cells, and CTLA-4-

negative expression in CD4+ T cells were associated with significantly poorer OS (Fig. 

4C, Supplementary Fig. S10B); these effects were independent of MCD/EZB subtypes 

in which T/NK/PD-1 showed similar effects. After multiple testing correction with a 

Benjamini-Hochberg FDR threshold of 0.05, only the adverse effect of FN1+ expression 

on OS was significant (Supplementary Table S7. The Benjamini-Hochberg P values for other 

biomarkers were 0.06).

Prognostic analysis in MYCinter-DE cases found that only FN1-high expression (≥50%) 

and PD-L1 expression in immune cells (T, NK, and macrophages) had significant adverse 

prognostic effects (Supplementary Fig. S10C), and only the adverse effect of FN1-high 

expression on PFS was significant after multiple testing correction (Supplementary Table 

S7). Also notably, FN1-high expression was associated with significantly poorer PFS in 

HGBCL-MYC/BCL2-DH cases (Fig. 4C, small case numbers).

Prognostic analysis in nonDE cases found that FN1-high expression, PD-1-high expression 

in T cells, and PD-L1+ expression in T cells and macrophages were associated with 

significantly poorer OS, whereas high NK cell infiltration and PD-L2 expression in B cells/

macrophages were associated with significantly better OS (Supplementary Fig. S10D). The 

effects of FN1 and PD-L2 expression were significant after multiple testing corrections with 

the Benjamini-Hochberg procedure (FDR threshold 0.05).

Discussion

DLBCL is a heterogeneous disease. COO and microenvironment transcriptional signatures, 

genetic driver signatures, and MYC/BCL2 protein double-expression have been used for 

DLBCL classification or prognostic prediction (3, 43). A negative correlation between 

proliferation and immune signatures was found (6, 9, 11), making one wonder whether 

cell proliferation or depleted microenvironment is an ultimate prognostic determinant and 

effective therapeutic target. However, high-throughput gene signatures often do not precisely 

inform critical determinants and therapeutic targets. For example, the ‘inflammatory’ LME 

category associated with unfavorable prognosis does not isolate therapeutic targets from 

the enriched signatures of tumor-infiltrating lymphocytes (6); the “stromal-1” signature 

is associated with favorable prognosis but includes genes characteristically expressed 

in monocytes/histiocytes (44). A study found that mIHC-detected immune checkpoint 

expression in T cells but not the immune cell transcriptional signature correlated with 

DLBCL clinical outcome (11). Moreover, gene-expression cutoffs and identification of 

signatures are often cohort-dependent, not applicable for samples measured individually in 

the clinic. In this study, we dissected the prognostic role of individual phenotypic LME 

biomarkers and MYC/BCL2 protein expression within DLBCL genetic subtypes, and further 

stratified MYC/BCL2-DE cases by genetic subtypes and LME biomarkers. The results 

overall showed the stratificability of DLBCL subtypes/subsets and context-dependent but 

independent prognostic effects of phenotypic/genetic biomarkers.
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First, we found that in both our cohort and the BCCA validation cohort, phenotypic 

MYC/BCL2-DE remained to show significant prognostic impact in two LymphGen genetic 

subsets, EZB and ‘Other’, but not MCD/ST2 (larger studies are needed for BN2/A53 

subtypes), using either the ≥70% cutoff for MYChi in our cohort (designated as DhE) or 

≥40% cutoff for MYC+ in the BCCA cohort (designated as DpE). The prognostic effects 

of DhE could result from both tumor growth/metabolism and antiapoptotic mechanisms as 

well as COO and microenvironment-related mechanisms in the EZB subtype (8). These 

results may suggest that MYC/BCL2 is an important prognostic factor and IHC still has 

clinical utility in the genomic era. On the other hand, genetic subtyping can identify DLBCL 

patients with poor prognosis independent of MYC/BCL2, such as MCD and A53 subtypes.

Second, we found that LME composition (immune cells and FN1) and immune checkpoint 

expression had variable prognostic effects within DLBCL genetic subtypes and MYC/BCL2 

subgroups, which may suggest rationale therapeutic strategies for clinically unfavorable 

DLBCL (such as DhE, EZB and MCD). NK cell infiltration showed DhE-independent 

favorable prognostic effects in EZB, LymphGen-unclassified cases, nonDE, and DhE 

patients. T cell infiltration showed favorable prognostic effects within BN2, MCD (DhE 

subset), and DhE cases. In contrast, unfavorable prognostic effects were associated with 

high levels of T/macrophage/NK cell infiltration within ST2, CD8 T cell/macrophage 

infiltration among LymphGen-unclassified cases, and T cell densities among nonDE cases 

(data not shown). Opposite prognostic effects of PD-L1 expression were shown in BN2 

(favorable) and ST2/LymphGen-unclassified cases (unfavorable). These results raised a 

question whether the efficacy of T cell therapy and PD-1/PD-L1 inhibitors varies in different 

genetic subtypes. Although tumor MYC/BCL2-DhE and Ki-67-high scores were associated 

with lower T cell proportion and cell densities (data not shown) in overall DLBCL and 

LymphGen-unclassified (but not EZB) cases, the prognostic effects of DhE were different 

from those of T cell infiltration in DLBCL genetic subtypes and T cell deficiency could 

still stratify DhE cases, suggesting that their independent prognostic roles and that the 

unfavorable prognostic effect of T cell deficiency may depend on DhE. In contrast, PD-1 

expression in T cells showed DhE-independent significant adverse prognostic effects in 

DhE, nonDE, EZB and LymphGen-unclassified cases, while DhE was associated with 

lower PD-1 expression in DLBCL and EZB/GCB subtypes. FN1 protein expression showed 

adverse prognostic effects in our cohort largely regardless of MYC/BCL2-DE/DH status 

and genetic subtypes (however requiring different cutoffs), which resembled the effects 

associated with fibrotic gene-expression signatures (45) and FN1 protein in solid tumors, 

suggesting a role of fibronectin or tumor-protective stromal cells in mediating chemo 

or rituximab-resistance (46). Oppositely, favorable prognostic effects were found to be 

associated with high FN1/FN1 expression based on FN1 mRNA levels in our and other 

DLBCL cohorts (44, 47) or FN1 staining intensity of fibrous strands in the extracellular 

matrix in a previous study (48).

Third, we found that MYC/BCL2-DhE DLBCL could be stratified by KMT2D mutations 

in our cohort and a validation cohort. The poorer survival of EZB (but not MCD) genetic 

subtype among DhE patients in our cohort and A53/unsubtyped cases among DpE patients 

in the BCCA cohort was mostly attributable to cases with KMT2D mutations. KMT2D 
mutations (and EZB, P = 0.0027) were associated with decreased T cells in overall DLBCL 

Xu-Monette et al. Page 13

Clin Cancer Res. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with wild-type TP53 (35) but not in DhE cases; KMT2D mutations (and ST2/EZB/MCD 

subtypes) were significantly associated with higher numbers of mutated genes in DhE (P 
< 0.0001, data not shown) as in overall DLBCL (35). In solid tumor models, KMT2D 

and KMT2C are components of a p53 coactivator complex which is required for H3K4-

trimethylation and expression of p53-target genes in response to doxorubicin treatment (49). 

These results, together with the distinct GEP signatures and impact of genetic subtypes on 

prognostic significance of immune biomarkers, may suggest a role of genetic background 

in defining prognosis and potential of novel therapies. However, KMT2D mutations had 

no significant prognostic effects in non-DhE patients; DhE patients had poorer survival 

regardless of KMT2D mutation status and genetic subtypes (except for ST2-DhE) compared 

with overall non-DhE patients; and genetic subtypes showed weaker prognostic effects than 

the DhE biomarker in our DLBCL cohort. However, we acknowledge that only 30% of our 

cohort were able to be subtyped by the LymphGen classifier, which is much lower than the 

previously reported 55-72% prediction rates with proper adaption to the genetic alteration 

results generated by different platforms (4). Many non-significant trends of prognostic 

effects of genetic subtypes in our cohort were significant in the BCCA cohort with better 

subtyping (data not shown). We have tried to add more FISH data including those for 

MYC, BCL2, BCL6, PD-L1/L2, PRDM1, PTEN, CDKN2A, MDM2, MDM4, CCND1, 

and REL to LymphGen input files, which however only gave additional composite genetic 

features (mostly EZB) to the already identified cases presented in this study. Optimizing 

the LymphGen algorithm for different NGS panels in the future may identify more genetic 

subsets with homogenous therapeutic vulnerabilities.

In conclusion, our comprehensive analyses indicated that MYC/BCL2-DhE, genetic 

subtypes, and the tumor microenvironment have independent and interacting roles in 

defining DLBCL prognosis, and complete molecular assessments will improve DLBCL 

stratification and precision medicine in clinic. How to classify DLBCL with composite 

methods that simultaneously evaluate characteristics at the DNA, RNA, and protein levels 

(50) may be addressed in future studies. This study also gained insights into context-

dependent therapeutic targets in DLBCL subsets, including those with unfavorable prognosis 

with the standard treatment.
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Translational relevance

DLBCL is a pathogenically heterogeneous disease and can be stratified by either 

high-throughput genomic signatures or cost-effective immunohistochemistry-based 

biomarkers such as MYC/BCL2 double protein expression. How these stratified 

subgroups overlap and whether one stratification method is superior to the other for 

prognostic and therapeutic prediction are elusive. This study analyzed the associations 

and relative prognostic values of LymphGen genetic subtypes, MYC/BCL2, and 

tumor-microenvironmental biomarkers in a large cohort of DLBCL. Results showed 

heterogeneity and shared characteristics at the DNA, RNA, and protein levels 

within DLBCL LymphGen genetic subtypes, cell-of-origin subtypes, and MYC/BCL2 

subgroups, and identified significant independent prognostic biomarkers within DLBCL 

subsets stratified by different methods. These results are important for understanding the 

prognostic determinants in DLBCL, improving DLBCL classification, and developing 

immunotherapies and targeted therapies.
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Fig. 1. Heterogeneity and prognostic effects of MYC/BCL2 expression in DLBCL genetic subsets.
(A) Combined MCD and BN2 cases compared with combined EZB, ST2, A53, and ‘Other’ 

subtype cases had significantly higher MYC expression evaluated by immunohistochemistry 

(IHC). Combined EZB, MCD, BN2, and A53 cases compared with combined ST2 and 

‘Other’ subtype cases had significantly higher BCL2 expression. Each dot represents one 

patient. P values are 2-tailed (unpaired t and Mann-Whitney) and exact (Mann-Whitney). 

(B) MYC/BCL2 double-high-expression (DhE) and MYC/BCL2 genetic double-hit (DH) 

had significant adverse impact on overall survival (OS) in the EZB genetic subtype. Single 

MYChi (without concurrent BCL2hi) expression did not have significant prognostic effect 

in EZB. (C) DhE and high MYC expression were associated with significantly poorer 

progression-free survival (PFS) in the BN2 genetic subset. (D) Heatmaps for significantly 

differentially expressed genes between DhE and non-DhE cases in the EZB subset and 

between EZB and non-EZB cases in the DhE subgroup. (E) Representative Uniform 

Manifold Approximation and Projection (UMAP) plots generated from single-cell intensities 

for CD20, CD3, CD68, CD56, PD-1, and PD-L1 markers in three EZB cases with non-DhE, 

DhE, and MYC/BCL2-DH, respectively. Each datapoint represents a cell, labeled according 

to phenotype. In the legends, PD-L1/PD-1-negative phenotypes in CD20+, CD3+, CD56+, 

and CD68+ were omitted.
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Fig. 2. Heterogeneity and prognostic effects of immune/microenvironment biomarkers in 
DLBCL genetic subsets.
(A) Left, a Z-score clustermap based on median immunofluorescence counts; the Z-score 

was computed for each phenotype count across all samples, and then the median Z-score 

was computed within each group. Significant differences between MCD and EZB subtypes 

by two-sided Mann-Whitney U test are marked by asterisks. *: P ≤ 0.05, **: P ≤ 0.01. 

Middle, a Z-score clustermap to show clusters based on mean cell counts for each group; the 

mean phenotype count was computed within each group, and then the Z-score was computed 

across all groups. Right, two scatter plots for T cell percentage and FN1 expression 

levels, respectively. T cell percentage was calculated by T cell counts divided by total 

counts of B cells, T cells, macrophages, and NK cells; two P values for each comparison 

are by unpaired t test and Mann-Whitney test, respectively, and statistically significant P 
values are in bold. (B) Left, three scatter plots for PD-1 expression in T cells and PD-L1 

expression in macrophages and B cells in DLBCL genetic subtypes. In all scatter plots, 

each dot represents one patient; P values are 2-tailed (unpaired t and Mann-Whitney) and 

exact (Mann-Whitney). Right, PD-L1 expression in B-cells was significantly associated 

with better overall survival (OS) in the BN2 genetic subset and worse OS in genetically 

unsubtyped cases. (C) In the EZB genetic subset, NK-cell infiltration was associated with 

significantly better OS, whereas FN1 expression in the tumor microenvironment and PD-1-

high expression in T cells (cutoff, 55%) were associated with significantly poorer OS 

independent of MYC/BCL2 DhE status. (D) Higher CD4 T cell infiltration and CD8 T cell 

infiltration levels were associated with significantly better progression-free survival (PFS) 

within the BN2 and MCD genetic subset, respectively.
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Fig. 3. Molecular and genetic analysis in DLBCL, not otherwise specified (NOS) stratified by 
MYC/BCL2 expression status and high grade B-cell lymphoma (HGBCL) with MYC/BCL2 
double-hit (DH).
(A) Distribution plot for DLBCL-NOS with MYC/BCL2 double-high expression (DhE) 

and HGBCL-MYC/BCL2-DH cases. (B) Distribution plots in DLBCL-NOS cases with 

MYC-intermediate expression (MYCinter) and BCL2-high expression (MYC/BCL2 double-

expression, DE) and nonDE-DLBCL-NOS cases. Each column in the oncoplots represents 

one patient. Each row shows distribution of a genetic alteration with positive cases 

highlighted and prevalence shown on the right. Genetic alterations shown in the plots 

include non-synonymous mutations and copy number alterations detected by targeted next-

generation sequencing and MYC and BCL2 alterations detected by fluorescence in situ 
hybridization occurring in ≥3 patients. Enriched genes in DhE with significantly higher 

mutation frequencies in DhE than in MYCinter-DE cases or nonDE cases by Fisher’s exact 

test are marked by red asterisks. *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001. Up arrows next to 

the ABC/GCB molecular subtypes and MCD/EZB genetic subtypes indicate their increased 

frequencies in the subgroup (significance was determined by Fisher’s exact test). KMT2D, 

ARID1A, TET2, SMARCA4, ETV6, and KDR are highlighted in red to indicate that their 

mutations had significant adverse prognostic effects in DE-DLBCL cases. The distribution 

of BCL2 gene rearrangement in MYCinter-DE-DLBCL-NOS cases is highlighted in green, 

to indicate its non-significant association with a better overall survival (OS, P = 0.069). 

Abbreviations: rearrange., rearrangement; amp, amplification. (C) In DhE patients, EZB 

subtype and KMT2D mutation were associated with poorer OS with a statistically non-

significant and significant P value, respectively. DhE patients with both EZB subtype and 

KMT2D mutations had significantly poorer OS compared with DhE patients with non-EZB 

subtypes.
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Fig. 4. immune microenvironment analysis for MYC/BCL2 double-high expression (DhE) and 
MYC/BCL2 double-hit (DH) in DLBCL and HGBCL.
(A) Left, Z-score clustermaps based on median and mean cell counts in DhE, non-DhE, 

and MYC/BCL2 double-hit lymphoma (DHL) cases, respectively; right, representative 

Uniform Manifold Approximation and Projection (UMAP) plots generated from single-cell 

intensities for six markers (CD20, CD3, CD68, CD56, PD-1, and PD-L1) in two LymphGen-

unclassified cases. UMAP legends of CD20+, CD3+, CD56+, and CD68+ meant single 

positive. (B) Left, a box plot to show the distribution and significant differences in absolute 

cell counts of immunophenotypes between DhE/DH and non-DhE cases by two-sided 

Mann-Whitney U test. Asterisks mark significant differences. *: P ≤ 0.05, **: P ≤ 0.01, 

***: P ≤ 0.001. Significant differences between DhE and non-DhE cases are also marked 

by asterisks in the median Z-score clustermap above. Right, three scatter plots showing that 

DhE and high Ki-67 scores were significantly associated with lower T cell percentages in 

overall DLBCL-NOS and that DhE was associated with lower PD-1 expression in T cells in 

GCB-DLBCL-NOS cases. P values are by 2-tailed unpaired t test (also significant by Mann-

Whitney U test). Each dot represents one patient. (C) In DhE-DLBCL-NOS and MYC/

BCL2-DHL cases, FN1-positive and FN1-high expression in the tumor microenvironment 

were associated with significantly poorer overall survival (OS) and progression-free survival 

(PFS), respectively. In DhE-DLBCL-NOS, deficiency in T cell and NK cell infiltration was 

associated with significantly poorer OS.
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Table 1.

Gene-expression analysis for MYC/BCL2 double-high expression (DhE) in DLBCL within the EZB genetic 

subset and LymphGen-unclassified cases (false discovery rate 0.10)

Gene-expression in DhE compared with non-DhE

In the EZB subset

Gene name Downregulated: CLECL1, GZMK, TRBC1, SH3BGRL3, IL10RA, PFN1, DENND4B, RGS1, HLA-B, RASSF2, 
UHMK1, B2M, SCAMP2, COMMD3, RNF19A, NRBP1, BCL11B, BTN3A1, HLA-F, HLA-E, RASAL3, ANKRD12, 
USP32, CEBPG, MKRN1, UBXN4, MPPE1, LCP2, BTN2A2, CALM2, CLIP4, ATXN7, CHIC1, CPEB2, STAMBPL1, 
RFFL, SLC4A1AP, CSNK1D, NBR1, IDS, CD84, TFPT, ZCCHC6, GTDC1, AKAP13, CYLD, ASXL2, CHTOP, 
TDRD3, TGOLN2, AAK1, LOC401320

Gene category of 
GO terms

GO Biological Process: "antigen presentation\, endogenous antigen″, "antigen processing\, endogenous antigen via MHC 
class I″, "antigen presentation″, "antigen processing", "defense response″, "response to biotic stimulus″, "immune 
response″, "response to external stimulus″
GO Cellular Component: "membrane″, "cell″
GO Molecular Function: "MHC class I receptor activity″, "receptor activity″

In LymphGen-unclassified cases

Gene name Upregulated, fold change ≥1.5: MYC, KIAA0226L, PMAIP1, CLECL1, FUT8, PUS7, PIGW, TMEM97, BCL2, 
HIST1H2AC, ADTRP, ZNF385C, MRPL3, FABP5, IGF2BP3, SNHG1, CCDC86, NOC3L, P2RX5, CYB5R2, RPL17, 
EBNA1BP2, FOXC1, CCDC113, ZNF260, ZNF320, ARHGAP24, SPIB, PSORS1C2, NOL11, SLC25A32, DBN1, 
NOP2, DCTPP1, GCSH, GAS5, ZNF587B, PDCD2L, TMCC3, GAR1, TRIT1, BTBD19, LOC101928702, FSTL5, 
VSNL1, POLR3G, NME2, CISD1, DDX21, C10orf2, IPO4, C12orf45, POLR1D, APEX1, DIRF-AS1, MRPS33, 
GPX7, RUVBL2, PRMT5, POLR2H, MAT2A, ZNF639, NPM3, TEX10, IER3IP1, CDC123, PLEKHJ1, LYAR, BMF, 
ATP5G1, EME1, TOMM40, PSME3, ZNF784, NAT9, C7orf41, SNHG8, TCTN3, ZNF480, CLPX, LOC100507388, 
MSRB1, PNP, PLIN1, TIMM10B

Gene category of 
GO terms

GO Biological Process: "rRNA metabolism″, "RNA metabolism″, "ribosome biogenesis″, "ribosome biogenesis and 
assembly″, "RNA processing″, "rRNA processing″, "cell growth and/or maintenance″
GO Cellular Component: "nucleolus″, "mitochondrion", "intracellular", "mitochondrial membrane", "RNA polymerase 
complex", "mitochondrial inner membrane", "inner membrane", "cytoplasm", "outer membrane", "organellar ribosome", 
"mitochondrial ribosome", "nucleus", "DNA-directed RNA polymerase I complex", "proteasome complex (sensu 
Eukarya)"
GO Molecular Function: "DNA-directed RNA polymerase activity", "RNA binding", "nucleotidyltransferase activity", 
"transferase activity", "lipid binding", "nucleic acid binding"

Abbreviation: GO, Gene Oncology.

Enriched Go categories were identified by Expression Analysis Systematic Explorer (EASE, A desktop version of DAVID) with EASE scores 
<0.05.
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Table 2.

Significantly differentially expressed genes in EZB compared with non-EZB genetic subtypes in DLBCL with 

MYC/BCL2 double-high expression

Downregulated Upregulated

Gene name FDR 0.10: TNFRSF13B, CLECL1, 
PHF16, P2RX5, ERP29, SLA; FDR 0.15: 
PIM2, POP4, HCK, SLC5A6, PLEKHO1, 
STAMBPL1, ADAM8, DLGAP1-AS1, 
LRRC33, IL10RA, LIMD1, POU2F2, 
FOXP1, PARP15, DOCK10, TGIF1, IRF4

FDR 0.10: STAP1, MME, SPON1, TNKS, PTK2, CCNG2, S1PR2, ICOSLG, 
RRAS2, FAM208B, SWAP70, MAML3, ZFAND4, PLEKHF2, FAM134B, 
CDK14, PACS1, NDUFAF6, BRWD1, RASL11A, LOC101929456, RAPGEF5, 
LRMP, ATPIF1, SLC25A27, CPNE3, HGSNAT, DEF8, MYBL1, LOC286149, 
GFOD1, SSBP3, SPINK2, LHPP, MARCKSL1, PCDHGC3, WEE1, 
LONRF1, HIP1R, BRIP1, REL, MFHAS1, ASB13, HERC2P3, SLC30A4, 
STK17A, PALD1, SERPINA9, SPIRE2, PDK3, SSBP2, ENPP3, C8orf37, 
ITPKB, FLJ31485, SLC24A3, SEL1L3, FADS3, KIF3A, TP53INP1, CLIC4, 
COL14A1, ZDHHC2, ANKH, RNGTT, PQLC2, TSPAN15, CCDC85A, 
NAP1L3, GNA13, FNDC1, GBA3, USP34, CENPM, ITSN2, ARL14EP, VCL, 
LOC100131581, ARL2BP, IZUMO4, RNF8

Gene 
category of 
GO terms

GO Biological Process: "regulation 
of transcription\, DNA-dependent″, 
"regulation of transcription″, 
"transcription\, DNA-dependent″

GO Biological Process: "intracellular signaling cascade″
GO Molecular Function: ″kinase activity″, "transferase activity\, transferring 
phosphorus-containing groups″

Abbreviations: FDR, false discovery rate; GO, Gene Oncology.

Enriched Go categories were identified by Expression Analysis Systematic Explorer (EASE, A desktop version of DAVID) with EASE scores 
<0.05
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