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ORIGINAL RESEARCH

Genomic complexity is associated with epigenetic regulator mutations and poor 
prognosis in diffuse large B-cell lymphoma
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ABSTRACT
Diffuse large B-cell lymphoma (DLBCL) is the most common type of lymphoma with high mutation burdens 
but a low response rate to immune checkpoint inhibitors. In this study, we performed targeted next- 
generation sequencing and fluorescent multiplex immunohistochemistry, and investigated the clinical 
significance and immunological effect of mutation numbers in 424 DLBCL patients treated with standard 
immunochemotherapy. We found that KMT2D and TP53 nonsynonymous mutations (MUT) were signifi
cantly associated with increased nonsynonymous mutation numbers, and that high mutation numbers 
(MUThigh) were associated with significantly poorer clinical outcome in germinal center B-cell-like DLBCL 
with wild-type TP53. To understand the underlying mechanisms, we identified a gene-expression profiling 
signature and the association of MUThigh with decreased T cells in DLBCL patients with wild-type TP53. On 
the other hand, in overall cohort, MUThigh was associated with lower PD-1 expression in T cells and PD-L1 
expression in macrophages, suggesting a positive role of MUThigh in immune responses. Analysis in a whole- 
exome sequencing dataset of 304 patients deposited by Chapuy et al. validated the correlation of MUT- 
KMT2D with genomic complexity and the significantly poorer survival associated with higher numbers of 
genomic single nucleotide variants in activated B-cell–like DLBCL with wild-type TP53. Together, these 
results suggest that KMT2D inactivation or epigenetic dysregulation has a role in driving DLBCL genomic 
instability, and that genomic complexity has adverse impact on clinical outcome in DLBCL patients with wild- 
type TP53 treated with standard immunochemotherapy. The oncoimmune data in this study have important 
implications for biomarker and therapeutic studies in DLBCL.
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Introduction

Nonsynonymous somatic mutations can not only contribute to 
cancer development but also produce tumor-specific neoanti
gens eliciting antitumor immune responses by the host. Tumor 
mutation burden (TMB) is a predictive biomarker for immune 
checkpoint blockade-based immunotherapy within and across 

multiple types of solid tumors.1–3 Particularly, TMB of small 
insertions and deletions (INDELs) correlates with response to 
PD-1 blockade4 and prognosis with other therapies in certain 
types of solid tumors,5 with the hypothesis that INDELs may 
result in immunogenic neoantigens more often than single 
nucleotide variants (SNVs) do. TMB can be measured through 
whole-exome sequencing (WES) as the gold standard. 
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However, WES is not practical in routine clinic, and studies 
have shown that TMB obtained from targeted next-generation 
sequencing (NGS) panels has high concordance with WES- 
derived TMB and significant predictive value for immunother
apy efficacy.6–8

Hematologic cancers generally have lower TMBs than solid 
tumors. The most common aggressive B-cell lymphoma diffuse 
large B-cell lymphoma (DLBCL) has a significantly higher TMB 
than chronic lymphocytic leukemia and acute myeloid leukemia 
as measured by WES (median, ~3 vs ~0.8 and 0.37 non-silent 
coding mutations per Mb, respectively).9 However, WES of flow 
cytometry-sorted Hodgkin Reed–Sternberg cells found that 
Epstein-Barr virus-negative classical Hodgkin lymphoma (cHL) 
had a high median TMB (~9 mutations/Mb) which is comparable 
to that of lung squamous cell carcinoma.10 Another study com
prehensively profiled mutations in the exonic regions of 315 
cancer-related genes, and showed that DLBCL is one of the TMB- 
high cancer types with a median of 10 synonymous/nonsynon
ymous mutations per Mb, and 18.4% of DLBCL patients showed 
a high TMB (>20 mutations/Mb of coding genome).6 PD-1 block
ade immunotherapy has very high efficacy in relapsed/refractory 
cHL in line with the high TMB,11–14 but not in relapsed/refractory 
DLBCL despite the overall high TMB in DLBCL (response rate 
<10% in patients who were ineligible for or having failed auto
logous hematopoietic cell transplantation).15 It is unknown 
whether relapsed/refractory DLBCL patients have lower TMBs 
than other DLBCL patients which may explain the low efficacy of 
PD-1 inhibitors in these patients.

To understand the clinical implication of TMB in DLBCL, 
in this study we performed NGS targeting 275 genes that are 
frequently mutated in hematologic neoplasms for 444 de novo 
DLBCL diagnostic samples, and analyzed the clinical impact 
and biological correlations of mutation numbers in our cohort 
and a publicly available WES dataset.16 Patients were all treated 
with the standard first-line immunochemotherapy (rituximab 
plus cyclophosphamide, doxorubicin, vincristine, and predni
sone, R-CHOP). Rituximab (anti-CD20 antibody) addition to 
the CHOP regimen has significantly improved the clinical out
come of DLBCL, likely attributable to anti-CD20 antibody- 
dependent cellular cytotoxicity, complement-dependent cyto
toxicity, and induction of apoptosis.17,18

Materials and methods

Patients

444 adult patients with de novo DLBCL were sequenced 
and 424 cases were included for final analysis in this 
study as part of the DLBCL Consortium Study Program.19 

Primary cutaneous DLBCL, primary mediastinal large B-cell 
lymphoma, and primary central nervous system lymphoma 
have been excluded. This study was conducted in accor
dance with the principles of the Declaration of Helsinki. 
Data collection protocols were approved as being of mini
mal to no risk or as exempt by the institutional review 
board of each participating institution.

Table 1. List of 275 genes in the NGS panel.

ABL1 BIRC3 CREBBP EZH2 GNAS KMT2C NF2 PPP2R1A SMC3 XPO1
ACVR1B BLM CRLF2 FAM175A GREM1 KMT2D NFE2L2 PRDM1 SMO XRCC2
AKT1 BRAF CSF1R FAM46C GRIN2A KRAS NFKBIA PRKAR1A SOCS1 XRCC3
AKT2 BRCA1 CSF3R FANCA H3F3A LRP1B NKX2-1 PRKDC SOX2 ZNF217
AKT3 BRCA2 CTCF FANCC HGF MAP2K1 NOTCH1 PRSS1 SOX9 ZRSR2
ALK BRIP1 CTNNA1 FANCD2 HIST1H3B MAP2K2 NOTCH2 PTCH1 SPOP
AMER1 BTK CTNNB1 FANCE HNF1A MAP2K4 NOTCH3 PTEN SRC
APC CALR CUX1 FANCF HOXB13 MAP3K1 NPM1 PTPN11 SRSF2
AR CARD11 CXCR4 FANCG HRAS MAP3K14 NRAS RAC1 STAG2
ARAF CBL CYLD FAS HSP90AA1 MAPK1 NSD1 RAD21 STAT3
ARID1A CBLB DAXX FBXW7 ID3 MCL1 NTRK1 RAD50 STK11
ARID1B CBLC DDR2 FGF4 IDH1 MDM2 NTRK2 RAD51 SUFU
ARID2 CCND1 DICER1 FGF6 IDH2 MDM4 NTRK3 RAF1 SUZ12
ASXL1 CCND3 DNM2 FGFR1 IGF1R MED12 PAK3 RB1 TAL1
ATM CCNE1 DNMT3A FGFR2 IKZF1 MEF2B PALB2 RET TCF3
ATR CD274 DOT1L FGFR3 IKZF3 MEN1 PAX5 RHEB TERT
ATRX CD79A EED FGFR4 IL7R MET PBRM1 RHOA TET2
AURKA CD79B EGFR FH INHBA MITF PDGFRA RIT1 TGFBR2
AURKB CDC73 EGLN1 FLCN IRF4 MLH1 PDGFRB RNF43 TNFAIP3
AURKC CDH1 EP300 FLT3 JAK1 MPL PHF6 ROS1 TNFRSF14
AXIN1 CDK12 EPAS1 FLT4 JAK2 MRE11A PIK3CA RUNX1 TP53
AXIN2 CDK4 EPHA3 FOXL2 JAK3 MSH2 PIK3R1 SDHB TRAF3
B2M CDK6 EPHA5 FUBP1 KAT6A MSH6 PIK3R2 SETBP1 TSC1
BAP1 CDKN2A ERBB2 GALNT12 KDM5C MTOR PIM1 SETD2 TSC2
BCL2 CDKN2B ERBB3 GATA1 KDM6A MUTYH PLCG1 SF3B1 TSHR
BCL2L1 CDKN2C ERBB4 GATA2 KDR MYC PMS1 SMAD2 U2AF1
BCL6 CEBPA ERG GATA3 KEAP1 MYCL PMS2 SMAD4 U2AF2
BCOR CHEK1 ESR1 GEN1 KIT MYCN POLD1 SMARCA4 VHL
BCORL1 CHEK2 ETV6 GNA11 KMT2A MYD88 POLE SMARCB1 WHSC1
BCR CIC EXO1 GNAQ KMT2B NF1 PPM1D SMC1A WT1
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Targeted NGS and mutation analysis

Genomic DNA was extracted from formalin-fixed, paraffin- 
embedded tissues and sequencing was performed on an 
Illumina NextSeq 550 System platform. Most cases were 
sequenced with a 275-gene panel in Table 1 whereas there 
were slight panel variations for 30 cases. The average sequen
cing depth was 700×, and a sequence coverage ≥100× (after 
removing duplicates) was required for mutation calling. 
The percent reads passing filter (Reads PF) was >80%. All 
coding exons of these genes were sequenced, along with 50 
intronic nucleotides flanking each exon end.

Alignment of sequencing data and variant calling were 
performed with the DRAGEN Somatic Pipeline (Illumina) 
against the GRCh37 reference genome to identify SNVs and 
INDELs. Because we did not have matched normal samples, 
the DRAGEN tumor-only pipeline was used, and the output 
data were further refined using publicly available and in-house 
databases of germline single nucleotide polymorphisms and 
INDELs to remove germline variants with additional consid
eration of variant allele frequencies of the variants.

Immune profiling using fluorescent multiplex 
immunohistochemistry (mIHC)

Previously, we have performed fluorescent mIHC for 13 
immune markers to quantitate the composition of the tumor 
immune microenvironment and immune checkpoint in a large 
DLBCL cohort20 including 323 cases in the current study 
cohort. The details of mIHC staining and antibodies have 
been described previously. Here we examined the correlations 
between tumor genetic characteristics through NGS and the 
quantitated microenvironment immune traits through fluores
cent mIHC, including the abundance of CD3+ T cells (further 
subtyped into CD8+ and CD4+ T cells), CD68+ macrophages, 
and CD56+ natural killer cells in the 323 cases, and expression 
of the immune checkpoint molecules in tumor cells and 
immune cells (PD-L1/PD-L2/PD-1 expression in CD20+ cells, 
CTLA-4/PD-1/PD-L1 in T cells, and PDL1/PD-L2 expression 
macrophages and natural killer cells; data for these immune 
checkpoint molecules were not available in 2–6 cases).

Gene-expression signature analysis

Gene expression profiling (GEP) data using the Affymetrix 
GeneChip Human Genome HG-U133 Plus 2.0 microarrays 
(GSE31312)19 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)21 was per
formed. To visualize gene signatures with the set thresh
olds of false discover rate and fold change, CLUSTER 
software and JAVA TREEVIEW (https://www.java.com/ 
en) were used.22 The Expression Analysis Systematic 
Explorer23 software was used to categorize over- 
represented biological pathways using Gene Ontology 
(GO) terms.

Statistical analysis

Fisher’s exact test and unpaired (2-tailed) Student’s t-test 
were used to compare clinical and molecular features 
between two groups. Overall survival and progression- 
free survival were compared with the Kaplan–Meier 
method and Log-rank (Mantel-Cox) test using GraphPad 
Prism software. Multivariate analysis was performed with 
Cox proportional hazards regression models using SPSS 
software. P-values ≤ 0.05 were considered to be statisti
cally significant.

Results

High mutation numbers and INDELs in the absence of 
TP53 mutation correlate with poor prognosis

NGS targeting 275 lymphoma-related genes was successful in 
424 patients, including 6 patients with high-grade B-cell lym
phoma (HGBCL) with MYC/BCL2-double hit (DH) as deter
mined by fluorescence in situ hybridization24,25 and 418 
patients with DLBCL, not otherwise specified (NOS). Among 
the 424 patients, 408 patients had 1–45 nonsynonymous muta
tions; 171 patients had 1–9 deletion mutations (as a frameshift, 
inframe deletion, larger deletion, or nonsense mutations) and 
only 64 patients had 1–2 insertion mutations (as a frameshift, 
inframe insertion, or nonsense mutations). The mean number 
for nonsynonymous mutations and non-silently mutated 
(MUT) genes in the study cohort was 4.2 and 3.75, respectively. 
HGBCL-MYC/BCL2-DH compared with DLBCL-NOS cases 
had a non-significantly higher mean mutation number (5.0 vs 
3.8) but similar mean number of MUT genes.

Consistent with our earlier reports, in this sequencing 
cohort, activated B-cell-like (ABC) DLBCL had significantly 
worse survival than germinal center B-cell-like (GCB) 
DLBCL;19 HGBCL-MYC/BCL2-DH had significantly worse 
survival than DLBCL-NOS despite the GCB cell-of-origin;25 

and TP53 nonsynonymous mutations (MUT-TP53) correlated 
with significantly worse survival in both GCB and ABC sub
types and both HGBCL-MYC/BCL2-DH and DLBCL-NOS 
entities.26,27 In correlating NGS mutation numbers to clinical 
outcome, we found that only in patients with wild-type (WT) 
TP53, and more particularly in the GCB subtype with WT- 
TP53, significantly poorer survival was associated with high 
numbers of nonsynonymous mutations (with all cutoffs ranged 
from >4 to >23) and MUT genes (with all cutoffs ranged from 
>4 to >18). The survival curves for ≥6 MUT genes (MUThigh) 
compared with 0–5 MUT genes (MUTlow) are shown in Figure 
1(a) and Supplementary Figure 1a (excluding HGBCL-MYC 
/BCL2-DH cases). Similarly, presence of insertion/deletion 
mutations in sequenced genes also showed significant adverse 
impact in GCB-DLBCL with WT-TP53 (Figure 1(b-c)), 
Supplementary Figure 1b-c).

The clinical features of WT-TP53 GCB-DLBCL patients 
with MUThigh or MUTlow are shown in Table 2. Multivariate 
analysis adjusting clinical features confirmed the significant 
prognostic effects of MUThigh and INDELs (Supplementary 
Table 1). Although ≥5 nonsynonymous mutations and ≥5 
MUT genes were associated with significantly better OS in 
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patients with mutant TP53 (P = .039), the effect was not sig
nificant in the multivariate analysis.

Mutations in epigenetic regulators and TP53 correlate 
with high mutation numbers
To understand the prognostic effect of high mutation numbers, 
we first compared the genetic features of MUThigh patients with 
MUTlow patients with DLBCL-NOS. Distribution of frequent 
(occurred in ≥7 patients) gene mutations in MUThigh patients 
is displayed in Figure 2(a), and genes more frequently mutated 
in MUThigh versus MUTlow patients are shown in Figure 2(b) 
(in overall DLBCL-NOS) and Supplementary Table 2 (in GCB/ 
ABC subtypes). Notably, by function many genes over- 
represented in MUThigh patients are involved in epigenetic 
regulation (such as KMT2D, EZH2, CREBBP, TET2, 
SMARCA4, DNMT3A, EP300, KDM6A, and SMC3). The 
most enriched gene was KMT2D (also known as MLL2 or 
MLL4, encoding a histone methyltransferase for H3K4me; 
Figure 2(b-c)) in GCB (64.9% in MUThigh patients versus 

26.7% in MUTlow patients) and TP53 in ABC DLBCLs (46.4% 
in MUThigh patients versus 16.1% in MUTlow patients 
(Supplementary Table 2). The most common type of KMT2D 
mutations was nonsense mutations (48.7%), followed by mis
sense (32.4%) and frameshift (20.9%) and inframe INDEL 
(2.0%) mutations (Figure 2(b)), in contrast with the predomi
nant missense type of TP53 mutations. KMT2D and TP53 were 
also recurrently mutated in HGBCL-MYC/BCL2-DH patients 
despite the small number of cases in our cohort (Figure 2(b)).

Conversely, patients with KMT2D nonsynonymous muta
tions or MUT-TP53 had significantly higher mean numbers of 
non-silent mutations/mutated genes in overall DLBCL-NOS 
and both the GCB/ABC subtypes (Figure 2(d), 
Supplementary Figure 2a). The increase remained to be highly 
significant after exclusion of patients with 0 MUT gene from 
the MUTlow group (P < .0001 for KMT2D mutations in all 
comparisons). In contrast, although GCB compared with ABC 
subtype was associated with increased mutation numbers in 
overall cohort, the association lost significance in both the WT- 
KMT2D and MUT-KMT2D subgroups (Supplementary Figure 

Figure 1. Prognostic analysis for mutation numbers in DLBCL. (A) In GCB-DLBCL with wild-type TP53, patients with nonsynonymous mutations in ≥6 genes had 
significantly poorer OS and PFS than patients with 0–5 non-silently mutated genes (totally 275 lymphoma-related genes were sequenced). (B-C) In GCB-DLBCL with 
wild-type TP53, patients with insertion or deletion mutations in sequenced genes had significantly poorer OS and PFS than patients without. GCB, germinal center 
B-cell–like; WT, wild-type; OS, overall survival; PFS, progression-free survival.

e1928365-4 K. H. YOUNG ET AL.



Table 2. Clinical features of patients with DLBCL not otherwise specified with and without high mutation levels.

GCB WT-TP53 ABC WT-TP53

0–5 MUT genes ≥6 MUT genes P 0–5 MUT genes ≥6 MUT genes P P*
Sex
Male 65 16 0.38 84 14 0.48 1.0
Female 59 9 67 7
Age, years
≤60 61 13 0.83 51 9 0.47 0.57
>60 63 12 100 12
Stage of disease
I–II 68 12 0.65 57 11 0.23 1.0
III–IV 49 11 89 9
Serum LDH level
Normal 54 4 0.011 49 8 0.61 0.098
Elevated 62 19 92 11
ECOG performance status
0–1 92 18 1.0 111 18 0.54 1.0
≥2 15 3 27 2
No. of extranodal sites involved
0–1 95 18 1.0 105 17 0.60 1.0
≥2 20 4 39 4
IPI risk group
0–2 87 15 0.33 78 15 0.16 0.32
3–5 32 9 68 6
B-symptoms
Absence 90 13 0.08 91 15 0.48 0.36
Presence 30 10 54 6
Tumor size
<5 cm 58 13 0.59 76 6 0.25 0.15
≥5 cm 34 5 48 8

GCB, germinal center B-cell–like; ABC, activated B-cell–like; WT, wild type; MUT, non-silently mutated; LDH, lactate dehydrogenase; ECOG, eastern cooperative oncology 
group; IPI: International Prognostic Index. 

P*: for GCB vs ABC subtype of WT-TP53 patients with ≥6 non-silently mutated genes. 
Significant P values are in bold.

Figure 2. Mutations enriched in DLBCL with high number of mutations. (A) Genes non-silently mutated in ≥7 DLBCL-NOS patients who had ≥6 mutated genes (MUThigh, 
68 patients) in our NGS analysis. Except for MYD88, the mutational frequencies of these genes were significantly higher in MUThigh vs MUTlow patients by Fisher’s exact 
test. Each box represents one patient. (B) Left, mutations overrepresented in MUThigh vs MUTlow patients shown by the data dots. Red dots represents genes non-silently 
mutated in ≥7 MUThigh patients. Gene names are labeled for those mutated in ≥10 MUThigh patients  i.e., bolded gene names in figure panel A. Right top, mutation types 
of KMT2D nonsynonymous mutations in DLBCL. Right bottom, recurrent gene mutations in HGBCL-MYC/BCL2-DH cases. Each box represents one patient. (C) 
Frequencies of KMT2D nonsynonymous mutations in MUThigh vs MUTlow patients. (D) KMT2D nonsynonymous mutations were significantly associated with higher 
numbers of non-silently mutated genes and nonsynonymous mutations in DLBCL-NOS, and associated with significantly higher numbers of non-silently mutated genes 
in HGBCL-MYC/BCL2-DH cases. DLBCL-NOS, diffuse large B-cell lymphoma, not otherwise specified; HGBCL-MYC/BCL2-DH, high-grade B-cell lymphoma with MYC/BCL2 
genetic double-hit; WT, wild-type; MUT, non-silently mutated; GCB, germinal center B-cell–like; ABC, activated B-cell–like.
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2a). In the six HGBCL-MYC/BCL2-DH cases, only MUT- 
KMT2D(but not MUT-TP53) was significantly associated 
with increased numbers of MUT genes (but not total nonsy
nonymous mutation numbers Figure 2(d)).

When we performed the comparison in the absence and 
presence of MUT-TP53, respectively (Supplementary Tables 
3–4), we found only mutations in a few epigenetic regulators 
(including KMT2D, TET2, SMARCA4, DNMT3A, and 
SMC1A), MSH6 (a DNA mismatch repair gene), and PTPN11 
(a member of the protein tyrosine phosphatase family) were 
significantly associated with MUThigh independent of TP53 
mutation status. Among MUThigh patients overall and in the 
WT-TP53 subset, ABC compared with GCB DLBCL patients 
had a significantly higher frequency of MYD88 mutation 
whereas lower frequency of EZH2 mutation (Supplementary 
Tables 2–3).

High mutation numbers, INDELs and KMT2D mutations are 
associated with lower T cell densities in patients with WT- 
TP53
Next, we examined the tumor immune microenvironment 
using fluorescent mIHC20 and analyzed the relationship 
between genetics and immune characteristics in 323 cases 
(Supplementary Figures 2b and 3a). Case distribution of the 
absolute cell counts for 13 immune markers and comparisons 
between MUThigh and MUTlow patients are shown in Figure 3 
(a-b). Figure 3(c) displays the single-cell intensities of CD20+, 
CD3+, CD68+, CD56+, PD-1+, and PD-1+ cells (each dot repre
sents a cell) in a representative case with MUThigh, WT-TP53 
and MUT-KMT2D.

Regarding immune cell infiltration, we found that MUThigh 

was significantly associated with lower absolute T cell counts 
and cell densities in overall and the GCB subtype of DLBCL- 
NOS patients with WT-TP53 (Figure 3(a-b, d)), whereas no 
significant difference in intratumoral macrophages and natural 
killer cells were observed. Similar results were found for pre
sence of INDELs (P = .0096) and KMT2D nonsynonymous 
mutations (Supplementary Figure 3b-c). TP53 mutations were 
associated with significantly decreased percentage of CD8+ 

T cells in tumor/immune cells only when HGBCL cases were 
not excluded. Only in the GCB subtype of DLBCL-NOS 
patients with MUT-TP53, MUThigh was significantly associated 
with increased T cell densities (Figure 3(d)) and percentage in 
tumor/immune cells.

Regarding expression of immune checkpoint molecules in 
tumor and immune cells, we found that MUThigh in DLBCL- 
NOS and overall cases was significantly associated with lower 
PD-L1 expression in CD68+ macrophages/CD20+ B cells and 
lower PD-1 expression in CD4+/CD8+ T cells, evaluated by 
PD-L1+/PD-1+ percentage in CD68+ cells, CD20+ cells, CD3+ 

cells, CD3+CD4+ cells, or CD3+CD8+ cells (Figure 3(d), 
Supplementary Figure 4a). More precisely, the association 
with decreased PD-L1 expression was significant in patients 
with a molecular background of ABC and WT-TP53, whereas 
the association with lower PD-1 expression was mainly in 
patients with MUT-TP53 (Figure 3(e), Supplementary Figure 
4a-b). Presence of INDELs was associated with a lower mean 

PD-L1+ percentage in CD68+ macrophages only in overall 
DLBCL-NOS (but not in DLBCL subsets) and a low mean PD- 
L1+ percentage expression in B cells only in DLBCL patients 
with WT-TP53 (Supplementary Figure 4c). In contrast, 
KMT2D/TP53 mutations were not significantly associated 
with differential PD-1/PD-L1 expression evaluated by percen
tage in a specific cell type.

MUThigh shows prominent GEP signatures including 
p53-related genes

To gain further biological insight, we compared the gene 
expression profiles of MUThigh and MUTlow patients. 
Prominent GEP signatures were identified for MUThigh in 
overall cohort, the WT-TP53 subset, and the WT-TP53 GCB 
subset (Figure 4(a)). Notable signatures among the large num
ber of upregulated genes in MUThigh WT-TP53 GCB included 
IGHM, voltage-gated ion channel components/regulators 
(CLCN1, CLCN2, KCNH4, KCNA4, CABP2), p53 inhibitor 
AGR2, and paradoxically several tumor suppressors and posi
tive regulators of the p53 pathway (DHRS2 that attenuates 
MDM2-mediated p53 degradation, pro-apoptotic BBC3, SIK1 
with role in p53-dependent anoikis and metastasis suppression, 
CADM4, and INSM2). Downregulated genes included those 
functioning in tumor suppression (CCDC6, RBL2, NEMF, 
BCLAF1, RASA1), mRNA metabolism and/or translation reg
ulation (STAU1, SP3, DDX6, PABPC3), cell cycle (NSA2, 
ANAPC16, PCNP), epigenetic regulation (SMARCA5), degra
dation (UBE2D2, FEM1C), and others (Table 3.). Among DNA 
repair genes, HDAC1, ITM2A, PARP1, BCL11B, GATAD2B, 
and RAB27A were downregulated whereas PARP3, XRCC3, 
RAD54L, and ERCC2 were upregulated in MUThigh cases. 
The GO class and gene categories for differentially expressed 
genes are listed in Table 3. As the MUThigh gene signatures 
showed involvement of the p53 pathway, we compared the 
p53/MDM2 expression26,28 in MUThigh and MUTlow patients 
with WT-TP53. Only in ABC-DLBCL with WT-TP53, 
MUThigh patients was significantly associated with higher 
mean levels of WT-p53 and MDM2 overexpression (Figure 
4(b)).

In contrast, when we analyzed the GEP data for KMT2D 
mutations, only a few genes showed significant upregulation in 
MUT-KMT2D compared with WT-KMT2D patients 
(Supplementary Table 5), suggesting functional heterogeneity 
among MUT- or WT-KMT2D cases.

Validation in a WES cohort

We used the publicly available WES data and SNV/INDEL 
numbers in 304 DLBCL patients deposited by the Harvard 
study group16 to validate our findings, including the full muta
tion annotation analyzed by Chapuy et al. for a subset of 134 
non-microsatellite-instability (MSI) cases using matched 
tumor-normal samples. Totally 158 genetic drivers, including 
85 driver gene mutations (including 29 genes in our 275-gene 
panel), 65 copy number alterations (CNAs) and 8 structural 
variants (SVs), have been identified by Chapuy et al in this 
WES cohort.
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Figure 3. Immunological analysis for DLBCL-NOS patients with high mutation numbers. (A) Box plot showing the distribution of absolute cell counts for 13 immune 
markers in DLBCL-NOS patients with high (≥6) or low (<6) numbers of non-silently mutated genes by our NGS anaysis. Each dot represents one patient. Significant 
differences between two groups are marked by asterisks. *, P ≤ 0.05; **, P ≤ 0.01 by a two-sided Mann–Whitney U-test. (B) Clustermap visualization based on the mean 
absolute cell counts in two groups. (C) A representative Uniform Manifold Approximation and Projection (UMAP) plot generated from single-cell intensities for CD20, 
CD3, CD68, CD56, PD-1, and PD-L1 markers in a patient with mutated KMT2D and another five non-silently mutated genes and wild-type TP53 through our 275-gene 
targeted sequencing. Each data point represents a cell, color labeled according to phenotype. In the legends, PD-L1 or PD-1-negative phenotype in the single-positive 
labels were omitted to avoid typing confusion. (D) High numbers (≥6) of non-silently mutated genes were significantly associated with lower cell densities of tumor- 
infiltrating T cells in DLBCL-NOS patients with wild-type TP53, higher T cell densities in GCB-DLBCL-NOS patients with mutant TP53, and lower PD-1 percentage 
expression in T cells in overall DLBCL-NOS patients. (E) High numbers of non-silently mutated genes were associated with significantly lower PD-L1 expression in CD68+ 

macrophages and CD20+ B cells in the ABC subtype of DLBCL-NOS with wild-type TP53. DLBCL-NOS, diffuse large B-cell lymphoma, not otherwise specified; WT, wild- 
type; MUT, non-silently mutated; GCB, germinal center B-cell–like, ABC, activated B-cell–like.
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Supporting the results in our NGS cohort, MUT-KMT2D 
was associated with genomic complexity in the validation 
cohort, evidenced by significantly increased numbers of geno
mic SNVs (including synonymous variants, for the non-MSI 
cases only), insertion mutations, CNAs, and SVs (Figure 5(a)). 
High TMB (>75 SNVs) and INDEL numbers (≥5 insertion/ 
deletion mutations) by WES analysis were associated with 
significantly poorer survival in ABC-DLBCL with WT-TP53 
(Supplementary Figure 5). Different from our cohort subtyped 
mainly by GEP, in the validation cohort GCB and ABC sub
types (mainly determined by NanoString) had similar prog
nosis. Analysis for 158 genetic drivers identified by Chapuy 
et al. also showed correlations between MUT-KMT2D and 
MUThigh and adverse prognostic effects of genomic complex
ity: MUT-KMT2D was significantly associated with increased 
numbers of MUT driver genes, driver CNAs, and driver SVs 
(Supplementary Figure 6a). Patients with ≥6 MUT driver genes 
had significantly poorer survival than those without in ABC- 
DLBCL and the C5 genetic subset treated with R-CHOP 
(Supplementary Figure 6b). In addition, ≥5 driver CNAs and 
≥3 SVs were associated with significantly poorer survival in 
ABC-DLBCL (Supplementary Figure 6c).

In the 134 patients with tumor/normal paired samples avail
able for genetic alteration analysis, KMT2D nonsynonymous 
mutations remained to be significantly associated with 
increased numbers of genomic SNVs and insertion mutations 
(Figure 5(a)). The significance of this association was enhanced 
(P < .0001, Supplementary Figure 7a) when MUT-KMT2D 
cases were combined with cases with nonsynonymous muta
tions in EZH2, KMT2A, ARID1A, ARID1B, SMARCA4, 
KDM6A, or CHD2 in the validation set, which were gene 
mutations functioning in epigenetic regulation over- 

represented in our MUThigh versus MUTlow cases. These muta
tions were associated with both aging and non-canonical AID 
signatures (Supplementary Figure 7b); in contrast, KMT2D 
nonsynonymous mutations were only associated with the 
aging mutational signature. Furthermore, high numbers of 
SNVs, MUT genes, and INDELs and KMT2D mutations were 
all associated with significantly poorer survival in the WT- 
TP53 ABC-DLBCL subset of these 134 patients (Figure 5 
(b-e), Supplementary Figure 7c).

Discussion

Previous studies have shown that approximately one-fifth of 
DLBCL has a high TMB, however, less than 10% relapsed/ 
refractory DLBCL patients responded to immune checkpoint 
inhibitors. In this study, we investigated the clinical signifi
cance of tumor mutation numbers in DLBCL treated with 
standard R-CHOP immunochemotherapy, and correlated 
with our immune profiling data20 to understand the interaction 
between tumor genomics and the host immune responses. We 
found that high mutation numbers of DLBCL, either measured 
by numbers of lymphoma-driver genes or by genomic SNVs 
were associated with poorer survival in patients with WT- 
TP53, significantly in the GCB molecular subset in our cohort 
and the ABC subset of the Harvard WES cohort, not support
ing the hypothesis that DLBCL patients with low TMB are 
enriched in relapsed/refractory patients to explain the low 
efficacy of PD-1 inhibitors in DLBCL clinical trials. High 
MUT gene numbers and INDELs were associated with 
decreased T cells and seemly lower T cell responses (Figure 3 
(b)) in patients with WT-TP53, which may suggest that aggres
sive lymphoma tumors often harbor immune-escaping 

Figure 4. Gene expression analysis for high numbers of mutated genes. (A) Differentially expressed genes between patients with 0–5 and ≥6 non-silently mutated 
genes in GCB-DLBCL with WT-TP53 (false discovery rate 0.0001, fold change ≥1.5, or false discovery rate 0.01, fold change ≥2). (B) Only in the ABC-DLBCL subset with 
WT-TP53, high numbers (≥6) of non-silently mutated genes were associated with increased p53 and MDM2 protein expression. WT, wild-type; DLBCL-NOS, diffuse large 
B-cell lymphoma, not otherwise specified; GCB, germinal center B-cell–like; ABC, activated B-cell–like; IHC, immunohistochemistry.
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mutations instead of immunogenic mutations. Indeed, pre
vious studies have shown that multiple genetic lesions impli
cated in immune escape are frequent in DLBCL, such as 
genetic deletion/mutations that inactivate B2M (component 
of the major histocompatibility complex class I), CD58 (impor
tant for adhesion and activation of T cells and natural killer 
cells), and CREBBP/EP300 (histone acetyltransferases that also 
acetylate BCL6 and p53) in 29%, 21%, and 39% of DLBCL, 
respectively,29,30 and that HLA-A mutation burdens and loss-of 
-heterozygosity were increased in the diagnostic samples of 
patients who later experienced relapse after R-CHOP treat
ment than patients who had durable therapeutic responses.31 

In our cohort, B2M mutations were significantly enriched in 
MUThigh cases with GCB and WT-TP53 molecular background 
(the subset in which MUThigh showed significant adverse prog
nostic effect).

In contrast, in the GCB subtype of DLBCL-NOS patients 
with MUT-TP53, MUThigh was associated with increased 
tumor-infiltrating T cells. Moreover, MUThigh was associated 
with lower PD-1 expression in T cells in overall cohort (high 
PD-1 expression had adverse prognostic impact20 in this study 
cohort) and lower PD-L1 expression in macrophages and 
B cells in ABC-DLBCL with WT-TP53 (high PD-L1 expression 
in macrophages was associated with poorer survival20 in overall 
cohort and the ABC-DLBCL subset with WT-TP53, P = .0069), 
which appeared to suggest a favorable role of MUThigh in T cell 
responses. Notably, only in the ABC subtype of DLBCL, geno
mic MUThigh and KMT2D mutations showed significant asso
ciation with high degree of somatic hypermutations (SHM) in 
the immunoglobulin heavy chain variable region (IGHV, 
Supplementary Figure 2b).32 In our previous study, high 
degree of IGHV SHM was associated with significantly better 
survival and lower PD-1 expression in CD4+/CD8+ T cells in 
ABC-DLBCL.32 It will be interesting to address the different 
roles of heterogeneous TP53 mutations, IGHV SHM, and other 

non-IG mutations as neoantigens versus oncogenic drivers in 
future DLBCL studies. These oncoimmune data have impor
tant implications for future therapeutic strategies and biomar
ker studies for PD-1/PD-L1 inhibitors since the immune 
checkpoint blockade clinical trial data are limited in DLBCL.

Moreover, in this study, we showed that nonsynonymous 
mutations in the histone methyltransferase KMT2D gene were 
significantly associated with increased numbers of mutated 
genes in our cohort and higher numbers of genetic drivers 
(mutations, CNAs and SVs) and genomic SNVs/MUT genes 
by WES in DLBCL excluding MSI cases in the Harvard cohort.
16 Distinct GEP signatures were identified for MUThigh (rather 
than for KMT2D mutations) including genes involved in the 
p53 and apoptotic pathways, reminiscent of the transcriptional 
signatures in DLBCLs with complex CNAs of p53 and cell cycle 
genes,33 which may suggest convergence of oncogenic path
ways in MUThigh DLBCLs despite the diverse mutational pro
files, as well as the importance of the p53 pathway for clinical 
outcome.34 Epigenetic regulation has important role in geno
mic stability by regulating the chromatin accessibility and 
DNA repair machinery35 and by mitigating transcription- 
replication conflicts in the presence of H3K4 methylation.36 

Therefore, the correlations shown in two study cohorts may 
help understand the origin of DLBL genomic complexity and 
instability in patients. Because KMT2D is a large gene encoding 
a protein of 5537 amino acids (aa), one may question whether 
the correlation between high mutation burdens and KMT2D 
mutations was merely due to its large size or its high muta
tional frequency. However, KMT2C (MLL3) is also large (4911 
aa), but KMT2C nonsynonymous mutations were not detected 
in our NGS cohort and were not associated with significantly 
increased SNV numbers in the Harvard WES cohort, whereas 
mutations in KMT2A (MLL1; 1162 aa) and EZH2 (for 
H3K9me and K3K27me; 746 aa) of smaller sizes were signifi
cantly associated with higher SNV/MUT numbers in both our 

Table 3. Gene expression profiling analysis for high numbers (≥6 of sequenced genes) of non-silently mutated genes in GCB-DLBCL-NOS with wild-type TP53.

Downregulated Upregulated

List of genes: (FDR 0.01, fold change ≥2) DDX6, NSA2, SNX3, PABPC3, FEM1C, GDI2, 
MGEA5, SMARCA5, YWHAQ, RASA1, UBE2D2, CCDC6, NEMF, STAU1, 
RBL2, PCNP, SP3, ANAPC16, ESYT2, BCLAF1, STAM2, GNAS

(FDR 0.0001, fold change ≥1.5) PARD6A, CGB, MUC3B, DOLPP1, PIP5KL1, 
ARMC5, SHANK1, DEFA5, FOLR3, FAM196A, PDE1B, TBL1Y, CRYGB, 
CABP2, IL3RA, CPNE9, MYOD1, SCGN, HPGD, NGFR, B3GAT1, DOHH, 
TPH2, FNDC8, PTPRU, ODF3L2, LRRC36, FAM153A, DHRS2, CRYBB1, 
STC2, CNTD1, REG3A, FMN2, INGX, TMCO5B, KCNH4, KLF16, NR2E1, 
IFNA1, XAGE2, CLCN1, MGC13053, FEV, LLGL1, INSM2, GSTA3, AGR2, 
ANXA8, LGALS8-AS1, LINC00520, LINC00652, DGCR5, ANKS4B, CLCN2, 
ZNF503-AS1, KCNA4, C1orf158, FAM151A, EPX, C11orf42, ADORA1, 
LINC00658, ILVBL, ST8SIA2, TDRG1, LINC00545, ELANE, CPLX1, CADM4, 
FLJ38576, FABP1, KIAA1656, SNTN, MYCL, TSLP, MAGEB2, BBC3, 
SPRED3, MLXIPL, SLC7A11-AS1, RBP2, TM4SF20, B4GALT2, SRCRB4D, 
CYP11B2, C1orf170, SNAPC2, PLA2G4F, SIK1, BEX1, IGHM, IL34

Gene category of 
GO terms:

Protein transport; Cell growth and/or maintenance; Intracellular 
transport; Vesicle-mediated transport; Intracellular protein transport; 
Intracellular signaling cascade; Transport; Intracellular

Membrane; Voltage-gated potassium channel complex; Integral to 
membrane; Glycosaminoglycan binding; Plasma membrane; 
Hyaluronic acid binding; Serine-type endopeptidase activity; Integral 
to plasma membrane; Receptor activity; Voltage-gated ion channel 
activity; Serine-type peptidase activity; Transmembrane receptor 
activity; Anion transport; Calmodulin-dependent cyclic nucleotide 
phosphodiesterase activity; Inorganic anion transport; Lipid 
metabolism; Monooxygenase activity; Oxidoreductase activity/ 
activing on paired donors/with incorporation or reduction of 
molecular oxygen; Chymotrypsin activity

GCB, germinal center B-cell–like; DLBCL, NOS, diffuse large B-cell lymphoma, not otherwise specified; FDR, false discovery rate; GO, Gene Oncology.
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NGS cohort and the Harvard WES cohort. Mutations in many 
other epigenetic regulators showed significant or a consistent 
trend of enrichment in MUThigh cases of our and the Harvard 
cohorts (such as KMT2B, MLL2/MLL4, 2715 aa; KDM6A, 1401 
aa; ARID1A, 2285 aa; TET2, 2002 aa; SMARCA4, 1647 aa; 
CHD2, 1828 aa and DNMT3A, 912 aa), although these genes 
had much lower mutational frequencies in DLBCL than 
KMT2D. In addition, gene sizes and domain function have 
been taken into account while identifying candidate cancer 
driver genes by Chapuy et al. using MutSig2CV.9,16

In this study, MUT-KMT2D was associated with signifi
cantly decreased tumor-infiltrating T cells despite increased 
TMB, independent of GCB/ABC subtypes in patients with 
WT-TP53. Previous functional studies have shown that 
KMT2D is a tumor suppressor repressing germinal center 
B-cell lymphoma development, and KMT2D inactivation 
affects growth and survival pathways including BCR, 
CD40, and JAK-STAT signaling in lymphoma cells;37,38 

our findings add to a possible role of KMT2D in the 
T cell response. Intriguingly, a recent in vivo screening 
with CRISPR identified KMT2D loss-of-function mutations 
as a major biomarker for PD-1 blockade therapy across 
multiple solid tumor types, and Kmt2d loss led to increased 
DNA damage, elevated mutation burden, activation of 
transposable elements, and increased immune cell infiltra
tion, underlying the sensitivity to anti-PD-1 treatment in 
that study.39 This in vivo study supports the association of 
KMT2D mutations with high mutation burdens but not the 
T cell infiltration results in our lymphoma patients. The 

discrepancy on immune cell infiltration could be related to 
differences in cancer types, the p53 status, and/or Myc 
overexpression (for example, in that in vivo study T cell 
infiltrate was not increased in a p53-competent LLC model, 
and the mouse model used to demonstrate the anti-PD-1 
efficacy had Myc overexpression and Trp53 knockout). 
Restricting our analysis to DLBCL patients with MYC over
expression and TP53 mutation, KMT2D mutation contin
ued to correlate with increased numbers of mutated genes 
(P = .0026) but no longer with lower T cell densities (P = 
.68). Moreover, T cell density had no significant prognostic 
effects in DLBCL-NOS patients treated with R-CHOP if the 
mean T cell densities in WT/MUT-KMT2D or MUThigh/low 

patients are used as cutoffs (data not shown). Different 
from MUThigh, KMT2D mutations were not significantly 
associated with decreased PD-1/PD-L1 expression. 
Together, the role of KMT2D mutations in T cell responses 
and immunotherapy may need further elucidation in 
DLBCL,40 and the biomarker values of T cells, PD-L1/PD- 
1 expression, and TMB in DLBCL need to be studied in 
patients treated with PD-1 inhibitors. Also noteworthy, in 
non-small-cell lung cancer, KMT family member mutations 
were associated with higher TMB and PD-L1 expression,41 

whereas KMT2D mutation was an unfavorable prognostic 
factor.42 Mutations in several epigenetic genes have been 
reported to be associated with high TMB and/or efficacy of 
immune checkpoint blockade immunotherapy in solid 
tumors, including ARID1A,43–45 TET1,46 KMT2A/C,47 and 
EP300.48 In contrast, another recent study found that 

Figure 5. Correlative and prognostic analysis for genomic complexity in a validation cohort from the Harvard study group. (A) KMT2D nonsynonymous mutations were 
significantly associated with increased numbers of SNVs and insertion mutations by WES and copy number alterations (CNAs) and structural variants (SVs) by targeted 
sequencing of DLBCL tumor samples with or without paired normal samples. (B-E) Prognostic effects of genomic mutation numbers by WES analysis of paired tumor- 
normal samples in ABC-DLBCL patients with wild-type TP53 treated with R-CHOP. WES, whole-exome sequencing; SNVs, single nucleotide variants; MSI, microsatellite 
instability; WT, wild-type; MUT, non-silently mutated; INS, insertion mutation; ABC, activated B-cell–like; OS, overall survival; PFS, progression-free survival; DEL, deletion 
mutation.
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DLBCL patients with CREBBP/EP300 mutations had signif
icantly poorer survival and decreased peripheral blood lym
phocyte to monocyte ratios, and that in DLBCL xenograft 
murine models, mutations in CREBBP and EP300 activated 
the NOTCH signaling pathway and promoted macrophage 
polarization to M2 phenotype.49

In summary, KMT2D nonsynonymous mutations are asso
ciated with DLBCL genomic instability, and genomic complex
ity is associated with poor prognosis and decreased T cells and 
PD-L1 expression in macrophages and B cells in DLBCL with 
wild-type TP53. Further studies elucidating the oncogenic and 
neoantigen roles of DLBCL mutations in DLBCL patients are 
needed, as well as the therapeutic implications of genetic and 
immune biomarkers.50
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