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Abstract

Background: Tumor mutation burden (TMB) as estimated by cancer gene panels (CGPs) has been confirmed to be
associated with prognosis and is effective in predicting clinical benefit from immune checkpoint blockade (ICB) in
solid tumors. However, whether the TMB calculated by CGPs is associated with overall survival (OS) for patients with
diffuse large B-cell ymphoma (DLBCL) is worth exploring.

Methods: The prognostic value of panel-TMB, calculated by a panel of 69 genes (GP69), for 87 DLBCL patients in
our clinical center (GDPH dataset) was explored. The results were further validated using 37 DLBCL patients from the
Cancer Genome Atlas (TCGA) database (TCGA dataset).

Results: Spearman correlation analysis suggested that panel-TMB is positively correlated with the TMB calculated by
whole-exome sequencing (WTMB) in the TCGA dataset (R=0.76, P <0.0001). Both GDPH and TCGA results demon-
strated that higher panel-TMB is significantly associated with a poor OS for DLBCL patients (P < 0.05) where a panel of
13 genes was associated with poor OS, and another panel of 26 genes was correlated with a favorable OS for DLBCL
patients. Further subgroup analysis indicated that higher panel-TMB had shorter OS in DLBCL patients with younger
than 60 years, elevated LDH, greater than one extranodal involvement, stage ll/IV, an IPI score of 3-5, or HBsAg, anti-
HBc, or HBV-DNA negativity (P <0.05). Interestingly, the nomogram model constructed by panel-TMB, stage, and IP!
could individually and visually predict the 1-, 2- and 3-year OS rates of DLBCL patients.

Conclusions: We established GP69 for the evaluation of OS for Chinese DLBCL patients. panel-TMB might be a
potential predictor for prognostic stratification of DLBCL patients.
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to drug resistance or relapse, which is partially related
to the heterogeneity of DLBCL [4—7]. This heteroge-
neity is manifested at the clinical level and in the mor-
phology, genetics, and immunophenotype. However,
the current prognostic scoring system stratifies DLBCL
patients based on an international prognostic index
(IPI) of clinical level, including age, stage, performance
status (PS), serum lactate dehydrogenase (LDH) level,
and the amount of extranodal involvement [8-10]. In
fact, through next-generation sequencing (NGS) analy-
sis of DLBCL, mutations in a number of genes that play
a crucial role in tumor progression, maintenance, and
response to treatment have been discovered [1]. There-
fore, there is an urgent need for prognostic stratification
of DLBCL patients based on mutations to guide clinical
treatment.

Tumor mutation burden (TMB) is the number of
somatic mutations per megabase (Mb) of the genome in a
tumor, representing the instability in its genome. Tumors
with high TMB are more likely to induce neoantigens’
production, making them a target of activated immune
cells [11, 12]. Recent studies have shown that high TMB
measured by whole-exome sequencing (WES) is closely
related to higher response rates to ICB in cancers,
thereby predicting favorable clinical outcomes [13, 14].
However, because of the cost of whole-genome sequenc-
ing (WES), the timeliness and informatics challenges of
WES in the clinical setting, it is difficult to popularize in
clinical applications [15, 16]. Instead, it is now clinically
more common to use a smaller cancer gene panel (CGP)
for precise therapy, immunotherapy, and patients’ prog-
nostic stratification [15, 17, 18].

Hence, in this study, the previously reported lym-
phoma-related genes [19] overlapped with the WES data
in the Cancer Genome Atlas (TCGA) database, plus hot
spot mutation genes, 69 genes were obtained for devel-
oping a panel for TMB estimation (panel-TMB), which
could be used for overall survival (OS) analysis. We fur-
ther validated our findings using data from the TCGA
database.

Materials and methods

Patient samples

A total of 87 whole blood and tumor biopsies were col-
lected from patients newly diagnosed with DLBCL
at Guangdong Provincial People’s Hospital (GDPH)
between January 21, 2014, and July 15, 2019, for use with
targeted sequencing using the GP69 panel [20]. Clinical
characteristics including gender, age, immunophenotype,
LDH level, extranodal involvement, eastern cooperative
oncology group performance status (ECOG PS), Ann
Arbor stage, IPI score, double-hit and double-express
or lymphomas (DHL/DEL), hepatitis B surface antigen
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(HBsAg), antibody to hepatitis B core antigen (anti-
HBc), and hepatitis B virus DNA (HBV-DNA) status,
and treatment options data (Table 1). The last follow-up
was completed on May 20, 2020, and the median follow-
up time for the DLBCL patients was 435 days (range
5-1722 days). OS was defined as the time from diagno-
sis to death of any cause or last follow-up. The workflow
of data mining in the GDPH cohort was shown in Fig. 1.
This study was performed according to the Declaration of
Helsinki principles and approved by the Ethics Commit-
tee of Guangdong Provincial People’s Hospital. All par-
ticipants provided written informed consent.

Library construction

Tumor genomic DNA was extracted from whole blood
and tumor biopsies, and fragmented DNA was gener-
ated with a Bioruptor (Diagenode, Bioruptor UCD-200)
following the manufacturer’s protocol. Libraries were
constructed using the KAPA Hyper DNA Library Prep
Kit (KAPA Biosystem, KK8504). Finally, dual-indexed
sequencing libraries were PCR amplified with KAPA HiFi
Hot start-ready Mix (KAPA, KK2602) for 4-6 cycles,
and they were then cleaned up with purification Beads
(Corning, AxyPrep Fragment Select-I kit, 14223162). The
library concentration and quality were determined using
the Qubit 3.0 system (Invitrogen) and Bioanalyzer 2100
(Agilent, Agilent HS DNA Reagent, 5067-4627).

Hybrid selection and ultra-deep next-generation
sequencing

A 5'-biotinylated probe solution was used as capture
probes. The probes for targeted sequencing covered
exons and selected introns in 69 DLBCL-related genes
(Additional file 1: Table S1) in a cohort of 87 patients. A
total of 1 pg of each fragmented sequencing library was
mixed with 5 pug salmon sperm DNA, 5 pug human Cot-1
DNA, and lunit adaptor-specific blocker DNA in hybrid-
ization buffer and then heated for 10 min at 95 °C and
held for 5 min at 65 °C in a thermocycler. The capture
probes were added to the mixture in 5 min, and solution
hybridization was performed for 16—18 h at 65 °C. After
hybridization was complete, the captured targets were
selected by pulling down the biotinylated probe/target
hybrids using streptavidin-coated magnetic beads, and
the off-target library was removed using wash buffer. PCR
master mix was directly added to amplify (6—8 cycles)
the captured library from the washed beads. Afterward,
the samples were purified by AMPure XP beads, quanti-
fied by qPCR (Kapa), and sized with a bioanalyzer 2100
(Agilent, Agilent HS DNA Reagent, 5067-4627). Librar-
ies were normalized to 2.5 nM and then pooled. Finally,
the library was sequenced as paired 150 bp reads with
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Table 1 Clinical characteristics of DLBCL patients in the GDPH and TCGA datasets (n =124)

Variables GDPH dataset, n (%)° TCGA dataset, n (%)* P value

Number 87 37

Gender 0.528
Female 44 (50.6) 21 (56.8)
Male 43 (494) 16 (43.2)

Age, years 0.638
Younger than 60 51(58.6) 20 (54.1)
Older than 60 36 (41.4) 17 (45.9)

Immunophenotype NA
GCB 24(27.6) -
Non-GCB 46 (52.9) -
Unclassified 2(2.3) -
Unknown 15(17.2) -

Serum LDH level <0.001
Normal 31(35.6) 12 (324)
Elevated 56 (64.4) 12 (32.4)
Unknown 0(0.0) 13 (35.1)

Extranodal involvement <0.001
0-1 47 (54.0) 17 (45.9)
More than 1 40 (46.0) 10(27.0)
Unknown 0(0.0) 10 (27.0)

ECOG PS NA
0-1 66 (75.9) -
2.4 21(24.1) -

Ann Arbor stage <0.001
/1l 33(37.9) 21(56.8)
/v 54 (62.1) 11(29.7)
Unknown 0(0.0) 5(13.5)

IPI score NA
0-2 46 (52.9) -
3-5 41 (47.0) -

DHL/DEL - NA
Yes 30 (34.5) -
No 57 (65.5) -

HBsAg - NA
Positive 17 (19.5) -
Negative 70 (80.5) -

Anti-HBc - NA
Positive 18(20.7) -
Negative 69 (79.3) -

HBV-DNA - NA
Positive 10(11.5) -
Negative 77 (88.5) -

Treatment NA
R-CHOP 74 (85.1) -
BFM-90 1(11) -
Rituximab + Lenalidomide 7(8.0) -
Radiation 0(0) 6(16.2)
Unknown 5(5.7) 1(27)

2 Due to rounding, not all percentages total 100%
anti-HBc antibody to hepatitis B core antigen, BFM-90 Berlin—Frankfurt-Munster-90 regimen, DHL/DEL double-hit and double-expressor lymphomas, ECOG PS Eastern
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Table 1 (continued)
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Cooperative Oncology Group performance status, GDPH Guangdong Provincial People’s Hospital, GCB germinal center B cells, HBsAg hepatitis B surface antigen,
HBV-DNA hepatitis B virus DNA, IPl international prognostic index, LDH lactate dehydrogenase, NA not available, R-CHOP rituximab, cyclophosphamide, adriamycin,

vincristine, and prednisone
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Fig. 1 Workflow of study. A total of 87 DLBCL patients from our clinical center were designated as a GDPH cohort, and their whole blood and tumor
biopsies were obtained to isolate genomic deoxyribonucleic acid (DNA). Construction of DNA sequence library for exon sequencing and data
mining. Furthermore, the UCSC-XENA platform (https://xenabrowser.net/datapages/) was used to download the whole-exome sequencing data of
37 DLBCL patients in the Cancer Genome Atlas (TCGA) database for data analysis. The mutation frequency and type of a panel of 69 genes (GP69)
and the relationship between panel-tumor mutation burden (panel-TMB) calculated by GP69 and TMB estimated by whole-exome sequencing
(WTMB) and prognosis were investigated. GDPH, Guangdong Provincial People’s Hospital

an Illumina HiSeq 4000 according to the manufacturer’s
instructions.

Sequence alignment and processing

Base-calling was performed using bcl2fastq v2.16.0.10
(Ilumina, Inc.) to generate sequence reads in FASTQ for-
mat (Illumina 1.8+ encoding). Quality control (QC) was
performed with Trimmomatic. High-quality reads were
mapped to the human genome (hgl9, GRCh37 Genome
Reference Consortium Human Reference 37) using the
BWA aligner 0.7.12 with the BWA-MEM algorithm using
default parameters to create SAM files. Picard 1.119 was
used to convert SAM files to compressed BAM files,
which were then sorted according to chromosome coor-
dinates. The genome analysis tool kit (GATK, version 3.4-
0) was used to locally realign the BAM files at loci with
indel mismatches and recalibrate the base quality scores
of the reads in the BAM files.

SNV/indel/CNV detection

SNVs and short Indels were identified by VarScan2 2.3.9
with the minimum variant allele frequency threshold set
at 0.01 and the p-value threshold for calling variants set at
0.05 to generate variant call format (VCF) files. All SN'Vs/
indels were annotated with ANNOVAR, and each SNV/
indel was manually checked in the Integrative Genom-
ics Viewer (IGV). Copy number variations (CNVs) were
detected using in-house-developed software.

TCGA dataset

The non-synonymous mutation data of 37 de novo
DLBCL patients in the TCGA database (https://cance
rgenome.nih.gov/) were downloaded using the UCSC
XENA platform (https://xenabrowser.net/datapages/)
[21-23]. The Multiple Cancers (MC3) project was used
for the mutation calling of tumor exomes in this study.
Somatic mutations mainly included single nucleotide
variants (SN'Vs) and insertions/deletions (INDELs). The
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clinical information of the 37 DLBCL patients from the
TCGA database was listed in Table 1. The TCGA data-
base is publicly available; thus, approval from the local
ethics committee was not required.

Statistical analysis

All statistical analyses were conducted with SPSS (ver-
sion 22.0, IBM, Armonk, NY, USA) and R (version 3.6.1,
https://www.r-project.org/) as appropriate. The opti-
mal cut-off value for panel-TMB was determined using
maximally selected rank statistics in the "maxstat" R
package [24, 25], which was reflected in the "survminer”
package. The log-rank test was used to compare differ-
ences between Kaplan—Meier curves. The coefficients of
the univariate COX regression model were acquired by
SPSS 22.0 software. The Spearman method was applied
to obtain correlation coefficients between two groups
of quantitative variables. Differences in qualitative vari-
ables were compared by the chi-square test. A nomogram
model was constructed based on the previous study [26].
The "survRM2" package was used to determine restricted
mean survival time (RMST). A two-tailed P value <0.05
was considered statistically significant.

Results

The relationship between panel-TMB and tumor mutation
burden estimated by whole-exome sequencing (WTMB)

To evaluate whether panel-TMB can reflect wIMB, 37
DLBCL patients in the TCGA dataset were used to ana-
lyze the correlation between the two. As shown in Fig. 2a,

Page 5 of 11

non-synonymous mutations (NsMs) derived from whole-
exome sequencing and GP69 are relatively consistent in
DLBCL patients. Further, Spearman correlation analy-
sis found that panel-TMB and wIMB have a significant
positive correlation (R=0.76, P<0.0001, Fig. 2b). These
results indicated that the GP69 developed by us could
well represent the wIMB in DLBCL patients.

The landscape of DLBCL-GP69

To visualize the distribution of mutations in the 69
genes for DLBCL patients, we depicted the landscape of
DLBCL-GP69 in waterfall plots. Shown in Fig. 3a, b are
the variant classifications of the 69 genes in the GDPH
and TCGA datasets. We further analyzed genes with
mutation frequencies greater than 10% and found the
following ten genes in common in both the GDPH and
TCGA datasets: KMT2D, PIM1, MYDS88, B2M, FAT],
CD79B, TP53, CREBBP, MYC, and STAT3 (Fig. 3c¢).
Besides, the GP69 genes were distributed on 21 chromo-
somes (Fig. 3d).

Next, the biological processes (BPs) of the GP69 genes
were investigated. As shown in Additional file 2: Fig. S1,
GP69 was involved in eight BPs, including apoptosis/
cell proliferation, transcriptional regulation, cell cycle,
chromatin modification, immune response, B cell recep-
tor signaling pathway, JAK-STAT signaling pathway, and
cell migration regulation, and the number of genes in
each category was 26, 11, 7, 7, 6, 6, 4, and 2, respectively.
These results suggested that the GP69 genes are primar-
ily involved in important processes in tumor progression.
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Fig. 2 The relationship between panel-TMB and the tumor mutation burden estimated by whole-exome sequencing (WTMB) in the TCGA dataset.
a The distribution of NsMs was obtained by whole-exome sequencing (upper panel) and a 69-gene panel (lower panel) for 37 DLBCL patients. b
panel-TMB and wTMB demonstrated a significant positive correlation in 37 DLBCL patients. R, Spearman correlation coefficient
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80%, P =0.045) (Fig. 4a, left panel). This result was con-

firmed in the TCGA dataset (HR=5.38, 95% CI, 0.90 to

32.27; 3-year OS: 63% vs. 90%, P=0.039) (Fig. 4c, left
panel). Moreover, patients with higher panel-TMB had
a shorter RMST than those with low panel-TMB in the
GDPH dataset (3-year RMST, 790 (95% CI, 666 to 915)
vs. 984 (95% CI, 866 to 1102) days) (Fig. 4a, right panel).
This result was again confirmed in the TCGA data-
set (3-year RMST, 762 (95% CI, 460 to 1063) vs. 1041
(95% CI, 968 to 1114) days) (Fig. 4c, right panel). To
determine whether treatment options impact results in

Higher TMB estimated by a 69-gene panel (panel-TMB)

is associated with poor OS

To better assess the impact of panel-TMB on the OS
of patients with DLBCL, the optimal cut-off value
for panel-TMB was determined. The cut-off val-
ues for panel-TMB in the GDPH and TCGA datasets
were 4 and 9, respectively (Additional file 3: Fig. S2).
A Kaplan—-Meier curve demonstrated that DLBCL
patients with higher panel-TMB predicted poor OS in
the GDPH dataset (hazard ratio (HR)=3.30, 95% con-
fidence interval (CI), 0.95 to 11.44; 3-year OS 23% vs.
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Fig. 4 Overall survival (OS) analysis of tumor mutation burden as estimated by a 69-gene-panel (panel-TMB) in DLBCL patients. panel-TMB was
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restricted mean survival time (RMST) was determined by "survRM2" package in R (version 3.6.1, https://www.r-project.org/) (right panel). The
interaction of panel-TMB and treatment options in the GDPH (b) and TCGA (d) datasets

terms of panel-TMB vs. OS, we performed an interac-
tion analysis of panel-TMB and treatment options. The
results showed that even when patients received differ-
ent treatment options, high panel-TMB was still sig-
nificantly associated with poor OS of DLBCL patients
in both the GDPH and TCGA dataset (P=0.017,
P =0.003, respectively) (Fig. 4b, d).

We further explored which genes had a greater
contribution to OS for panel-TMB using a univari-
ate COX regression model. A total of 13 genes were
associated with poor OS (coefficient>0): FAS, BCL2,
CIITA, FOXO1, ROS1, SOCS1, CREBBP, PTEN, PAXS5,
TBL1XR1, MYD88, MYC, and PRDMI1. Additionally,
the following 26 genes were correlated with favorable OS
(coefficient<0): TNFAIP3, TNFRSF14, MEF2B, BCL10,
BTK, CCND3, KMT2C, WHSC1, FAT1, PLCG2, JAKS,
BRAF, DDX3X, STAT6, DTX1, KDR, ERBB4, ARID2,
SMARCA4, KMT2A, SPEN, NFKBIE, XPO1, INPP5D,
KDM®6A, and MTOR. Among these genes, the mutation
frequencies for MYD88, CREBBP, MYC, and FAT1 were
greater than 10% (Additional file 4: Fig. S3A, B). Notably,
we tried to streamline the gene number in the panel by
using these 39 prognosis-related genes in both the GDPH

and TCGA datasets. However, after reducing the number
of genes in the panel, the calculated panel-TMB had no
significant correlation with OS in both the GDPH and
TCGA datasets (P >0.05, Additional file 5: Fig. S4A, B).
Therefore, panel-TMB estimated from 69 genes might be
the minimal panel for OS analysis in this study.

Panel-TMB subgroup analysis

To investigate the correlation between panel-TMB and
clinical characteristics, we conducted a subgroup analy-
sis of the GDPH dataset. As shown in Fig. 5, among
DLBCL patients younger than 60 years, higher panel-
TMB was correlated with poor OS (HR>100, 95% CI,
0 to>100, P=0.035). When LDH levels were elevated,
DLBCL patients with higher panel-TMB had shorter OS
(HR=7.80, 95% ClI, 1.01 to 60.12, P=0.020). In patients
with greater than one extranodal involvement, higher
panel-TMB might predict poor OS for DLBCL patients
(HR=7.18, 95% CI, 0.92 to 56.25, P=0.028). When the
patients were at stage III/IV, there was a difference in sur-
vival according to the level of panel-TMB (HR =4.25, 95%
CI, 0.96 to 18.74, P=0.037). In patients with an IPI of
3-5, higher panel-TMB was significantly associated with
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Variables

GDPH dataset

HR (95% Cl)

> 60 years old

<60 years old
Elevated LDH
Normal LDH
Extranodal site: > 1
Extranodal site: 0-1
Ann Arbor stage IlI/IV
Ann Arbor stage I/1l
IPI: 3-5

IPI: 0-2

HBsAg (-)

HBsAg (+)
Anti-HBc (-)
Anti-HBc (+)
HBV-DNA (-)
HBV-DNA (+)

1.29 (0.31, 5.40)
>100 (0, >100)
7.80 (1.01, 60.12)
0.95 (0.16, 5.76)
7.18 (0.92, 56.25)
1.61(0.31, 8.42)
4.25 (0.96, 18.74)
0.62 (0.04, 9.99)
4.40 (0.97, 19.92)
2.39 (0.26, 21.69)
6.54 (0.85, 50.52)
1.31(0.18, 9.49)
4.18 (0.94, 18.58)
1.34 (0.12, 14.83)
8.77 (1.15, 66.78)
1.00 (0.06, 15.99)

Fig. 5 The effects of panel-TMB on OS in DLBCL patients of different ages, LDH levels, extranodal involvement, Ann Arbor stage, IPI, HBsAg,
anti-HBc, and HBV-DNA in the GDPH dataset. LDH, lactate dehydrogenase; IPI, international prognostic index; HBsAg, hepatitis B surface antigen;
anti-HBc, antibody to hepatitis B core antigen; HBV-DNA, hepatitis B virus DNA
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poor OS for DLBCL patients (HR=4.40, 95% CI, 0.97
to 19.92, P=0.035). Moreover, the prognostic impact of
panel-TMB for DLBCL patients with or without hepatitis
B virus infection was analyzed. In patients with current
(HBsAg or HBV-DNA positive) or past (anti-HBc) HBV
infection, higher panel-TMB did not predict worse sur-
vival. When HBsAg and anti-HBc were negative, higher
panel-TMB was associated with shorter OS (HR=6.54,
95% CI, 0.85 to 50.52, P=0.038, and HR=4.18, 95% CI,
0.94 to 18.58, P=0.041, respectively). Similarly, when the
patients were negative for HBV-DNA, higher panel-TMB
predicted shorter OS rates and survival time (HR=8.77,
95% CI, 1.15 to 66.78, P=0.011). However, the level of
panel-TMB was not significantly correlated with OS for
greater than 60 years of age, normal LDH, 0-1 extranodal
involvement, stage I/II, IPI 0-2, sex, GCB subtype, non-
GCB subtype, ECOG PS 0-1, ECOG PS 2—4, DHL/DEL,
non-DHL/non-DEL, or HBsAg, anti-HBc, or HBV-DNA
positivity (P> 0.05, Fig. 5 and Additional file 6: Fig. S5).

Construction of nomogram model
To visually and personally predict the OS rate of DLBCL
patients, clinical information was used to construct the

nomogram model. Kaplan-Meier curves showed that
compared with stage I/II, stage III/IV was associated
with poor OS of patients (P=0.025, Additional file 7:
Fig. S6). Similarly, a high IPI score predicted poor OS of
DLBCL (P=0.021, Additional file 7: Fig. S6). However,
gender, age, LDH, extranodal involvement, ECOG PS,
subtype, DHL/DEL, HBsAg, anti-HBc, or HBV-DNA was
not significantly correlated with OS (P >0.05, Additional
file 7: Fig. S6). Thus, panel-TMB, stage, and IPI were
used to construct a nomogram model for predicting 1-,
2- and 3-year OS rates of DLBCL patients (Fig. 6a), and
the detailed points and OS rates were shown in Addi-
tional file 8: Table S2. Then, the time-dependent receiver
operating characteristic (ROC) curve suggested that the
nomogram model constructed by panel-TMB, stage,
and IPI had a good performance (area under the curve
(AUC)=0.723) (Fig. 6b upper panel). Moreover, the cali-
bration curve indicated that the OS rate predicted by the
nomogram was in line with the actual OS rate (Fig. 6b
bottom panel).
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Fig. 6 Construction of nomogram model in the GDPH dataset. a A combination of panel-TMB, Ann Arbor stage, and IPI visualized and personalized
the OS rate of DLBCL patients. After the nomogram assigned a point for panel-TMB, stage, and IPI of each patient, the total points could be obtained
to predict patients’ OS rates. b The time-dependent receiver operating characteristic (ROC) (upper panel) and the calibration (bottom panel) curves
were used to evaluate the performance of the nomogram model. AUC, the area under a curve

Discussion

To develop an OS prediction system for Chinese DLBCL
patients, in this study, we developed the GP69 panel,
which includes genes distributed on 21 chromosomes
that are mainly involved in tumor progression. Excit-
ingly, we found a significant positive correlation between
the panel-TMB measured by GP69 and the wITMB
assessed by WES. These results suggest that the panel-
TMB estimated by 69 genes involved in important BPs
could replace wIMB in evaluating OS and represent
the genomic instability in DLBCL patients. These find-
ings are in accordance with studies in which CGPs were
developed to replace WES to estimate TMB in cancer
patients [27, 28].

To investigate the clinical significance of the panel-
TMB estimated by GP69, we performed survival analysis
of DLBCL patients. Firstly, we found that higher panel-
TMB was significantly associated with a poor OS for
DLBCL patients. Secondary, the nomogram model con-
structed by panel-TMB, stage, and IPI could individu-
ally and visually predict the 1-, 2- and 3-year OS rates of
DLBCL. Interestingly, a previous study confirmed that
higher TMB as estimated by a CGP is associated with a
favorable prognosis and predicts the clinical benefits of

ICB therapy [15, 29]. Moreover, in the absence of check-
point inhibitor treatment, cancer patients with higher
TMB tend to have adverse outcomes [30], which is con-
sistent with our findings, thus, it may also indicate that
higher panel-TMB might be an adverse prognostic fac-
tor for DLBCL. To elucidate the factors that interact
with TMB, we further stratified patients based on tumor
burden-related clinical parameters, including extranodal
involvement, LDH, IPI, and stage, and the results dem-
onstrate that in cases with higher tumor burden, more
extranodal involvement sites, elevated LDH, advanced
stage, higher IPI score, and higher mutation burden
might be worse for the prognosis of these subsets of
cases, indicating that mutation burden and tumor burden
act as doubly impaired factors for survival. HBV-infection
contributes to mutagenesis and is associated with poor
prognosis for DLBCL patients [31, 32]; thus, we stratified
cases based on HBV-infection. In HBV-infected patients,
higher panel-TMB had no impact on survival, suggest-
ing that HBV might act as an adverse factor but had no
effect on the mutation burden induced by the virus. Stud-
ies have shown that TMB is significantly positively cor-
related with age in solid tumors, especially in patients
with over 60 years of age [33]. However, little is known
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the prognostic importance between TMB in patients
with age in DLBCL patients, in this study, we showed
that higher panel-TMB was associated with a poor OS for
younger than 60, while the level of panel-TMB was not
significantly correlated with OS for greater than 60 years
of age. The difference may be related to the characteristic
of the malignancies, particularly the disorder in immune
system.

To further shorten the gene panel, we used univari-
ate COX regression to analyze the contribution of the
NsMs of the 69 genes to OS in panel-TMB. We found
that a panel of 13 genes was associated with poor OS, and
another panel of 26 genes was correlated with the favora-
ble OS, indicating that mutations in these 39 genes could
be used to calculate panel-TMB and conduct prognos-
tic stratification of DLBCL patients. MYD88, CREBBP,
MYC, and FAT1 particularly attracted our attention
because, in addition to their greater contribution to OS,
their mutation frequency was greater than 10%. Studies
have shown that MYD88, CREBBP, and MYC mutations
play a vital role in regulating apoptosis/cell proliferation
and transcription and predict adverse clinical outcomes
in DLBCL patients [34—36], which is consistent with our
results. Besides, a previous study has suggested that FAT1
is a tumor suppressor or has carcinogenic effects and
participates in the regulation of cell metastasis [37], but
this study demonstrates that FAT1 mutation contributes
to the favorable OS for DLBCL patients. These results
indicate that the NsMs in MYD88, CREBBP, MYC, and
FAT1 significantly contribute to panel-TMB and prog-
nostic stratification of DLBCL patients.

The limitation in this study is that the sample size may
make panel-TMB statistically biased in predicting the OS
of DLBCL patients. Moreover, we have not conducted
clinical trials to evaluate the immune response of DLBCL
patients to ICB using panel-TMB. To better describe the
clinical value of panel-TMB in DLBCL patients, further
investigation is needed.

Conclusions

Herein, we reveal for the first time that the panel-TMB
measured by GP69 could replace wIMB, and higher
panel-TMB is associated with a poor OS for younger than
60, elevated LDH, greater than one extranodal involve-
ment, stage III/IV, IPI score 3-5, and HBsAg, anti-HBc,
or HBV-DNA negativity. Furthermore, nomogram con-
structed by panel-TMB, stage, and IPI could individually
and visually predict the OS rates of DLBCL. Panel-TMB
might be a potential predictor for the prognostic stratifi-
cation of Chinese DLBCL patients.

Page 10 of 11

Abbreviations

Anti-HBc: Antibody to hepatitis B core antigen; CGP: Cancer gene panels;
DLBCL: Diffuse large B-cell ymphoma; GP69: A panel of 69 genes; DHL/DEL:
Double-hit: and double-expressor lymphomas; ECOG PS: Eastern Cooperative
Oncology Group performance status; GCB: Germinal center B cells; HBsAg:
Hepatitis B surface antigen; HBV-DNA: Hepatitis B virus DNA; IPI: International
prognostic index; ICB: Immune checkpoint blockade; LDH: Lactate dehydro-
genase; NGS: Next-generation sequencing; OS: Overall survival; panel-TMB:
The tumor mutation burden calculated by a panel of 69 DLBCL-associated
genes; TCGA: The Cancer Genome Atlas; TMB: Tumor mutation burden; WES:
Whole-exome sequencing; wTMB: The tumor mutation burden calculated by
whole-exome sequencing.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540164-021-00215-4.

Additional file 1: Table S1. The description of 69 DLBCl-associated
genes.

Additional file 2: Fig. S1. The biological processes (BPs) of the 69 genes
in the panel were obtained from the Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID, https://david.ncifcrfgov/). The
area of each BP in the mosaic represents the number of genes, where the
larger the area, the greater the number of genes.

Additional file 3: Fig. S2. The optimal cut-off values for panel-TMB in the
GDPH (A) and TCGA (B) datasets.

Additional file 4: Fig. S3. Groups of genes with a coefficient > 0 or
coefficient < 0 in univariate COX regression analysis in the GDPH and
TCGA datasets. The histogram shows the number of overlapping genes
(left panel). The circos plot shows the groups of overlapping genes (right
panel). Genes with red color have a mutation frequency greater than 10%.

Additional file 5: Fig. S4. Kaplan-Meier survival analysis of panel-TMB
calculated by 39 genes identified as prognosis-related genes in both
the GDPH (A) and TCGA (B) datasets. The optimal cut-off values were
obtained (left panel). Kaplan-Meier curves were plotted (right panel).

Additional file 6: Fig. S5. Subgroup analysis of panel-TMB in DLBCL
patients of different genders, subtype, ECOG PS, and DHL/DEL. ECOG
PS, Eastern Cooperative Oncology Group performance status; DHL/DEL,
double-hit, and double-expressor lymphomas.

Additional file 7: Fig. S6. Kaplan—-Meier survival analysis by the Ann
Arbor stage classification, IPI score, gender, age, LDH, extranodal involve-
ment, ECOG PS, subtype, DHL/DEL, HBsAg, anti-HBc, and HBV-DNA,
respectively.

Additional file 8: Table S2. Points and OS rates in nomogram model.

Authors’ contributions

CTC interpreted the data and wrote the manuscript. SCL, XMJ, and LH col-
lected the clinical information and helped to write the manuscript. FLC, XJW,
and HGG collected and interpreted the clinical data. YS provided sequenc-
ing services, subsequent analyses, and manuscript revision. WYL diagnosed
and treated the patients and provided clinical information. YOL contributed
to the concept development, study design and edited the manuscript. All
authors read and approved the final manuscript.

Funding

This work was supported by grants from the Guangdong Science and Tech-
nology Project (No. 2020A0505100042) and the major program of Summit
Project, Guangdong Province High-level Hospital Construction Project of
Guangdong Provincial People’s Hospital, Guangdong Academy of Medical
Sciences (DFJH2020025).

Availability of data and materials
The TCGA-DLBCL data in this study were acquired using the UCSC XENA plat-
form (https://xenabrowser.net/datapages/). The data that support the findings



https://doi.org/10.1186/s40164-021-00215-4
https://doi.org/10.1186/s40164-021-00215-4
https://david.ncifcrf.gov/
https://xenabrowser.net/datapages/

Chen et al. Exp Hematol Oncol (2021) 10:20

of this study are available from the corresponding author upon reasonable
request.

Declarations

Ethics approval and consent to participate

This study was performed according to the Declaration of Helsinki principles
and approved by the Ethics Committee of Guangdong Provincial People’s
Hospital. All participants provided written informed consent.

Consent for publication
All authors agreed to publish.

Competing interests
The authors declare that they have no competing interests.

Author details

! Institute of Hematology, School of Medicine, Key Laboratory for Regenera-
tive Medicine of Ministry of Education, Jinan University, Guangzhou, China.

2 Department of Lymphoma, Guangdong Provincial People’s Hospital,
Guangdong Academy of Medical Sciences, School of Medicine, South China
University of Technology, Guangzhou, China. > Nanjing Geneseq Technology
Inc, Nanjing, Jiangsu, China. * School of Public Health, Nanjing Medical Univer-
sity, Nanjing, Jiangsu, China.

Received: 24 January 2021 Accepted: 8 March 2021
Published online: 15 March 2021

References

1. Pasqualucci L, Dalla-Favera R. Genetics of diffuse large B-cell lymphoma.
Blood. 2018;131(21):2307-19.

2. Mal Yan Z Zhang J, et al. A genetic predictive model for precision treat-
ment of diffuse large B-cell lymphoma with early progression. Biomark
Res. 2020;8:33.

3. Sehn Laurie H, Salles G. Diffuse large B-cell lymphoma. N Engl J Med.
2021,384(9):842-58.

4. Coiffier B, Thieblemont C,Van Den Neste E, et al. Long-term outcome of
patients in the LNH-98.5 trial, the first randomized study comparing rituximab-
CHOP to standard CHOP chemotherapy in DLBCL patients: a study by the
Groupe d'Etudes des Lymphomes de 'Adulte. Blood. 2010;116(12):2040-5.

5. Juskevicius D, Dirnhofer S, Tzankov A. Genetic background and
evolution of relapses in aggressive B-cell lymphomas. Haematologica.
2017;102(7):1139-49.

6. Van Den Neste E, Schmitz N, Mounier N, et al. Outcome of patients with
relapsed diffuse large B-cell lymphoma who fail second-line salvage regimens
in the International CORAL study. Bone Marrow Transplant. 2016;51(1):51-7.

7. LiuW, Liu J, Song, et al. Mortality of lymphoma and myeloma in China,
2004-2017: an observational study. J Hematol Oncol. 2019;12(1):22.

8. Zhou Z, Sehn LH, Rademaker AW, et al. An enhanced International Prog-
nostic Index (NCCN-IPI) for patients with diffuse large B-cell ymphoma
treated in the rituximab era. Blood. 2014;123(6):837-42.

9. Ziepert M, Hasenclever D, Kuhnt E, et al. Standard International prog-
nostic index remains a valid predictor of outcome for patients with
aggressive CD20+ B-cell lymphoma in the rituximab era. J Clin Oncol.
2010;28(14):2373-80.

10. Rawson JL, Fagan FM, Burrough GC, et al. Intensive care unit outcomes in
patients with hematological malignancy. Blood Sci. 2020;2(1):33-7.

11. Chalmers ZR, Connelly CF, Fabrizio D, et al. Analysis of 100,000 human
cancer genomes reveals the landscape of tumor mutational burden.
Genome Med. 2017;9(1):34.

12. ChenY,Wang, Luo H, et al. The frequency and inter-relationship of
PD-L1 expression and tumour mutational burden across multiple types
of advanced solid tumours in China. Exp Hematol Oncol. 2020,9:17.

13. WuY, Xu J, Xu J, et al. The predictive value of tumor mutation burden for
immune checkpoint inhibitors therapy in non-small cell lung cancer is
affected by patients'age. Biomark Res. 2020;8:9.

14. Tang B, Yan X, Sheng X, et al. Safety and clinical activity with an anti-PD-1
antibody JS001 in advanced melanoma or urologic cancer patients. J
Hematol Oncol. 2019;12(1):7.

Page 11 of 11

15. Johnson DB, Frampton GM, Rioth MJ, et al. Targeted next generation
sequencing identifies markers of response to PD-1 blockade. Cancer
Immunol Res. 2016;4(11):959-67.

16. ParadisoV, Garofoli A, Tosti N, et al. Diagnostic targeted sequencing
panel for hepatocellular carcinoma genomic screening. J Mol Diagn.
2018;20(6):836-48.

17. LiY,Jiang W, LiT, et al. Identification of a small mutation panel of coding
sequences to predict the efficacy of immunotherapy for lung adenocarci-
noma. J Transl Med. 2020;18(1):25.

18. Kim J, Kim B, Kang SY, et al. Tumor mutational burden determined by
panel sequencing predicts survival after immunotherapy in patients with
advanced gastric cancer. Front Oncol. 2020;10:314.

19. ChenF, Pang D, Guo H, et al. Clinicopathological characteristics and
mutational profiling of adult T-cell lymphoblastic lymphoma in a Chinese
population. Cancer Manag Res. 2020;12:3003-12.

20. Sun P, Chen C, Xia, et al. Mutation profiling of malignant lymphoma
by next-generation sequencing of circulating cell-free DNA. J Cancer.
2019;10(2):323-31.

21. Chen CC, Liang CF, Wang SQ, et al. Expression patterns of immune check-
points in acute myeloid leukemia. J Hematol Oncol. 2020;13(1):28.

22. DongB,YiM, Luo S, et al. RDGN-based predictive model for the prognosis
of breast cancer. Exp Hematol Oncol. 2020;9:13.

23. Yun D, Jin Fengyan Wu, Weij, et al. Cell cycle regulation and hematologic
malignancies. Blood Sci. 2019;1(1):34-43.

24. Seckinger A, Meissner T, Moreaux J, et al. Clinical and prognostic role of
annexin A2 in multiple myeloma. Blood. 2012;120(5):1087-94.

25. Delgado J, Pereira A, Villamor N, et al. Survival analysis in hemato-
logic malignancies: recommendations for clinicians. Haematologica.
2014;99(9):1410-20.

26. Wang PP, Liu SH, Chen CT, et al. Circulating tumor cells as a new predic-
tive and prognostic factor in patients with small cell lung cancer. J
Cancer. 2020;11(8):2113-22.

27. Wang Z, Duan J, Cai S, et al. Assessment of blood tumor mutational
burden as a potential biomarker for immunotherapy in patients with
non-small cell lung cancer with use of a next-generation sequencing
cancer gene panel. JAMA Oncol. 2019;5(5):696-702.

28. Zhuang W, Ma J, Chen X, et al. The tumor mutational burden of chinese
advanced cancer patients estimated by a 381-cancer-gene panel. J
Cancer. 2018;9(13):2302-7.

29. Talvitie EM, Vilhonen H, Kurki S, et al. High tumor mutation burden
predicts favorable outcome among patients with aggressive histological
subtypes of lung adenocarcinoma: A population-based single-institution
study. Neoplasia. 2020;22(9):333-42.

30. Bevins N, Sun S, Gaieb Z, et al. Comparison of commonly used solid
tumor targeted gene sequencing panels for estimating tumor mutation
burden shows analytical and prognostic concordance within the cancer
genome atlas cohort. J Immunother Cancer. 2020;8:1.

31. DengL, Song Y, Young KH, et al. Hepatitis B virus-associated diffuse large
B-cell lymphoma: unique clinical features, poor outcome, and hepatitis B
surface antigen-driven origin. Oncotarget. 2015;6(28):25061-73.

32. RenW,Ye X, Su H, et al. Genetic landscape of hepatitis B virus-associated
diffuse large B-cell lymphoma. Blood. 2018;131(24):2670-81.

33. YuZ WangJ, Feng LX, et al. Association of tumor mutational burden with
age in solid tumors. J Clin Oncol. 2020;38(15):e13590.

34. Savage KJ, Johnson NA, Ben-Neriah S, et al. MYC gene rearrange-
ments are associated with a poor prognosis in diffuse large B-cell
lymphoma patients treated with R-CHOP chemotherapy. Blood.
2009;114(17):3533-7.

35. Vermaat JS, Somers SF, de Wreede LC, et al. MYD88 mutations identify a
molecular subgroup of diffuse large B-cell lymphoma with an unfavora-
ble prognosis. Haematologica. 2020;105(2):424-34.

36. Zhao H, KanY, Wang X, et al. Genetic polymorphism and transcriptional
regulation of CREBBP gene in patient with diffuse large B-cell lymphoma.
Biosci Rep. 2019;39:8.

37. LiuY,Gonzalez Y, Amengual JE. Chromatin-remodeled state in lymphoma.
Curr Hematol Malig Rep. 2019;14(5):439-50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Tumor mutation burden estimated by a 69-gene-panel is associated with overall survival in patients with diffuse large B-cell lymphoma
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Patient samples
	Library construction
	Hybrid selection and ultra-deep next-generation sequencing
	Sequence alignment and processing
	SNVindelCNV detection
	TCGA dataset
	Statistical analysis

	Results
	The relationship between panel-TMB and tumor mutation burden estimated by whole-exome sequencing (wTMB)
	The landscape of DLBCL-GP69
	Higher TMB estimated by a 69-gene panel (panel-TMB) is associated with poor OS
	Panel-TMB subgroup analysis
	Construction of nomogram model

	Discussion
	Conclusions
	References




