
Frontiers in Immunology | www.frontiersin.

Edited by:
Rachel Maurie Gerstein,

University of Massachusetts Medical
School, United States

Reviewed by:
Reuben Matthew Tooze,

University of Leeds, United Kingdom
Michael Green,

University of Texas MD Anderson
Cancer Center, United States

*Correspondence:
Weili Zhao

zhao.weili@yahoo.com
Pengpeng Xu

pengpeng_xu@126.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Cancer Immunity
and Immunotherapy,

a section of the journal
Frontiers in Immunology

Received: 23 December 2021
Accepted: 24 February 2022
Published: 25 March 2022

Citation:
Zhu Y, Fu D, Shi Q, Shi Z, Dong L,
Yi H, Liu Z, Feng Y, Liu Q, Fang H,

Cheng S, Wang L, Tian Q, Xu P and
Zhao W (2022) Oncogenic Mutations

and Tumor Microenvironment
Alterations of Older Patients With
Diffuse Large B-Cell Lymphoma.

Front. Immunol. 13:842439.
doi: 10.3389/fimmu.2022.842439

ORIGINAL RESEARCH
published: 25 March 2022

doi: 10.3389/fimmu.2022.842439
Oncogenic Mutations and Tumor
Microenvironment Alterations of
Older Patients With Diffuse Large
B-Cell Lymphoma
Yue Zhu1†, Di Fu1†, Qing Shi1†, Ziyang Shi1†, Lei Dong2, Hongmei Yi2, Zhenhua Liu3,
Yan Feng4, Qian Liu4, Hai Fang1, Shu Cheng1, Li Wang1,5, Qiang Tian1,
Pengpeng Xu1* and Weili Zhao1,5*

1 Shanghai Institute of Hematology, State Key Laboratory of Medical Genomics, National Research Center for Translational
Medicine at Shanghai, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China, 2 Department of
Pathology, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China, 3 Department of Ultrasound,
Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China, 4 State Key Laboratory of Microbial
Metabolism, School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, Shanghai, China, 5 Laboratory of
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The incidence of diffuse large B-cell lymphoma (DLBCL) increases by age and older
DLBCL are commonly related to poor prognosis. However, the clinical and biological
features of older DLBCL patients remain to be determined. A total of 2,445 patients with
newly diagnosed DLBCL were enrolled for clinical data analysis according to age at
diagnosis, with tumor samples of 1,150 patients assessed by DNA sequencing and 385
patients by RNA sequencing. Older DLBCL presented advanced disease stage, elevated
serum lactate dehydrogenase, poor performance status, multiple extranodal involvement,
high percentage of double expressor subtype, and adverse clinical outcome. According to
molecular features, age was positively correlated with the oncogenic mutations of PIM1,
MYD88, BTG2, CD79B, TET2, BTG1, CREBBP, TBL1XR1, and with the MYD88-like
genetic subtype. These oncogenic mutations were involved in B-cell receptor/NF-kB
signaling, B-cell differentiation, and histone acetylation based on biological functions.
Older DLBCL also manifested reduction in CD4+ naïve T and CD8+ naïve T cells, and also
increased recruitment of exhausted T cells and macrophages, leading to
immunosuppressive tumor microenvironment. Our work thus contributes to the
understanding of aging-related oncogenic mutations and tumor microenvironment
alterations in lymphoma progression, and may provide new insights to mechanism-
based targeted therapy in DLBCL.
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INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is the most common
aggressive non-Hodgkin lymphoma, with the incidence
increased by age. Age >60 at diagnosis is an important risk
factor of the International Prognostic Index (IPI), indicating
unfavorable clinical outcomes of patients treated by rituximab in
combination with cyclophosphamide, doxorubicin, vincristine,
and prednisone (R-CHOP) (1). More recently, the National
Comprehensive Cancer Network database (NCCN)-IPI has
further categorized DLBCL patients into 4 age groups (≤40
years, 41–60 years, 61–75 years, and >75 years) with increasing
hazard ratio for inferior overall survival (2). As older DLBCL
often present poor baseline health status and intolerance to
immunochemotherapy, personalized therapy for older patients
remain unmet clinical needs, which may rely on specific
molecular features associated with age, especially oncogenic
mutations and tumor microenvironment.

As reported, somatic mutations accumulate with age and may
be related to tumor progression (3). In DLBCL, MYD88, PIM1,
and CD79B mutations were more frequently observed in older
patients (4, 5). Although less often occurred in lymphoid
malignancies, TET2 mutations were reported as age-related in
other hematological malignancies (6, 7). In addition,
immunosenescence contributes to reduced functioning of the
immune system with aging (8). As an important feature of
immunosenescence, the output of naïve T cells decreases after
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thymic involution, thereby altering the distribution of CD4+ and
CD8+ naïve T cells in peripheral blood and immune organ (9).
Within the tumors, T-cell exhaustion is regulated by
immunosuppressive cytokines such as IL-10, and immune cells
like macrophages, manifested by loss of effector functions and
overexpression of inhibitory receptors like programmed cell
death protein-1 (PD-1) (10). Particularly, immunosuppressive
M2 macrophages accumulate in older lymphoid tissues and
regulate T-cell functions by secreting immunosuppressive
cytokines and expressing ligands to inhibitory receptors, and
promoting tumor growth and metastasis (11). However, the
clinical and biological features of older DLBCL patients remain
to be determined.

In this study, we investigated the clinical characteristics and
prognostic significance linked to age at diagnosis in a large
cohort of 2,445 patients with newly diagnosed DLBCL, and
performed genomic and transcriptomic analyses to illustrate
the oncogenic mutations and tumor microenvironment
alterations associated with older patients.
METHODS

Patients
A flow chart is outlined in Figure 1 to summarize the patient
selection. From September 2002 to April 2021, a total of 2,445
patients with newly diagnosed DLBCL were included, with the last
FIGURE 1 | Flow chart of the patient selection and methods. DLBCL, diffuse large B-cell lymphoma; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine
and prednisone; WGS, whole genome sequencing; WES, whole exome sequencing.
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follow-up through August 31, 2021. Histological diagnosis was
established based on the World Health Organization (WHO)
classification reviewed by two experienced pathologists, LD and
HY (12). Survival analysis was performed on 1,896 patients
receiving R-CHOP-based immunochemotherapy. DNA and
RNA sequencing were performed on 1,150 and 385 patients
with available tumor and blood samples, respectively, for
detection of genetic aberrations, tumor microenvironmental
analysis, and gene set enrichment analysis (GSEA). This study
was approved by the Shanghai Rui Jin Hospital Review Board with
informed consent obtained in accordance with the Declaration
of Helsinki.

DNA Sequencing
DNA sequencing of 340 patients by whole-genome sequencing
(WGS, n = 117) and whole-exome sequencing (WES, n = 223)
were performed on available frozen or quality controlled FFPE
tumor samples, as reported by our previous studies, along with
detailed procedures for DNA sequencing (13–15). Targeted
sequencing of 55 lymphoma associated genes were performed
among 810 patients with available FFPE tumor samples based on
the criteria as previously described (13–15). The mean depth of
samples sequenced by WES and WGS was 120.25× (range 50–
200×), with an average 97.65% (range 82.64–99.06%) of the target
sequence being covered sufficiently deep for variant calling (≥10×
coverage). The mean depth of samples sequenced by targeted
sequencing was 1,351× (range 505–3,224×), with an average
88.57% (range 59.56–98.26%) of the target sequence being
covered sufficiently deep for variant calling (200× coverage).
Single nucleotide variations (SNVs) and indels were called by
Genome Analysis Toolkit (GATK, v3.4) Haplotype Caller, and
GATK Unified Genotyper and mapped to the genome location
using the UCSC Genome Browser (http://genome.ucsc.edu) for
annotation. The filtration of SNVs and indels was carried out by
homemade pipeline with the software mentioned above. Variant
allele frequency of mutations included should be over 5%.
Mutations were filtered according to the rules listed below.
Mutations were preserved if they met the following conditions:
1) sites reported as somatic mutations in our previous studies (13–
15); 2) sites verified as somatic mutations by sequencing on paired
blood samples; 3) sites commonly considered as hotspot mutations
like MYD88L265P; 4) sites categorized into tier I and II variants
according to the Guideline for Evidence-Based Categorization of
Somatic Variants (16); 5) sites not included in the SNP database, or
related to hematological malignancies (N >5) as reported in the
COSMIC (the Catalogue of Somatic Mutat ions in
Cancer). Mutations were excluded if they met the following
conditions: 1) sites verified as germline mutations by sequencing
on paired blood samples; 2) sites categorized into tier IV variants
according to the Guideline for Evidence-Based Categorization of
Somatic Variants; and 3) sites with extraordinarily high
frequencies but never reported in previous studies. The mutation
data among the 55 genes are listed in Supplementary Table 1.
Clinical and pathological features of patients with
WGS/WES/targeted sequencing data are shown in Supplementary
Table 2. No statistically significant difference was found in the
frequencies of mutations detected by WGS/WES/targeted
Frontiers in Immunology | www.frontiersin.org 3
sequencing called in the components of the cohort after
balancing the baseline of clinical and pathological characteristics
using propensity score matching, except DDX3X (Supplementary
Tables 3, 4).

Based on the Gene Ontology database, 55 mutated genes were
assigned to biological processes, namely, chromatin
organization, immune response, cell-cycle/p53, and also
oncogenic signaling pathways B-cell receptor (BCR)/NF-kB,
JAK-STAT, PI3K-AKT, and Wnt. The list of genes involved in
biological function is shown in Supplementary Table 5.

RNA Sequencing, ImmuCellAI Analysis
and GSEA Analysis
RNA sequencing was performed on 385 patients with available
frozen tumor samples. A total of 361 patients of them were from
our previous studies (13–15) and 24 patients were newly
analyzed, namely, 98 patients with WGS, 98 with WES, and
189 with targeted sequencing data, respectively. Clinical and
pathological features of patients with RNA sequencing data are
shown in Supplementary Tables 6–8. RNA was extracted by
Trizol and an RNeasy Mini Kit (Qiagen) from available qualified
frozen tumor samples of 385 patients. RNA was purified by Ribo-
Zero rRNA Removal Kits (Illumina). RNA concentration was
assessed on NanoDrop and integrity by an Agilent 2100
Bioanalyzer. RNA libraries were generated with a TruSeq RNA
Library Preparation Kit (Illumina) based on instructions of the
manufacturer. The concentration and the quality of RNA
libraries were controlled by Qubit and BioAnalyzer 2100
system. Paired-end sequencing was performed on Illumina
HiSeq sequencer following Illumina-provided protocols. The
read pairs were aligned to Refseq hg19 through Burrows‐
Wheeler Aligner version 0.7.13‐r1126. The transcript counts
table files were generated by the HTSeq (17). Potential false
positive results were excluded by visual inspection. R package
“sva” was applied to remove batch effect by r 4.0.3. The
expressional data related are shown in Supplementary
Table 9. Cell of origin classification based on gene expression
was performed using Lymph2Cx assay (18). Based on raw counts
data of RNA sequencing, the infiltration of immune cells
including 24 immune cell types were estimated by ImmuCellAI
algorithm, a website tool (http://bioinfo.life.hust.edu.cn/web/
ImmuCellAI/) (19). Pathway enrichment analysis was
performed using GSEA v4.0.1 software as recommended by the
GSEA team (http://www.broadinstitute.org/gsea). Pathways were
considered of statistical significance with a P-value <0.05 and a
false discovery rate <0.25.

Immunohistochemistry
Immunohistochemistry was performed on paraffin sections
using antibodies against CD10, BCL6, MUM1, BCL2, and
MYC by indirect immunoperoxidase method. Germinal center
B-cell-like (GCB) and non-GCB phenotypes were determined
with 30% cutoff values of CD10, BCL6, and MUM1, according to
Han’s algorithm (20). BCL2/MYC double-expressors were
defined by BCL-2 and MYC with cutoff values of 50 and 40%,
respectively (12).
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Fluorescence In-Situ Hybridization
Fluorescence in-situ hybridization of BCL2, BCL6, and
MYC rearrangements was performed on paraffin sections with
10% cutoff values. The results in detail are listed in
Supplementary Table 10.

Molecular Classification
DLBCL genotypes were identified as described by Lacy et al.
using the 47 genes available among 1,150 patients with DNA
sequencing data (R code version, https://github.com/ecsg-uoy/
DLBCLGenomicSubtyping) (21).

Statistical Analysis
Pearson’s c2 test or Fisher’s exact test was used to analyze
baseline characteristics of patients. Progression-free survival
(PFS) was calculated from the date of diagnosis to the date
when disease progression or relapse was recognized or the date of
last follow-up. Overall survival (OS) was measured from the date
of diagnosis to the date of death or the date of last follow-up.
Survival functions were analyzed using the Kaplan–Meier
method and compared by the log-rank test. Univariate hazard
was analyzed using the Cox regression method and the
significant variables were then kept in multivariate set.
Normalized gene expression in two groups was analyzed using
Frontiers in Immunology | www.frontiersin.org 4
Mann–Whitney U test. All statistical analysis was performed by
Statistical Package for the Social Sciences (SPSS) 26.0 software.
All tests were two-sided, with statistical significance defined as
P <0.05.
RESULTS

Clinical and Pathological Characteristics
of DLBCL Patients Based on Age at
Diagnosis
Among 2,445 patients with newly diagnosed DLBCL, 1,140
patients were >60 years old and 1,305 patients were ≤60 years
old at diagnosis. The clinical characteristics of the patients are
listed in Table 1. Patients diagnosed at age >60 years were
associated with advanced Ann Arbor stage (P <0.001), elevated
serum lactate dehydrogenase (LDH) (P <0.001), poor
performance status (P <0.001), multiple extranodal involvement
(P = 0.001), high percentage of double expressor subtype (P =
0.012), as compared to those at age ≤60 years. No significant
difference was observed between the two age groups, according to
gender, cell of origin (Hans), cell of origin (Lymph2Cx), or double/
triple-hit.
TABLE 1 | Clinical and pathological characteristics of DLBCL patients (n = 2,445).

Characteristics Age P-value

≤60 y (n = 1,305) >60 y (n = 1,140)

Gender 0.500
Male 708 (54.25%) 634 (55.61%)
Female 597 (45.75%) 506 (44.39%)

Ann Arbor stage <0.001
I–II 694 (53.18%) 516 (45.26%)
III–IV 611 (46.82%) 624 (54.74%)

LDH <0.001
Normal 722 (55.33%) 533 (46.75%)
Elevated 583 (44.67%) 607 (53.25%)

ECOG score <0.001
0–1 1,179 (90.34%) 949 (83.25%)
≥2 126 (9.66%) 191 (16.75%)

Extranodal involvement 0.001
0–1 993 (76.09%) 797 (69.91%)
≥2 312 (23.91%) 343 (30.09%)

Cell of origin (Hans) 0.199
GCB 395/999 (39.54%) 342/932 (36.70%)
Non-GCB 604/999 (60.46%) 590/932 (63.30%)

cell-of-origin (Lymph2Cx)
ABC 94/202 (46.53%) 98/183 (53.55%) 0.129
GCB 65/202 (32.18%) 42/183 (22.95%)
unclassified 43/202 (21.29%) 43/183 (23.50%)

Double expressor 0.012
Yes 180/785 (22.93%) 201/702 (28.63%)
No 605/785 (77.07%) 501/702 (71.37%)

Double-hit/triple-hit 0.386
Yes 31/529 (5.86%) 25/535 (4.67%)
No 498/529 (94.14%) 510/535 (95.33%)
March 2022 | Volume 13 | Article
P-value indicated difference between DLBCL ≤60 years (y) and >60 y.
DLBCL, diffuse large B-cell lymphoma; LDH, lactate dehydrogenase; ECOG, Eastern Cooperative Oncology Group; GCB, germinal center B-cell; ABC, activated B-cell.
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Survival Analysis and Prognostic
Significance of DLBCL Patients Based on
Age at Diagnosis
Among 1 , 896 pa t i en t s r e c e i v i ng R-CHOP-ba s ed
immunochemotherapy, the median follow-up time was 55.0
months (0.2–224.2 months). The 3-year PFS and OS rates of
patients diagnosed at age >60 years were 60.8 and 71.0%,
significantly lower than those of patients at age ≤60 years (72.1%,
P <0.001; 83.2%, P <0.001, respectively) (Figures 2A, B). Using
univariate analysis, the 5 factors of IPI were of great significance and
were included in the multivariate analysis. In the Cox proportional-
hazards model, independent prognostic factors of inferior PFS and
OS were age (P both <0.001), along with Ann Arbor stage (P both
<0.001), serum LDH (P both <0.001), performance status (P both
<0.001), and multiple extranodal involvement (P both <0.05)
(Table 2). Similar results were observed based on age factor
according to NCCN-IPI. The 3-year PFS and OS rates of patients
>75 years were 51.2 and 57.6%, significantly lower than those of
patients 61–75 years (62.0 and 72.8%), 41–60 years (72.5 and
83.4%), and ≤40 years (71.4 and 82.8%) (Figures 2C, D).
Frontiers in Immunology | www.frontiersin.org 5
Oncogenic Mutation Alterations Related to
Age at Diagnosis
Oncogenic mutations closely related to age at diagnosis were
analyzed in 1,150 patients, namely, 117 cases by WGS, 223 cases
by WES, and 810 cases by targeted sequencing. A total of 55 genes
related to the tumorigenesis of DLBCL were analyzed (Figure 3A).
The association of oncogenic mutations and age at diagnosis
among the patients were assessed by univariate logistic
regression. Eight genes were significantly correlated with age
(Figure 3B), namely, PIM1 (OR = 1.015, 95% CI = 1.005–1.026,
P = 0.002),MYD88 (OR = 1.022, 95% CI = 1.011–1.033, P <0.001),
BTG2 (OR = 1.014, 95% CI = 1.003–1.025, P = 0.015), CD79B (OR
= 1.030, 95% CI = 1.016–1.044, P <0.001), TET2 (OR = 1.016, 95%
CI = 1.003-1.030, P = 0.014), BTG1 (OR = 1.014, 95% CI = 1.001–
1.028, P = 0.037), CREBBP (OR = 1.016, 95%CI = 1.002–1.031, P =
0.025), and TBL1XR1 (OR = 1.019, 95% CI = 1.002–1.036, P =
0.025). Meanwhile, the same results were observed onMYD88L265P

mutation alone (OR = 1.024, 95% CI = 1.011–1.037, P <0.001), or
with CD79B mutation (OR = 1.038, 95% CI = 1.013–1.064, P =
0.002) (Figure 3C).
BA

DC

FIGURE 2 | Relationship between age at diagnosis and clinical outcome upon R-CHOP-based immunochemotherapy. (A, B) Kaplan–Meier models of progression-
free survival (A) and overall survival (B) according to age at diagnosis of IPI. (C, D) Kaplan–Meier models of progression-free survival (C) and overall survival
(D) according to age at diagnosis of NCCN-IPI. R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; IPI, International Prognostic Index;
NCCN, National Comprehensive Cancer Network database.
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All 1,150 patients were genetically classified (21), namely,
MYD88-like (191, 16.6%), SOCS1/SGK1-like (148, 12.9%), BCL2-
like (222, 19.3%), and NEC-like subtype (589, 51.2%). MYD88-like
subtype was significantly associated with age (OR = 1.024, 95% CI =
1.012–1.036, P <0.001) (Figure 3D). Based on biological functions,
mutations involving BCR/NF-kB signaling (OR = 1.017, 95% CI =
1.009–1.026, P <0.001), B-cell differentiation (OR = 1.012, 95% CI =
1.003–1.020, P = 0.009), and histone acetylation (OR = 1.012, 95%
CI = 1.002–1.023, P = 0.018) were significantly associated with age
(Figure 3E). The total mutation load in the coding genome also
showed positive correlation with age in 340 patients with WGS or
WES data (P = 0.005, r = 0.152) (Figure 3F).

Tumor Microenvironment Alterations
Related to Age at Diagnosis
The abundance of immune cells in tumor microenvironment was
evaluated using RNA sequencing data. The association between
the abundance of immune cells and age was estimated using
Spearman’s rank correlation. With abundance of CD4+ naïve T
and CD8+ naïve T cells decreased at age (P = 0.006 and P =
0.006), and abundance of exhausted T cells and macrophages
increased with age (P = 0.002 and P = 0.046) (Figure 4A).

As exhausted T cells and macrophages play essential roles in
immune evasion, their relations with age-associated mutations
and effects on tumor progression were further assessed. All the
patients were subsequently divided into two groups according to
the median of abundance of the two immune cells, respectively.
CD79B mutations were found more frequently mutated in the
exhausted T-high group and macrophage-high group (P = 0.009
and P = 0.030) (Figure 4B). As revealed by GSEA, BCR signaling
pathway was upregulated according to CD79B mutations
(Supplementary Figure 1A). IL10, one of the key cytokines
associated with T-cell exhaustion and macrophage M2
polarization, was found significantly higher in CD79B mutation
patients (P = 0.001) (Supplementary Figure 1B). The abundance
of macrophages showed positive linear correlations with the
abundance of exhausted T cells (P <0.001) (Figure 4C).

Correspondingly, GSEA analysis revealed negative regulation of
T-cell immunity (T-cell differentiation, lymphocyte activation, and
T-cell proliferation, and IL-2 production), upregulation of PD-1
signaling, inhibitory cytokines production and signaling, and also
the recruitment of the inhibitory immune cells in exhausted T-high
group, as compared to exhausted T-low patients (Figure 4D). IL10,
but not TGFB1 (TGFb), showed positive linear correlations with the
Frontiers in Immunology | www.frontiersin.org 6
abundance of exhausted T-cells (P <0.001) (Supplementary
Figure 2A). When analyzing the expression levels of inhibitory
receptors and their ligands and the abundance of exhausted T cells,
inhibitory receptors, namely, LAG3, PDCD1 (PD-1), CD244 (2B4),
HAVCR2 (TIM3), CTLA4, TIGIT, CD160, and BTLA, and ligands
to inhibitory receptors, namely, TNFRSF14 (HVEM), LGALS9,
PDCD1LG2 (PDL2), CD48, and CD274 (PDL1) showed positive
linear correlations with the abundance of exhausted T cells (all P
<0.05) (Figure 4E and Supplementary Figure 2B). Among them,
the expression of CD244 and PDCD1 was increased with age (P =
0.016 and P = 0.031) (Supplementary Figure 2C).

According to the abundance of macrophages, GSEA analysis
indicated that upregulation of macrophage recruitment and
activation, immunoregulatory interactions of lymphoid and non-
lymphoid cells, inflammation, collagen degradation, PD-1
signaling, angiogenesis, aging, and also inhibitory cytokine
production and signaling in macrophage-high group, as
compared to macrophage-low group (Figure 5A). Markers of
macrophage M1 and M2 were further compared, showing that
M2 markers, namely, CD163 (log2foldchange = 2.693, P <0.001),
MSR1 (log2foldchange = 2.785, P <0.001), and MRC1
(log2foldchange = 1.807, P <0.001) were significantly upregulated
in macrophage-high group (Figure 5B). Meanwhile, cytokines
IL10, CSF1, IL1B, IL6, and TGFB1, which were involved in M2
polarization, showed positive linear correlations with the
abundance of macrophages (all P <0.001) (Supplementary
Figure 3A). Since macrophages may contribute to T-cell
exhaustion through the expression of ligands to inhibitory
receptors, the relationships between the expression levels of
inhibitory receptors and their ligands with the abundance of
macrophages were analyzed. Among them, ligands to inhibitory
receptors, namely, PDCD1LG2, CD274, LGALS9, TNFRSF14, PVR,
and CD48, and also inhibitory receptors, namely, HAVCR2,
CD244, LAG3, VSIR (VISTA), PDCD1, CTLA4, CD160, and
ENTPD1 (CD39), showed positive linear correlations with the
abundance of macrophages (all P <0.05) (Figure 5C and
Supplementary Figure 3B). When analyzing the expression
levels of chemokines and the abundance of macrophage,
chemokines related to macrophage recruitment CCL8, CXCL16,
CCL2, CCL18, CCL3, CCL4, CCL5, CXCL12, CXCL8, CX3CL1,
CCL14, and CCL26 showed positive linear correlations with the
abundance of macrophages (all P <0.05) (Figure 5D). Among
these chemokines, the expression of CCL3 and CCL5 was increased
with age (P = 0.024 and P = 0.045) (Supplementary Figure 3C).
TABLE 2 | Univariate and multivariate analysis for PFS and OS of DLBCL patients (n = 1,896).

PFS OS

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI)

Age, >60 year <0.001 1.555 (1.333–1.813) <0.001 1.394 (1.194–1.628) <0.001 1.898 (1.577–2.284) <0.001 1.710 (1.419–2.060)
AA stage, III–IV <0.001 3.175 (2.693–3.743) <0.001 2.090 (1.728–2.529) <0.001 3.506 (2.860–4.297) <0.001 2.062 (1.634–2.602)
Serum LDH <0.001 2.994 (2.551–3.513) <0.001 2.038 (1.714–2.424) <0.001 3.946 (3.225–4.829) <0.001 2.652 (2.135–3.294)
ECOG score, ≥2 <0.001 2.772 (2.261–3.399) <0.001 1.732 (1.404–2.136) <0.001 3.184 (2.530–4.007) <0.001 1.887 (1.490–2.390)
ENI, ≥2 <0.001 2.369 (2.015–2.785) 0.018 1.244 (1.039–1.491) <0.001 2.523 (2.086–3.052) 0.030 1.262 (1.023–1.557)
March 20
22 | Volume
DLBCL, diffuse large B-cell lymphoma; PFS, progression-free survival; OS, overall survival; HR, hazard ratio; AA, Ann Arbor; LDH, lactate dehydrogenase; ECOG, Eastern Cooperative
Oncology Group; ENI, extranodal involvement.
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FIGURE 3 | Relationship between oncogenic mutations and age at diagnosis in DLBCL. (A) Oncogenic mutations identified by WGS/WES/targeted sequencing in
DLBCL patients. (B) Univariate logistic regression analysis of oncogenic mutations according to age at diagnosis. (C) Univariate logistic regression analysis of
MYD88L265P mutations alone or with CD79B mutations according to age at diagnosis. (D) Univariate logistic regression analysis of genetic subtypes according to
age at diagnosis. (E) Univariate logistic regression analysis of oncogenic pathways according to age at diagnosis. (F) Correlation between the number of oncogenic
mutations sequenced by WGS/WES and age at diagnosis in DLBCL. (B–E) Odd ratios (OR), 95% confidence intervals (95% CI), and P-values are indicated on the
left of each forest plot. DLBCL, diffuse large B-cell lymphoma; WGS, whole genome sequencing; WES, whole exome sequencing; AA, Ann Arbor; LDH, lactate
dehydrogenase; ECOG, Eastern Cooperative Oncology Group; ENI, extranodal involvement; DE, double expressor; GCB, germinal center B-cell.
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DISCUSSION

Age at diagnosis is one of the major risk factors in DLBCL, resulting
in poor response to R-CHOP-based immunochemotherapy and
Frontiers in Immunology | www.frontiersin.org 8
adverse clinical outcomes, particularly in patients diagnosed over
75 years. In our cohort, older DLBCL presented advanced disease
stage, elevated serum LDH, poor performance status, multiple
extranodal involvement, high percentage of double expressor
BA

E

C

D

FIGURE 4 | Relationship between intratumor immune cells and age at diagnosis in DLBCL. (A) Abundance of immune cell subtypes in patients showing decreased or
increased trend with age at diagnosis. (B) Mutation rates of CD79B between exhausted T-high group and exhausted T-low group, and also between macrophage-high
group and macrophage-low group. Lower graph indicates P-values. (C) Correlation between the abundance of exhausted T cells and macrophages. P-value and r-value
were indicated in the plot. (D) Pathway enrichment analysis in exhausted T-high group (n = 190), as compared to exhausted T-low group (n = 195, P <0.05). Color of
points indicates normalized P-value of upregulated pathways in two groups. Size of points indicates number of genes included in each gene set. (E) Correlations between
the expression of inhibitory receptors, ligands, and the abundance of exhausted T cells. P-values and r-values were indicated in each plot.
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subtype, and poor prognosis, which may be resulted from
specific biological features.

Based on the genomic data of a large cohort, we observed
overall enhanced mutagenesis in the coding region as the age at
diagnosis increased in DLBCL, probably due to spontaneous
deamination (22). Among oncogenic mutations, eight genes
manifested positive association with age at diagnosis. PIM1,
MYD88, and CD79B mutations are frequent mutations related
Frontiers in Immunology | www.frontiersin.org 9
to MYD88 genetic subtype and activated B cell-like DLBCL
dependent on BCR signaling and constitutive activation of NF-
kB pathway, which were found to be enriched in patients that
experienced inferior survival and early progression upon R-
CHOP treatment (23–26). BTG2 and BTG1 were considered as
anti-proliferation genes and frequently deleted or mutated in
hematological malignancies with aggressive cell behavior and
treatment resistance (27). TET2 mutations impaired enhancer
C

DB

A

FIGURE 5 | Dysfunctions of macrophages and age at diagnosis in DLBCL. (A) Pathway enrichment analysis in macrophage-high group (n = 192), as compared to
macrophages-low group (n = 193, P <0.05). Color of points indicates normalized P-value of upregulated pathways in two groups. Size of points indicates number of
genes included in each gene set. (B) Heatmap of genes associated with the markers of macrophage M2 and M1 in macrophage-high group (n = 192), as compared
to macrophages-low group (n = 193). (C) Correlations between the expression of inhibitory receptors, ligands, and the abundance of macrophages. P-values and r-
values were indicated in each plot. (D) Correlations between the expression of chemokines and the abundance of macrophages. P-values and r-values were
indicated in each plot.
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H3K27 acetylation and disrupted transit of B cells through
germinal centers, leading to lymphomagenesis (28). CREBBP
mutations resulted in reduced histone H3 acetylation, enhanced
cell proliferation and low expression of MHC II, provoking
immune evasion and disease progression (29, 30). TBL1XR1
mutations co-opted SMRT/HDAC3 repressor complexes toward
binding the memory B-cell transcription factor BACH2 and
disrupted the differentiation into plasma cells, leading to a
striking extranodal immunoblastic lymphoma phenotype (31).
Moreover, based on biological functions, mutations involving
BCR/NF-kB signaling, B-cell differentiation, and histone
acetylation were positively associated with age at diagnosis,
which provides potential therapeutic targets, such as BTK
inhibitors and epigenetic regulators (32, 33). Together, distinct
oncogenic mutations function as important determinators for
disease progression in older DLBCL patients and older DLBCL
might be considered as a specific entity associated with
genetic subtyping.

Tumor microenvironment is also implicated in DLBCL
progression. Decreased CD4+ naïve T and CD8+ naïve T cells
were age-related, due to declined production of new T cells from
involuted and nonfunctional thymus and results in reduced
richness of the TCR repertoire in aging populations (34).
Exhausted T cells and macrophages were increased in older
patients and related to age-related mutations, particularly CD79B.
As mechanism of action, CD79B mutations contributed to
activation of BCR signaling and resulted in upregulated
expression of IL10, a key immunosuppressive cytokine linked to
T-cell exhaustion andmacrophageM2 polarization (35, 36). Higher
abundance of exhausted T cells presented the suppression of T-cell
immunity and upregulation of PD-1 signaling, related to
recruitment of immunosuppressive cells and production of
immunosuppressive cytokines. The positive correlation between
the expression of IL10 and the abundance of exhausted T cells
pointed out that IL10 might be involved in T-cell exhaustion in
DLBCL (37). Meanwhile, several inhibitory receptors and ligands
were positively correlated to the abundance of exhausted T cells,
among which CD244 and PDCD1 showed correlation to age (10,
38). Indeed, the inhibitory receptors co-expressed at high levels on
T cells and synergistically mediated T-cell exhaustion and
dysfunction with the ligands on tumor cells and antigen
presenting cells, which implies combinations of agents blocking
inhibitory receptors may function in older DLBCL patients to
overcome T-cell exhaustion and to restore anti-tumor immunity.

Macrophages constitute a major component of tumor
microenvironment and are involved in cancer progression,
metastasis and immune evasion, creating an immunosuppressive
microenvironment through secretion of anti-inflammatory
cytokines, expression of PD-L1, and recruitment of Th2 and
Treg cells (39, 40). This was in keeping with the results by
pathway analysis that higher abundance of macrophages was
associated with the enrichment pathways of negative regulation
of immune, chronic inflammatory response, collagen degradation,
angiogenesis, and PD-1 signaling in macrophage-high DLBCL.
Importantly, higher abundance of macrophages also manifested
increased expression of markers of immunosuppressive
Frontiers in Immunology | www.frontiersin.org 10
macrophage M2, namely, CD163, MSR1, and MRC1 (41–43).
The positive correlation between the expression of cytokines of
M2 polarization and the abundance of macrophages suggested
that IL10, CSF1, IL1B, IL6, and TGFB1 could involve in M2
polarization in DLBCL (44–48). As macrophages was a major
source of immunosuppressive cytokines and showed positive
correlation to inhibitory receptors and ligands, the abundance of
macrophages was in positive correlation with exhausted T cells
and could contribute to age-related immunosuppression in
DLBCL (40, 49). Several chemokines related to macrophage
chemotaxis and immunosuppressive function increased with
macrophage, and among them, CCL3 and CCL5 are secreted
factors of senescence-associated secretory phenotype and
increased with age and age-associated macrophage recruitment
(50). Macrophage infiltrations were linked to poor prognosis in
DLBCL, suggesting inhibition of macrophages may also be
alternative immunomodulatory strategy in DLBCL (14).

However, there was a difference in distribution of clinical
features between western and Chinese DLBCL populations
according to previous reports and our cohort, namely, age at
diagnosis (median age: 62–66 years vs. 53–59 years), Ann Arbor
stage (III–IV: 54.1–62.8% vs. 35.2–57.4%), and performance
status (Eastern Cooperative Oncology Group score ≥2: 16.7–
37.3% vs. 13.0–19.9%) (21, 51–60). Future epidemiology studies
are necessary to elucidate the different characteristics between
western and eastern countries, which may provide better
understanding of targeted therapeutic approaches in DLBCL.

In conclusion, older DLBCL could be a specific entity with
unfavorable clinical and molecular features, represented by
accumulation of oncogenic mutations and immunosuppressive
tumor microenvironment alterations. Thus, clinical studies on
immunotherapies warrant further investigation on future
mechanism-based treatment in older DLBCL.
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