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The single-cell landscape reveals unique
tumor subsets and microenvironments
associated with poor clinical outcomes in
primary testicular diffuse large B-cell
lymphoma
Diffuse large B cell lymphoma (DLBCL) is one of the most
prevalent lymphoid malignancies. The current standard of
care can cure about two-thirds of DLBCL patients.1 Primary
testicular diffuse large B-cell lymphoma (PT-DLBCL) is a rare
but highly aggressive form of mature B-cell lymphoma that
accounts for approximately 1%e9% of testicular malig-
nancies. Different from nodal DLBCL, PT-DLBCL has a
markedly worse prognosis because of inferior response to the
current treatment regimens and significant extranodal
tropism.2 Three main questions remained unresolved in the
field of PT-DLBCL research. Previously, two prognostically
important categories of DLBCL have been defined: activated
B cell-like (ABC) DLBCL and germinal center B cell-like (GCB)
DLBCL. Most PT-DLBCLs were classified as ABC-DLBCL.
However, the exact cells of origin (COO) of PT-DLBCL were
still under debate. Secondly, the lack of transcriptomics
profiling of PT-DLBCL at the single-cell level hindered the
discovery of intra-tumor heterogeneity. Finally, the role of
the testis microenvironment in PT-DLBCL was unclear.
Herein, we performed single-cell RNA sequencing (scRNA-
Seq) and bulk whole exome sequencing (WES) to reveal the
molecular landscape of PT-DLBCL. We defined predictive
signatures based on gene profiles of the pivotal clusters. Our
study could be a benefit for the clinical classification of PT-
DLBCL and provide valuable therapeutic targets.

The pooled analysis of survival data showed that PT-
DLBCL patients had a dramatically worse prognosis
compared with nodal DLBCL (HR Z 1.1, 95% CI 1.1e1.2;
P < 0.001), especially for the 10-year survival, indicating PT-
DLBCL has high risk of late recurrence or metastasis, which
prompted us to deeply investigate the underlying mechanism
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(Fig. S1A, B). We comprehensively profiled the cell pop-
ulations in human PT-DLBCL by single-cell RNA-seq for pri-
mary tumors resected from 3 untreated patients (Fig. S1C
and Table S1). After the removal of low-quality cells, we
acquired single-cell transcriptomes in a total of 30,545 cells.
Different cell types were distinguished using unsupervised
clustering (Fig. 1A). Based on the expression of well-known
markers which were strongly and specifically marked
regarding each major cell population, we annotated the cells
as B cells, T cells, myeloid cells, endothelial cells, myoid
cells, and germ cells (Fig. S2AeC). B cells were defined as
malignant cells by the detection of copy number variation
inferred by inferCNV, CopyKAT, and WES (Fig. S2DeF). His-
tologically, the tumors showed large atypical lymphocytes
with irregular nuclei, and high levels of Ki-67 and CD20
expression (Fig. S2G). All three PT-DLBCL were classified as
ABC-DLBCL using the Hans algorithm (Fig. S3).

We further reclustered 21,059 malignant B cells from all
three samples into three sub-groups: germinal center B cell-
like (GC-like), plasma cell-like (plasma-like), and memory B
cell-like (memory-like) lymphoma cells (Fig. 1B). GC-like
lymphoma cells expressed GC-related signature (Fig. 1C).
Plasma-like lymphoma cells expressed known plasma cell
markers (Fig. 1D). Gene set enrichment analysis (GSEA)
revealed strong enrichment of memory cell signature
among the transcriptome profiles of memory-like lymphoma
cells (Fig. 1E). RNA velocity and trajectory analysis showed
that cells from memory-like cluster constitute the cells of
origin, while GC-like and plasma-like lymphoma cells mainly
located at the ends of the trajectory (Fig. 1F; Fig. S4). This
may be due to memory B cell reactivation during restim-
ulation which enabled it to re-enter the germinal center
reaction or differentiate into plasma cells.3 The memory-
like lymphoma cells were regrouped into four clusters.
Enrichment analysis revealed the functional heterogeneity
behalf of KeAi Communications Co., Ltd. This is an open access
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Figure 1 The single-cell landscape reveals unique tumor subsets and microenvironments associated with poor clinical outcomes
in PT-DLBCL. (A) The UMAP plots of all cells from three samples colored by cell types and separated by patient identity number. (B)
The UMAP plot of malignant B cells colored by three main sub-populations. (C) The violin plot of average scores associated with
germinal center B cells for each cluster within malignant B cells. (D) The dot plot of the average expression of marker genes
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of four subclusters (Fig. 1G). NFkB subset showed enrich-
ment of NFkB signaling pathway genes, and MAPK subset
showed activation of MAPK signaling, while both were only
presented in PT-DLBCL patients with metastasis, suggesting
the potential pro-metastasis property (Fig. S5). The other
two subsets showed gene enrichment in the B cell activa-
tion pathway (Activated subset), and oxidative phosphory-
lation (OxPhos subset). To further investigate whether this
heterogeneity was present in other patients, we analyzed
memory-like lymphoma cells from public scRNA-seq data of
nodal ABC DLBCL (ABC DLBCLn) patients.4 Interestingly, the
NFkB and MAPK subsets are absent in ABC-DLBCLn (Fig. 1H).
The signatures of these lymphoma subsets were further
validated using IHC. The strong expression of DUSP1, FOS,
HSPB1, DNAJB1 (markers of MAPK subset), and CCR7 (a
marker of NFkB subset) was observed in patients 1 and 2 but
not in patient 3 (Fig. 1I, J). We used a public dataset to
validate the prognostic risk prediction model, each ABC-
DLBCLn patient was scored using gene signatures highly
expressed in MAPK, NFkB, Activated, and OxPhos subsets.5

The median of the scores was used to divide patients into
high-risk and low-risk groups. Interestingly, high-risk pa-
tients identified by a 49-gene signature of MAPK subsets had
worse overall survival compared with low-risk patients
(Fig. 1K). A 50-gene signature of the NFkB subset was also
associated with worse overall survival. The receiver oper-
ating characteristics (ROC) curve was used to evaluate the
prediction power of the two gene signatures. The gene
signature of the MAPK subset achieved a 3-year AUC (area
under the curve) of 0.706 and a 5-year AUC of 0.640
(Fig. 1K; Fig. S6). While the ROC analysis revealed a 3-year
AUC of 0.661 and a 5-year AUC of 0.649 with gene signature
of NFkB subset.

We further investigated the microenvironment of PT-
DLBCL (Fig. S7). Five distinct clusters were found in the
myeloid lineage, including one cluster of normal testis
macrophages, three clusters of tumor-associated macro-
phages (S100A4þ TAM, CCL8þ TAM, and SPARCþ TAM), and
one cluster of dendritic cells (DC) (Fig. S7F). A much higher
proportion of S100A4þ TAM was presented in PT-DLBCL with
metastasis. We analyzed the public ABC DLBCLn dataset
using Cibersortx and found that patients with a higher
proportion of S100A4þ TAM had worse progression-free
survival compared with those with a lower proportion
(Fig. 1L). The two lymphoma subsets specifically presented
in metastatic PT-DLBCL, NFkB, and MAPK subsets, recruited
immune cells to the tumor microenvironment (TME)
(Fig. 1M, N). Specifically, the NFkB subset recruited
associated with plasma cells for each cluster. (E) GSEA of malignan
associated with up-regulated genes in memory B cells versus germ
analysis for malignant B cells from patient 1 showed the origin o
malignant B cells from PT-DLBCL were clustered with unsupervise
memory-like B cells in ABC-DLBCLn from external datasets. (H) Th
sample. (I) Immunohistochemical analysis of markers associated wit
(J) The expression of markers (HSPB1, FOS, DUSP1, DNAJB1, CCR7
analysis examined the association between genes associated with M
The ROC curve was used to evaluate the prediction power of the t
higher proportion of S100A4þ TAM was associated with worse PFS
important cell populations (ex-CD8 T: exhausted CD8þ T cell). (N)
contribute to PT-DLBCL and its progression.
S100A4þ TAM through CCL3/5-CCR1 interactions and
recruited exhausted CD8þ T cells through CCL3/4/5-CCR5
interactions. MAPK subset recruited S100A4þ TAM through
CCL5-CCR1 interactions and recruited exhausted CD8þ T
cells through CCL4/5-CCR5 interactions.

Furthermore, S100A4þ TAMs recruited by lymphoma cells
contributed to the exhaustion of cytotoxic CD8 T cells.
While exhausted CD8 T cells further recruited TAMs into the
TME. After being recruited to the lymphoma microenvi-
ronment, the activation of TNFSF13B-TNFRSF13B/C
signaling between S100A4þ TAMs and the NFkB subset may
promote the proliferation and survival of lymphoma cells.
Furthermore, cellecell signaling associated with immuno-
suppression such as CD86-CTLA4 and LGALS9-HAVCR2 was
activated between S100A4þ TAMs and exhausted CD8þ T
cells, leading to further CD8þ T cell exhaustion. Interest-
ingly, exhausted CD8þ T cells also delivered signals to
S100A4þ macrophages through CCL3/5-CCR1 and CCL3L3-
CCR1 signaling to promote migration.

In conclusion, we provided deep insights into the cells of
origin in PT-DLBCL. Pivotal malignant B cell clusters and
tumor-supportive microenvironment associated with pa-
tient survival were identified and need further investigation
to enable personalized treatment on advanced PT-DLBCL
patients. Due to the unique characteristics, we found in PT-
DLBCL, further studies should be conducted to develop
more specific therapies targeting this lymphoma type.
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