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Abstract

The tumor microenvironments (TME) of diffuse large B-cell lymphoma (DLBCL) subgroups have remained poorly character -
ized. Here, we dissected the composition and spatial organization of the TME in germinal center B-cell (GCB), activated 
B-cell (ABC), and testicular (T-) DLBCL using gene expression profiling and multiplex immunohistochemistry. We found that 
high proportions of M2-like tumor-associated macrophages (TAM) and cytotoxic tumor-infiltrating T cells (TIL) were char -
acteristic of ABC DLBCL TME. Furthermore, high CD8 + TIL content translated to favorable outcomes. In contrast, GCB DL -
BCL TME was enriched in CD4 + TIL, regulatory TIL, and a higher M1-like : M2-like TAM ratio, and high proportions of TAM and 
Granzyme B + cells associated with worse survival. TIL and TAM interacted more frequently with M2-like TAM and cytotoxic 
TIL in the ABC DLBCL in contrast to GCB subtype, where the interactions were more abundant with other TIL and CD4 + TIL. 
In T-DLBCL, TME resembled that of ABC DLBCL with a higher proportion of M2-like TAM and cytotoxic cells, except that 
checkpoint-positive TIL were less prominent compared to DLBCL NOS. Cytotoxic TIL also interacted more with TIL and 
TAM. A large number of CD163 + TAM interactions with distinct TIL translated to unfavorable survival both in GCB DLBCL and 
T-DLBCL, whereas a high number of interactions between TIL and TAM, CD4 + TIL and TAM, and CD4 + TIL and other TIL were 
associated with favorable outcomes only in T-DLBCL. Together, our data demonstrate biologically and clinically relevant 
differences in the composition of and cellular interactions in the TME between various DLBCL entities.

Introduction

The tumor microenvironment (TME) of diffuse large B-cell 
lymphoma, not otherwise specified (DLBCL, NOS), is het -
erogeneous. It consists of blood vessels, extracellular 
matrix, stromal cells, and variable proportions of immune 
cells, including T lymphocytes, macrophages, and natural 
killer (NK) cells reacting to the emergence of pathogenic 
lymphocytes. 1,2 However, TME can also promote lymphoma 
growth by offering pro-tumorigenic signals and a protective 
milieu to lymphoma cells. 3 Based on gene expression pro -

files reflecting differences in the composition of the TME, 
novel DLBCL subtypes with distinct biological features and 
outcomes have recently been proposed. 4,5 Likewise, clini -
cal associations of distinct tumor infiltrating immune cell 
phenotypes, including checkpoint molecule-expressing T 
lymphocytes and macrophages have also been discovered 
and the spatial organization of the TME has also been un -
covered. 6-14 To date, however, different TME-targeted ther -
apies, such as PD-1 blockade have not shown any clinically 
significant efficacy in DLBCL, and further characterization 
of factors predictive for outcome is warranted. 15 
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Based on the cell-of-origin (COO), DLBCL NOS (DLBCL) is 
divided into germinal center B-cell (GCB)-like and activated 
B-cell (ABC)-like molecular subtypes. 16 The subtypes differ 
clinically, with GCB DLBCL having a higher sensitivity to first-
line treatment consisting of rituximab, cyclophosphamide,  
doxorubicin, vincristine, and prednisone (R-CHOP). 17,18 Bio -
logically, they harbor different genetic aberrations reflecting 
different pathogenesis. 19,20 While GCB DLBCL originates from 
GCB cells with frequent alterations in genes, such as BCL2 
and EZH2, ABC DLBCL is derived from more mature, post-
GC B cells; it is characterized by continual activity of the 
NF- �gB pathway. 21-23 Based on genetic aberrations, DLBCL 
can also be divided into distinct genetic subgroups. 24,25 
Testicular diffuse large B-cell lymphoma (T-DLBCL) is a rare 
lymphoid malignancy of the testes, most commonly arising 
among elderly males. 26 On a molecular level, most cases 
represent ABC DLBCL, and in the advanced stage, they are 
at high risk of recurrence and have a dismal prognosis. 27 

We have previously shown that, based on the TME compo -
sition, DLBCL can be classified into inflamed and non-in -
flamed subtypes. 11,12 While the inflamed subtype is as -
sociated with favorable outcome in T-DLBCL, 28 immune 
checkpoint expression in T cells and low T-cell/macrophage 
proportion translates to inferior outcome in DLBCL NOS. 11,12 
Despite the evidence of its clinical significance, differ -
ences in the composition and spatial organization of the 
TME between GCB, ABC, and T-DLBCL have been poorly 
characterized. We hypothesized that the differences in 
the pathogenesis, biology, and clinical outcome of these 
subtypes are reflected in the TME. Here, we compare the 
TME composition and cell interaction patterns between 
these subtypes, and how they associate with survival.

Methods

Patients and samples
Study populations are presented in Online Supplementary 
Table S1. The DLBCL gene expression cohort consisted 
of 69 patients treated in the Nordic LBC-05 and LBC-04 
trials, 29,30  whereas T-DLBCL gene expression, DLBCL mul -
tiplex immunohistochemistry (mIHC), and T-DLBCL mIHC 
cohorts consisted of 60, 175, and 80 retrospectively col -
lected patients, respectively. Thirty-four DLBCL patients 
and 60 T-DLBCL patients overlapped between the gene 
expression and mIHC cohorts. Patients with high-grade 
B-cell lymphoma were excluded. We constructed tumor 
microarrays (TMA) from formalin-fixed paraffin-embedded 
(FFPE) primary diagnostic tumor tissue. 31 We also used gene 
expression data of 496 DLBCL patients from the Reddy et 
al.  (EGAS00001002606) and 562 DLBCL patients from the 
Schmitz et al.  cohorts. 24,32 
The study was approved by the Ethics Committee of Helsinki 
University Hospital, Finland, the Finnish National Authority 
for Medicolegal Affairs (VALVIRA), and the Institutional Re -

view Board. The patients treated in Nordic phase II studies 
LBC-04 and LBC-05 signed an informed consent before 
study enrollment. Sample collection was performed ac -
cording to the principles of the Declaration of Helsinki. 
Trials were registered at clinicaltrials.gov (identifiers 
01502982 and 01325194).

Gene expression profiling
We used Nanostring gene expression data performed on 
primary diagnostic FFPE tumor tissue using a Nanos -
tring nCounter Human PanCancer Immunoprofiling Panel 
(XT-CSO-HIP1-12, Nanostring Technologies, Seattle, WA, 
USA).11,28 Molecular subtypes determined with DLBCL90 
assay (NanoString) were available for 47/69 patients (68%) 
in the DLBCL gene expression cohort. For the DLBCL mIHC 
cohort, COO was available for 137 patients (78%) based on 
RNA sequencing (N=101) and Lymph2Cx assay (N=36). 33,34

Immunohistochemistry and cell-to-cell interaction 
analyses
We used mIHC data performed on TMA constructed from 
diagnostic FFPE tumor tissue of 175 patients with prima -
ry DLBCL and 80 patients with primary T-DLBCL. 11,12,35 We 
characterized T cells, macrophages, NK cells, B cells, and 
immune checkpoint molecules ( Online Supplementary Table 
S2). All mIHC panels are described in detail in the Online 
Supplementary Methods . We filtered out areas with stain -
ing artifacts using Ilastik v.1.3.3 software and performed 
automated digital quantification using CellProfiler v.3.1.8 
software  (https://cellprofiler.org/). 36,37 We had previously 
performed IHC stainings for β2 microglobulin (B2M), HLA-
ABC, and HLA-DR. 11,28 
Cell-to-cell interaction analyses were performed on 229 
mIHC stained samples, using the method developed by 
Brück et al. 38 We defined cells with a Euclidean distance 
<100 pixels (22 �+m) from each other as interacting cells. 39 
We calculated an interaction index based on the number 
of cell-to-cell interactions normalized to the number of 
corresponding cell types in each sample. More details are 
provided in the Online Supplementary Methods .

Statistical analyses
We performed all statistical analyses using R v.4.1.2. For 
unsupervised hierarchical clustering analyses we used 
Euclidean distance and Ward’s linkage. We used univari -
able and multivariable Cox proportional hazards regression 
models to estimate the prognostic significance of each 
variable, and the Kaplan-Meier method with log-rank test 
to estimate the difference in survival between patient 
groups. We defined overall survival (OS) as the time from 
diagnosis to death from any cause and progression-free 
survival (PFS) as the time from diagnosis to progression 
or death from any cause. We used Mann-Whitney U and 
Kruskal-Wallis H tests to compare two or more groups, 
respectively. The Benjamini-Hochberg method was used 
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to correct P values for errors caused by multiple testing.

Results

Patients’ characteristics
Patients’ characteristics of the five study cohorts are pre -
sented in the Online Supplementary Table S1 . The DLBCL 
gene expression cohort consisted of 69 patients. Median 
age was 55 years (range 22-65), and disease characteristics 
were typical of high-risk DLBCL. 11 Median follow-up time 
was 65 months (interquartile range (IQR): [51 months; 68 
months]), during which 11 patients  relapsed and 9 died, 
translating to 86% and 88% 5-year PFS and OS rates. 
Twenty-four (35%) patients had GCB DLBCL, 16 (23%) had 
ABC DLBCL, and 7 (10%) remained unclassified. In 22 (32%) 
cases, data on the COO was unavailable. Five-year OS rates 
for the patients with GCB and ABC DLBCL were 95.8% and 
87.5% (P=0.300), respectively.
The DLBCL mIHC cohort consisted of 175 patients with 
a median age of 61 years (range: 16-84). During a median 
follow-up time of 62 months (IQR: 44 months; 68 months), 
28 patients relapsed and 33 died, translating to 76% PFS 
and 79% OS at 5 years. 12 Sixty-one (35%) patients had GCB 
DLBCL, 58 (33%) had ABC DLBCL, and 18 (10%) were un -
classified. In 38 (22%) cases, data on COO were unavailable. 
Five-year OS rates for the patients with GCB DLBCL and 
ABC DLBCL were 92.9% and 64.6% ( P<0.001), respectively.
The T-DLBCL gene expression and mIHC cohorts consist -
ed of 60 and 80 patients, with a median age of 69 years 
(range 36-83) and 70 years (range 36-92). 28,35 As is typical 

for T-DLBCL, most patients (40/60 [67%] in the gene ex -
pression cohort and 56/80 [70%] in the mIHC cohort) had 
non-GC DLBCL. In the gene expression cohort, the medi -
an follow-up time was 76 months (IQR: 54 months; 134 
months), during which 27 patients relapsed or died, and in 
the mIHC cohort, 76 months (IQR: 53 months; 133 months), 
during which 41 patients relapsed or died. Five-year OS 
rates were 60.1% in the gene expression cohort and 53.6% 
in the mIHC cohort.

Expression of immune-related genes in the germinal 
center B-cell-like and activated B-cell-like diffuse large 
B-cell lymphoma
To get an overview of the immunological landscape of GCB 
and ABC DLBCL, we first analyzed the differential expres -
sion of immune-related genes using a Nanostring nCounter 
platform. As expected, ABC DLBCL expressed high levels of 
ABC markers, such as TNFRSF13B and IRF4, but also genes 
related to macrophage signaling, such as CD163 and CD47. 
In comparison, GCB DLBCL over-expressed genes related 
to T-cell receptor signaling, such as ICOSLG, HLA-DOB, IL4, 
and CD40LG (Figure 1A and Online Supplementary Table S3 ). 
Furthermore, using unsupervised hierarchical clustering, we 
could accurately separate GCB and ABC subtypes based 
on the expression of these most differentially expressed 
immune-related genes (adjusted [adj.] P<0.01) (Figure 1B).
To validate our findings, we used RNA-seq data from 496 
DLBCL from the Reddy et al.  cohort and 562 DLBCL from 
the Schmitz et al. cohort. 24,32 By analyzing the same gene 
set as in the Nanostring cohort, we found that many of the 
previously identified genes were differentially expressed 

Figure 1. Differentially expressed immune-related genes between germinal center B-cell-like and activated B-cell-like diffuse 
large B-cell lymphoma.  (A) Volcano plot depicting differently expressed immune-related genes between activated B-cell like 
(ABC) and germinal center B-cell-like (GCB) diffuse large B-cell lymphoma (DLBCL) in the DLBCL, not otherwise specified (NOS) 
gene expression cohort. (B) Unsupervised hierarchical clustering of patients in the DLBCL, NOS gene expression cohort based on 
the expression of the 32 most differently expressed genes (adjusted [adj.] P<0.01) between ABC and GCB DLBCL.

A B



Haematologica | 1 10 June  202 5

1342

ARTICLE - DLBCL microenvironment organization and survival  M. Autio et al.

also in the validation cohorts ( Online Supplementary Ta -
ble S4  and Online Supplementary Figures S1A, S2A ). Anal -
ogously, clustering of the most differentially expressed 
immune-related genes separated GCB and ABC subtypes 
(Online Supplementary Figures S1B, S2B ). Likewise, genes 
associated with macrophage signaling, such as CD163, and 
cytotoxicity, such as GZMB, GZMH, GZMM, and PRF1, were 
over-expressed in the ABC subtype in the Reddy et al.  cohort 
(adj. P<0.001 for all) ( Online Supplementary Figure S1C-P ). 
Instead, we did not observe any significant differences in 
the expression of CD3, CD4, or CD8 T-cell genes ( Online 
Supplementary Figure S1H-L ).

The composition of the tumor microenvironment differs 
between germinal center B-cell-like and activated 
B-cell-like diffuse large B-cell lymphoma
Next, we studied the composition of the TME at the cel -
lular level using mIHC in 175 DLBCL NOS samples (Figure 
2A). Comparing the TME compositions between GCB and 
ABC subtypes, we found that CD163 + tumor-associated 
macrophages (TAM) were enriched in the ABC subtype 
(median: 11.9% vs. 3.84%; adj. P<0.001), whereas in the GCB 
subtype, a higher proportion of all TAM were CD163 neg -
ative (median: 79.2% vs. 52.0%; adj. P<0.001) (Figure 2B-D 
and Online Supplementary Table S5 ). When we analyzed 
tumor-infiltrating T lymphocytes (TIL), we did not observe 
significant differences in the proportion of TIL as such 
between the two molecular subtypes (median: ABC 14.5% 
vs. GCB 13.9%; adj. P=0.448) ( Online Supplementary Figure 
S3A-C). However, in the GCB subtype, a higher proportion 
of TIL were CD4 + T-helper cells (median: 66.1% vs. 55.8%; 
adj. P=0.023) and regulatory T cells (Tregs) (median: 8.66% 
vs. 5.26%; adj. P=0.015), whereas in the ABC subtype, a 
higher proportion of TIL were Granzyme B + (GrB+) (median: 
1.02% vs. 0.39%; adj. P=0.008) (Figure 2E-G). In addition, 
GrB+ cytotoxic cells as such were more abundant in the 
ABC subtype (median: 0.38%  vs. 0.14%; adj. P=0.002) ( Online 
Supplementary Figure S3D ). Interestingly, the proportion of 
immune checkpoint-expressing cells also differed according 
to the subtype, PD-L1 + CD163+ TAM being more frequent in 
ABC DLBCL (median: 0.74% vs. 0.10%; adj. P=0.001) (Figure 
2H and Online Supplementary Figure S3E-I ). Finally, the 
presence of immune cells altogether tended to be higher 
in the TME of ABC DLBCL, as analyzed by the number of 
CD20 negative cells, although statistical significance was 
not reached (median: 42.2% vs. 35.0%; adj. P=0.065) ( Online 
Supplementary Figure S3J ).
Next, we examined whether HLA and B2M expression differs 
between GCB and ABC DLBCL. We observed higher expres -
sion of HLA-ABC and B2M in the ABC subtype compared 
to the GCB subtype (HLA-ABC + 67% vs. 32%; P<0.001; B2M + 
37% vs. 12%; P=0.005). However, there was no difference in 
HLA-DR positivity between the subtypes ( P=0.835) ( Online 
Supplementary Figure S3K ). Furthermore, neither the pro -
portion of HLA-ABC nor B2M correlated with the proportion 

of TIL or TAM ( Online Supplementary Figure S4 ).

The tumor microenvironment of testicular diffuse large 
B-cell lymphoma compared to diffuse large B-cell 
lymphoma, not otherwise specified
We wanted to extend our analyses to T-DLBCL, which typ -
ically are of ABC origin, and to explore whether T-DLBCL 
resembled ABC DLBCL in their TME composition. However, 
in a principal component analysis (PCA) based on the ex -
pression of immune-related genes in 60 T-DLBCL and 69 
DLBCL NOS samples, T-DLBCL were separated from the 
DLBCL samples (Figure 3A). Similarly, in an unsupervised 
hierarchical clustering including all immune-related genes, 
T-DLBCL and DLBCL cases formed separate clusters, except 
for one ABC DLBCL, which clustered with T-DLBCL ( Online 
Supplementary Figure S5A ). Particularly genes related to 
cell division, such as CDK1, BIRC5, and PRKCE, and genes 
related to B-cell receptor signaling, such as BCL2, CD79B, 
NFKB1, and BLNK were up-regulated, whereas genes related 
to antigen presentation and processing and T-cell activa -
tion, including many HLA genes, were down-regulated in 
T-DLBCL compared to DLBCL ( Online Supplementary Table 
S6 and Online Supplementary Figure S5B ). The results show 
that clinical subtype is a stronger determinant of the TME 
composition than COO.
Considering the significance of the clinical subtype on the 
expression of immune-related genes, we then compared 
80 T-DLBCL samples with 175 DLBCL samples analyzed by 
mIHC to reveal potential differences in the composition of 
the TME between T-DLBCL and DLBCL on the cellular level 
(Online Supplementary Table S7  and Online Supplementa -
ry Figure S5C ). Compared to DLBCL, the TME of T-DLBCL 
consisted of a higher proportion of GrB + cytotoxic cells and 
CD163+ TAM (median: 0.70% vs. 0.20%; adj. P<0.001 and 12.4% 
vs. 6.21%; adj. P=0.001, respectively) in particular, whereas 
the proportion of TIL altogether, T-helper cells, Tregs and 
CD163-  TAM was significantly lower (median: 9.78% vs. 
14.5%, adj. P=0.009; 5.94% vs. 9.79%, adj. P<0.001; 0.24% 
vs. 0.85%, adj. P<0.001; and 3.59% vs. 5.84%, adj. P<0.001, 
respectively) ( Online Supplementary Figure S6A-I ). We also 
observed that the proportion of different PD-1 + cells and 
LAG3+ lymphocytes was lower in T-DLBCL compared to 
DLBCL (PD-1+ cells median: 3.97% vs. 6.26%; adj. P=0.015) 
(Online Supplementary Figure S6J-L ). To investigate whether 
the differences in the composition of the TME between 
T-DLBCL and DLBCL result from the fact that most T-DLBCL 
are of ABC origin, we compared the TME composition of GCB 
and ABC DLBCL separately from GC-type and non-GC-type 
T-DLBCL. We found only minor differences between the 
TME of GC and non-GC T-DLBCL (Figure 3B-E and Online 
Supplementary Figure S6M-U ). The proportion of some cell 
types, such as GrB + cells and CD163 + TAM in GC and non-
GC T-DLBCL were comparable with ABC DLBCL, whereas 
the proportion of other cell types, such as CD163 -  TAM and 
Tregs were lower in T-DLBCL compared to both GCB and 
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ABC DLBCL (Figure 3B-E and Online Supplementary Figure 
S6M-U ). Taken together, the TME of these lymphomas seem 
to represent a continuum with GCB DLBCL at one end and 
non-GC T-DLBCL at the other.

Lastly, we analyzed the expression of HLA molecules in 
T-DLBCL compared to DLBCL. Although the expression of 
HLA-ABC and B2M was significantly higher in ABC DLBCL 
compared to GCB DLBCL, the expression of HLA-ABC, 

Figure 2. The composition of the tumor microenvironment in germinal center B-cell-like and activated B-cell-like diffuse large 
B-cell lymphoma analyzed by multiplex immunohistochemistry.  (A) Representative images of a germinal center B-cell-like (GCB) 
and activated B-cell-like (ABC) diffuse large B-cell lymphoma (DLBCL) sample from multiplex immunohistochemistry (mIHC) 
analyses performed on tissue microarrays (TMA). CD3=red, CD4=cyan, CD68=blue, CD163=magenta, PD-1=green, PD-L1=yellow, 
DAPI=gray. Scale bars 150 �+m and 50 �+m in the left and right images, respectively. (B) Volcano plot depicting immune cell types 
whose proportions in the tumor microenvironment (TME) differ most between ABC and GCB DLBCL in the DLBCL, not otherwise 
specified (NOS), mIHC cohort. Cell proportions indicate proportions of total cells except where stated otherwise. (C-H) Box plots 
depicting the proportions of M2-like macrophages/total cells (C), M1-like macrophages/macrophages (D), T-helper cells/T cells 
(E), Regulatory T cells/T cells (F), GrB + T cells/T cells (G), and PD-L1 + M2-like macrophages/total cells (H) in the TME of GCB and 
ABC DLBCL analyzed in the DLBCL, NOS mIHC cohort. Statistical significance was analyzed using the Mann-Whitney U test. Due 
to staining artefacts, data on certain cell types was unavailable for some samples. TAM=CD68 + cells, M2-like=CD163 + cells, M1-
like=CD163 -CD68+ cells, T cells=CD3 + cells, Th=CD4 +CD3+ cells, Tc=CD8 + cells, Tregs=FOXP3 +CD3+ cells.
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